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The replication of Sindbis virus (SIN) profoundly affects the metabolism of infected vertebrate cells. One of
the main events during SIN infection is the strong inhibition of translation of cellular mRNAs. In this study,
we used a combination of approaches, including the study of SIN replication in PKR�/� mouse embryo
fibroblasts or in the presence of an excess of catalytically inactive PKR. We show that the PKR-dependent
inhibition of translation is not the only and most likely not the major pathway mediating translational shutoff
during SIN infection. The PKR-independent mechanism strongly affects the translation of cellular templates,
whereas translation of SIN subgenomic RNA is resistant to inhibition, and this leads to a benefit for viral
replication. Our findings suggest that both PKR-dependent and non-PKR-dependent mechanisms of SIN-
induced translational shutoff can be manipulated by using SIN replicons expressing mutated SIN nsP2 or
kinase-defective PKR. Specifically, we show that expression of heterologous genes from SIN-based and most
likely other alphavirus-based replicons can be increased by downregulating both the PKR-dependent and
PKR-independent translational shutoffs.

Alphaviruses are a widely distributed group of significant
human and animal pathogens. Some of them, including Ven-
ezuelan, eastern, and western equine encephalitis viruses,
cause serious febrile illness and encephalitis (19). Recent ep-
idemics of Venezuelan equine encephalitis and O’nyong-nyong
viruses indicate that alphaviruses are an important public
health threat (22, 33, 45).

Alphaviruses circulate in nature by continuous transmission
between mosquitoes and susceptible vertebrate hosts (35). In
insect vectors, they cause lifelong chronic infection character-
ized by the presence of virus in high titers in salivary glands
that does not appear to strongly affect mosquito viability. Con-
sistent with this finding, many alphaviruses develop a moderate
cytopathic effect (CPE) in cultured mosquito cells in the early
stages of infection and then establish persistent or chronic
infection (20). In contrast, vertebrate hosts show acute disease
characterized by a high viremia required for virus transmission
to mosquitoes before clearance by the immune system (17, 18).
In cultured vertebrate cells, alphaviruses rapidly replicate to
high titers and develop complete CPE within 24 to 48 h postin-
fection. In spite of a distinct heterogeneity in the sequences of
both structural and nonstructural proteins, all of the known
members of the genus are believed to have similar structures of
the viral particles and similar replication strategies. Sindbis
virus (SIN) is one of the least pathogenic alphaviruses, but its
study has revealed highly valuable information about the

mechanism of RNA replication and virus interaction with host
cells that is generally applicable to other alphaviruses (41).

SIN has a single-stranded RNA genome that is �11.5 kb in
length and has positive polarity (40). The 5� two-thirds of the
genome encodes four nonstructural proteins (nsP1 to nsP4)
forming, together with cellular factors, a replicative enzyme
complex (RdRp). This complex sequentially changes its com-
position at different stages of virus replication, producing the
full-length minus-strand copy of the genome that functions as
a template for the synthesis of new viral genomes and the
subgenomic 26S RNA. The RNA (ca. 4 kb) is identical to the
3� one-third of the genome and is translated into structural
proteins forming infectious viral particles.

SIN replication strongly affects the metabolism of infected
vertebrate cells. The major virus-induced changes include in-
hibition of both transcription and translation of cellular
mRNAs (11, 14). Between 4 and 8 h postinfection, the synthe-
sis of host cell proteins becomes 5- to 10-fold less efficient, and
a few hours later, SIN-infected cells lose their integrity and die.
For many cell types, SIN-induced CPE is accompanied by
apoptotic changes (25).

Virus-mediated translational shutoff is an event that has
been described for many infections (21, 27, 28, 31), but most
likely the phenomenon is achieved by a variety of mechanisms.
In spite of great progress during the last few years in under-
standing alphavirus replication, one of the critical questions
about alphavirus-host cell interactions, the mechanism of
translational shutoff, remains obscure. It was previously dem-
onstrated that the synthesis of SIN structural proteins is dis-
pensable for triggering the inhibition of translation (11, 13).
Upon delivery into the cells, SIN replicons (the self-replicating
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RNAs encoding only the RdRp-forming nonstructural pro-
teins) downregulate the translation of cellular RNA templates
as efficiently as replicating virus. Based on a widely accepted
hypothesis, the translational shutoff can be explained by acti-
vation of the double-stranded RNA (dsRNA)-activated pro-
tein kinase (PKR) (16) by newly synthesized SIN dsRNA that
is likely present in the replicative RNA intermediates. These
dsRNAs bind to PKR and lead to a conformational change(s)
in the protein, inducing its kinase activity, which mediates
autophosphorylation and phosphorylation of the translation
initiation factor eIF2�, resulting in inefficient initiation of
translation (15, 30, 46). In addition to its effect on translation,
the activation of PKR was also postulated to induce signaling
cascades, leading to development of apoptosis (5, 6, 43, 44).

To elucidate PKR functions during SIN infection, we exam-
ined changes in cellular translation and translational machin-
ery proceeding in different cells infected with a variety of
recombinant SINs and SIN-based replicons. We analyzed the
effects of overexpression of the wild-type (wtPKR) and domi-
nant-negative mutant (mutPKR) forms of PKR on the inhibi-
tion of translation of cellular and virus-specific RNAs. Our
data indicate that SIN-specific translational shutoff is deter-
mined by at least two mechanisms, one of which is independent
of PKR. This inhibition of translation strongly affects the trans-
lation of cellular mRNAs, but translation of SIN-specific
RNAs remains very efficient.

MATERIALS AND METHODS

Cell cultures. BHK-21 cells were kindly provided by Paul Olivo (Washington
University, St. Louis, Mo.). NIH 3T3 cells were obtained from the American
Type Culture Collection (Manassas, Va.). These cell lines were maintained at
37°C in alpha minimum essential medium (alpha MEM) supplemented with 10%
fetal bovine serum (FBS) and vitamins. Wild-type (wt) mouse embryo fibroblasts
(MEFs), derived from C57BL/6 mice, and fibroblasts lacking the PKR gene
(PKR�/� MEFs) (47), derived from mice with the PKR gene deleted, were
propagated in Dulbecco’s MEM supplemented with 10% FBS.

Plasmid constructs. Standard recombinant-DNA techniques were used for all
plasmid constructions. Maps and sequences are available from the authors upon
request. Plasmids encoding the wtSIN and SIN/G viral genomes and having an
additional subgenomic promoter (SP) driving the expression of a codon-opti-
mized green fluorescent protein (GFP) have been described elsewhere (14).
They differed only in the nsP2 coding sequence, in that Pro726 (CCA) in pwtSIN
was replaced by Gly (GGA) in pSIN/G. A plasmid encoding the SIN replicon
with GFP, pSINrep/GFP, was kindly provided by Nicolas Ruggli (N. Ruggli and
C. M. Rice, unpublished data). The pSINrep/HuPKR and pSINrep/mutHuPKR
plasmids encoding SIN replicons with the genes for wt human PKR and human
PKR with a single substitution (K296 3 R) (1) cloned under the control of the
SP were kindly provided by Eugene Agapov (E. Agapov and C. M. Rice, un-
published data).

The pSINrep/wtPKR/GFP and pSINrep/mutPKR/GFP plasmids were de-
signed by cloning the BamHI-XhoI fragment of pSINrep/GFP into MluI-XhoI-
digested pSINrep/HuPKR and pSINrep/mutHuPKR. (Both the BamHI and
MluI sites were filled in using T4 DNA polymerase.) The resulting pSINrep/
wtPKR/GFP and pSINrep/mutPKR/GFP plasmids contained the SP6 promoter,
followed by nucleotides (nt) 1 to 7646 of the SIN genome, TCTAGT, a 1,813-
nt-long sequence encoding the entire PKR (starting from the initiating ATG),
the CCCGGGGGATCCTAGACGCG sequence, nt 7335 to 7646 of the SIN
genome (encoding the second SP), a TCTAGAGCTTGCCGCCACC sequence,
a 720-nt-long fragment encoding GFP, AGCGGCCC, and a 352-nt sequence
containing the SIN 3� untranslated region (UTR), poly(A), followed by an XhoI
restriction site. The pSINrep/G/wtPKR/GFP and pSINrep/G/mutPKR/GFP
plasmids had essentially the same sequence, but Pro726-encoding CCA in the
nsP2 gene was replaced by GGA, encoding Gly. pSIN/Toto, including the entire
genome of SIN Toto1101, has been described elsewhere (32). The pSIN/wtPKR
and pSIN/mutPKR plasmids, including viral genomes with an additional SP
driving the expression of wt human PKR and its mutated variant with a K296 3

R substitution, were designed by cloning the BamHI-XhoI fragment (the BamHI
site was filled in using T4 DNA polymerase) of pSIN/Toto into MluI-XhoI-
digested pSINrep/HuPKR and pSINrep/mutHuPKR (the MluI site was filled in
using T4 DNA polymerase). The resulting pSIN/wtPKR and pSIN/mutPKR
plasmids contained the SP6 promoter followed by nt 1 to 7646 of the SIN
genome, TCTAGT, a 1,813-nt-long sequence encoding the entire PKR (starting
from the initiating ATG), the CCCGGGGGATCCTAGACGCG sequence, and
nt 7335 to 11740 of the SIN Toto1101 genome, including the SP, and the entire
viral subgenomic RNA, including the 3� UTR and poly(A), followed by an XhoI
restriction site. Schematic representations of all of the constructs are shown (see
Fig. 1 and 4 to 7). pSINrep/C/GFP contained the SP6 promoter, followed by nt
1 to 8447 of the SIN genome, which included not only the sequence encoding the
nsPs and the SP, but the entire capsid coding sequence and the first nine
nucleotides of E3 as well, followed by one extra codon (GTC), the GFP-encoding
sequence (fused in frame with the capsid gene), and the SIN 3� UTR derived
from pSINrep/GFP. The pSINrep/wtPKR/C/GFP plasmid, encoding replicon
with two SPs driving the expression of wt human PKR and the SIN capsid fused
in frame with GFP, was designed by cloning the BamHI-XhoI fragment (the
BamHI site was filled in using T4 DNA polymerase) of pSINrep/C/GFP into
MluI-XhoI-digested pSINrep/HuPKR (the MluI site was filled in using T4 DNA
polymerase). pDH-BB(delSL2)-Csin and pDH-BB(delSL2)-(C�3rrv) included
the genomes of helper RNAs that had essentially the same structure as the
previously described DH-BB-Csin and DH-BB (C�3rrv) helpers (9) expressing
the SIN capsid and SIN glycoproteins, respectively. However, their 5� termini did
not contain tRNAAsp and started from 425 nt of the SIN genome with nt 47 to
152 deleted (10). This deletion increased the levels of their replication and
packaging activities, particularly when the helpers were used for packaging of
replicons with mutated nsP2.

RNA transcriptions. Plasmids were purified by centrifugation in CsCl gradi-
ents. Before the transcription reaction, the viral genomes, replicon, or helper
genomes coding plasmids were linearized by XhoI digestion. RNAs were syn-
thesized by SP6 RNA polymerase in the presence of cap analog. The yields and
integrity of transcripts were analyzed by gel electrophoresis under nondenaturing
conditions. Aliquots of transcription reaction mixtures were used for electropo-
ration without additional purification.

RNA transfections. Electroporation of BHK-21 cells was performed under
previously described conditions (26). For rescuing wtSIN, SIN/G, SIN/Toto,
SIN/wtPKR, and SIN/mutPKR viruses, usually 1 �g of in vitro-synthesized viral
genome RNA was electroporated into the cells (26), and then they were seeded
into 100-mm-diameter dishes and incubated until the CPE was observed. These
virus stocks were used for all of the experiments without additional passaging.
Replicons with the wt sequence of the nonstructural proteins (SINrep/GFP,
SINrep/wtPKR/GFP, and SINrep/mutPKR/GFP) were packaged by coelectro-
poration of 4 to 5 �g of in vitro-synthesized replicon RNA and 6 �g of the
helpers DH-BB(delSL2)-Csin and DH-BB(delSL2)-(C�3rrv) into BHK-21 cells.
The packaged replicons were harvested after CPE development (usually 24 h
posttransfection). Replicons with a P7263 G mutation in nsP2 (SINrep/G/GFP,
SINrep/G/wtPKR/GFP, and SINrep/G/mutPKR/GFP) were packaged by coelec-
troporation of 4 �g of their in vitro-synthesized RNAs and 6 �g of SIN capsid-
and SIN glycoprotein-encoding helper RNAs. The packaged replicons were
harvested 30 h postelectroporation.

Virus titers were determined using a standard plaque assay on BHK-21 cells
(24). For measuring the titers of packaged replicons, BHK-21 cells were seeded
into six-well Costar plates at a concentration of 5 � 105 cells/well. Four hours
later, the cells were infected with different dilutions of the packaged replicons,
and after 1 h of incubation at 37°C in a 5% CO2 incubator, they were overlaid
with 2 ml of 0.5% Ultra-Pure agarose (Invitrogen)-containing MEM supple-
mented with 3% FBS. The numbers of infected cells were estimated by counting
the GFP-positive cells under an inverted UV microscope and were used to
calculate the titers.

Infectious-center assay. In standard experiments, 1 �g of in vitro-synthesized,
full-length RNA transcripts of SIN viral genomes was used per electroporation
(26). Tenfold dilutions of electroporated BHK-21 cells were seeded in six-well
Costar plates containing subconfluent naïve cells. After 1 h of incubation at 37°C
in a 5% CO2 incubator, the cells were overlaid with 2 ml of MEM containing
0.5% Ultra-Pure agarose supplemented with 3% FBS. The plaques were stained
with crystal violet after 2 days of incubation at 37°C.

Viral replication analysis. BHK-21 cells or PKR�/� MEFs were seeded at a
concentration of 5 � 105 cells/35-mm-diameter dish. After 4 h of incubation at
37°C, the monolayers were infected at various multiplicities of infection (MOI),
as indicated in the figure legends, for 1 h, washed three times with phosphate-
buffered saline (PBS), and overlaid with 1 ml of complete medium. At appro-
priate times postinfection, the media were replaced by fresh media, and the virus
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titers in the harvested samples were determined by plaque assay of BHK-21 cells
(24).

Analysis of protein synthesis. NIH 3T3 cells or MEFs were seeded into
six-well Costar plates at a concentration of 5 � 105 cells/well. After 4 h of
incubation at 37°C in 5% CO2, they were infected at an MOI of 20 PFU of
virus/cell or 20 infectious units of packaged replicons/cell in 500 �l of alpha
MEM supplemented with 1% FBS at room temperature for 1 h with continuous
shaking. The medium was then replaced by corresponding complete medium,
and incubation continued at 37°C. At 2, 4, 8, and 16 h postinfection, the cells
were washed three times with PBS and then incubated for 30 min at 37°C in 0.8
ml of Dulbecco’s MEM lacking methionine and supplemented with 0.1% FBS
and 20 �Ci of [35S]methionine/ml. After incubation, the cells were scraped into
the medium, pelleted by centrifugation, and dissolved in 100 �l of standard
protein loading buffer. The protein concentrations in the samples were measured
using SYPRO Ruby protein dye (Molecular Dynamics) according to the manu-
facturer’s instructions, and equal amounts of proteins were loaded onto sodium
dodecyl sulfate–10% polyacrylamide gels. After electrophoresis, the gels were
dried, autoradiographed, and analyzed on a Storm 860 PhosphorImager (Mo-
lecular Dynamics).

The amount of radioactivity detected in the protein band corresponding to
actin or the radioactivity in the entire fragment of the lane between the SIN-
specific glycoprotein bands and the SIN capsid was used to evaluate the residual
host cell protein synthesis. The results were normalized to the amounts of

radioactivity detected in the same fragments of the lane representing uninfected
cells. The two ways of testing host cell protein synthesis generated very similar
results.

Total protein synthesis in the infected cells was evaluated by measuring the
radioactivity in the entire lane on the gel. The results were normalized to the
radioactivity in uninfected cells and represented the residual synthesis of host cell
proteins and all the proteins encoded by viral or replicon genomes.

Analysis of PKR and eIF2� phosphorylation. PKR and eIF2� phosphoryla-
tion were always tested in parallel with analysis of protein synthesis in the
infected cells. NIH 3T3 cells or PKR�/� MEFs were seeded into 60-mm-diam-
eter dishes at a concentration of 1.5 � 106 cells/dish and infected for 4 h with
viruses or packaged replicons at an MOI of 20 PFU/cell or 20 infectious units/cell
in 500 �l of alpha MEM supplemented with 1% FBS at room temperature for 1 h
with continuous shaking. Then, the medium was replaced by corresponding
complete medium, and incubation continued at 37°C. At 2, 4, 8, and 16 h
postinfection, the cells were washed with PBS, scraped into PBS, pelleted by
centrifugation, dissolved in 1% sodium dodecyl sulfate, and heated for 5 min at
95°C in the presence of phosphatase inhibitor cocktails 1 and 2 (Sigma, St. Louis,
Mo.) used at concentrations recommended by the manufacturer. Protein con-
centrations were measured with a BCA Protein Assay kit (Pierce), and 10 �g of
protein from each sample, including the uninfected cells, was loaded onto so-
dium dodecyl sulfate–10% polyacrylamide gels in a standard loading buffer.
After transfer, the nitrocellulose was always stained with 0.5% Ponceau S

FIG. 1. Schematic representation of double subgenomic viral genomes and analysis of viral RNA replication and virus growth in NIH 3T3 cells
and PKR�/� MEFs. (A) In both genomes, the first SP was driving transcription of GFP-encoding RNA and the second was driving the expression
of natural 26S subgenomic RNA encoding SIN structural genes derived from the SIN TE12 strain. The SIN/G variant differed from wtSIN by one
amino acid in nsP2, P7263 G. (B) NIH 3T3 cells and PKR�/� MEFs in six-well Costar plates were infected with wtSIN and SIN/G variants at an
MOI of 20 PFU/cell. At 5 h postinfection, the media were replaced by 0.8 ml of alpha MEM supplemented with 10% FBS, dactinomycin (1 �g/ml),
and [3H]uridine (20 �Ci/ml). After 3 h of incubation at 37°C, RNAs were isolated and analyzed by agarose gel electrophoresis as described in
Materials and Methods. G, SG1, and SG2 indicate the positions of genomic RNA and subgenomic RNAs 1 and 2, respectively. (C) NIH 3T3 cells
and PKR�/� MEFs in six-well Costar plates were infected with wtSIN and SIN/G variants at an MOI of 20 PFU/cell. At the indicated times, the
media were replaced and virus titers were determined as described in Materials and Methods.
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(Fisher) in 1% acetic acid to control the quality of the transfer and additionally
to confirm that all of the samples contained equal amounts of proteins. To probe
PKR and phosphorylated eIF2�, anti-PKR (Santa Cruz Biotechnology) and
anti-phospho-eIF2� (Ser51) (Cell Signaling Technology) antibodies, diluted
1:1,000, were used. Horseradish peroxidase-conjugated secondary antibodies
were purchased from Santa Cruz Biotechnology and diluted 1:5,000. The ECL
Western Blotting Detection Reagent was purchased from Amersham Pharmacia
Biotech and used according to the manufacturer’s recommendations.

RNA analysis. Cells were infected at the MOIs indicated in the figure legends
with viruses or packaged replicons, and SIN-specific RNAs were labeled with
[3H]uridine as described in the legend to Fig. 1. RNAs were isolated from the
cells by TRIzol reagent (Gibco-BRL, Bethesda, Md.), as recommended by the
manufacturer, denatured with glyoxal in dimethyl sulfoxide, and analyzed by
agarose gel electrophoresis under previously described conditions (4).

RESULTS

SIN replicates equally efficiently in PKR-expressing and
PKR-negative cells. To elucidate the role of PKR during al-
phavirus infection, we used two modified versions of SIN,
wtSIN and SIN/G, described in a previous study (14) (Fig. 1A).
Both wtSIN and SIN/G had nonstructural genes and cis-acting
RNA elements derived from SIN Toto1101 (32); the structural
genes were derived from a mouse-adapted SIN TE12 variant
(29). The only difference between the two viruses was a single
point mutation. Proline in the 726 position of wtSIN nsP2 was
replaced with glycine in SIN/G. This mutation reduced SIN/G
RNA replication and its ability to cause translational shutoff in
BHK-21 and NIH 3T3 cells (8, 14). In addition to the SP that
drives the transcription of the subgenomic 26S RNA encoding
the structural proteins, the genomes of these viruses contained
a second SP that controls the expression of a GFP-encoding
subgenomic mRNA (Fig. 1B). The expression of GFP was used
to confirm the infection of all the cells in the monolayers. Both
wtSIN and SIN/G stocks were generated by transfection of the
in vitro-synthesized RNAs into BHK-21 cells and had similar
titers exceeding 109 PFU/ml.

In initial experiments to compare levels of virus growth,
RNA replication levels, and inhibition of translation of cellular
mRNAs, we used the immortalized wt MEFs and PKR�/�

MEFs (47). However, the wt MEFs were found to be less
susceptible to SIN infection and required a 5- to 10-fold higher
MOI for infection of the cells than PKR�/� MEFs and NIH
3T3 cells. It was particularly difficult to initiate productive
replication of the SIN/G mutant in wt MEFs. The GFP-nega-
tive cells were still present even after infection with SIN/G at
an MOI higher than 100 PFU/cell, and this factor made it very
difficult to interpret the data in the experiments that included
quantitative analysis of translational shutoff in the infected
cells, the event that we were mainly interested in. We did not
detect marked differences in cell reactions (microarray data
not shown) or rates of virus replication in wt MEFs compared
to the NIH 3T3 cells (data not shown). Thus, in order to use
the same MOI in all of the experiments and to link the results
to those of previous studies, NIH 3T3 cells were used as the
PKR�/� counterpart of PKR�/� MEFs.

Both wtSIN and SIN/G demonstrated efficient growth in
NIH 3T3 cells and PKR�/� MEFs (Fig. 1C), and the RNA of
each virus was synthesized equally efficiently in both cell types.
However, SIN/G genome replication and transcription of the
subgenomic RNAs were 5- to 10-fold less efficient than for
wtSIN (Fig. 1B). The abilities of SIN/G and wtSIN to cause

CPE strongly differed. Infection of the NIH 3T3 cells with wt
SIN led to complete CPE within 24 h postinfection, and
PKR�/� MEFs infected with the virus demonstrated profound
morphological changes within 8 h postinfection, followed by
complete destruction of cells after the next 8 h of incubation.
This accelerated CPE observed in the absence of PKR was not
associated with any significant change in virus production (Fig.
1C), although an increase in virus release was detected during
the first 3 to 4 h. SIN/G, in contrast, did not cause CPE in
either cell line, in spite of infection of all of the cells (shown by
GFP expression) at 4 to 8 h postinfection and release of high
titers of virus (Fig. 1C). The NIH 3T3 cells inhibited replica-
tion of this mutant and eventually cleared the infection (Fig.
2). In contrast, the PKR�/� MEFs were incapable of stopping
SIN/G replication and continued to produce virus for 	30 days
(Fig. 2). In a few days, the virus lost the ability to express GFP
(a common event during passaging of double subgenomic
SIN), but staining with SIN E2-specific antibodies easily de-
tected the presence of SIN glycoproteins in 	90% of the cells
(data not shown). Detailed investigations of the mechanisms of
cell death and virus persistence were beyond the goal of this
study, and the subjects were not further explored.

The data indicated that SIN variants could replicate with
similar efficiencies in both PKR-positive and PKR-negative
cells. PKR had some regulatory functions in SIN infection, and
its antiviral effect was characterized by slower CPE progression
in NIH 3T3 cells infected with wtSIN than in PKR�/� MEFs
infected with the same virus. PKR-positive cells, but not
PKR�/� MEFs, could also abrogate replication of SIN/G.

wtSIN, but not an nsP2 mutant, causes translational shutoff
in both PKR�/� and PKR�/� cells. One of PKR’s functions is
phosphorylation of eIF2� in response to replication of differ-
ent viruses, particularly RNA viruses synthesizing dsRNA ge-
nomes or replicative intermediates (16). To test changes in
cellular translation, we infected the NIH 3T3 cells and PKR�/�

MEFs with wtSIN and SIN/G and examined the levels of PKR
and eIF2� phosphorylation. We also analyzed the synthesis of
cellular proteins and total protein synthesis (which includes
translation of both SIN structural and nonstructural proteins)
at different times postinfection.

FIG. 2. Growth of SIN/G in NIH 3T3 cells and PKR�/� MEFs.
Subconfluent cells in six-well Costar plates (5 � 105 cells/well) were
infected with SIN/G at an MOI of 20 PFU/cell. At the indicated times,
the media were replaced and virus titers were determined as described
in Materials and Methods. For PKR�/� MEFs, after 7 days of incu-
bation, virus titers were determined at the indicated times, when the
cells were split at a dilution of 1:3.
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Within 4 to 8 h postinfection, wtSIN induced the phosphor-
ylation of PKR in the NIH 3T3 cells (Fig. 3A), leading to a
detectable increase in phosphorylation of eIF2� (Fig. 3B). The
latter could explain the downregulation of translation of cel-
lular mRNAs (Fig. 3C and D), but the efficient translational
shutoff caused by wtSIN in PKR�/� MEFs could not be ex-
plained the same way, because of the absence of PKR in this
cell line and an undetectable increase in eIF2� phosphoryla-
tion (Fig. 3A and B) during wtSIN infection.

The SIN/G mutant did not cause profound translational
shutoff in NIH 3T3 cells (Fig. 3C and D), normally seen with wt
SIN. In spite of lower, but still very efficient, SIN/G RNA
replication (Fig. 1B and C), these PKR-positive cells efficiently
translated cellular mRNAs. In NIH 3T3 cells infected with
mutant virus, PKR phosphorylation proceeded, reaching a
level similar to that observed during wtSIN infection (Fig. 3A).
However, despite the presence of phosphorylated PKR in SIN/
G-infected NIH 3T3 cells, the phosphorylation of eIF2� ini-
tially increased to the level detected in wt SIN-infected cells
(Fig. 3B) at early times (2 to 4 h) postinfection but returned to
the level of uninfected cells by 16 h postinfection (confirmed in
multiple experiments) (Fig. 3B). These kinetics of eIF2� phos-
phorylation correlated with very limited, but detectable, trans-
lational shutoff in SIN/G-infected NIH 3T3 cells (Fig. 3C and
D).

Similar to NIH 3T3 cells, the PKR�/� MEFs infected with
the SIN/G mutant exhibited inefficient inhibition of cellular
translation, and total translation also remained almost un-
changed (Fig. 3C and D). In the case of PKR�/� MEFs, but
not of PKR-positive cell lines, the deficit of translational shut-
off could be explained by a lack of eIF2� phosphorylation (Fig.
3B). At 8 to 16 h postinfection with SIN/G, the PKR�/� MEFs
reproducibly contained even less phosphorylated eIF2� than
did uninfected cells.

Taken together, the data indicated that there was no exact
correlation between eIF2� phosphorylation and inhibition of
translation in SIN-infected cells, and the inhibition of transla-
tion in SIN-infected cells could not be explained by activation
of a PKR-dependent mechanism only.

Inhibition of PKR phosphorylation does not arrest transla-
tional shutoff in SIN-infected cells. To distinguish between the
possibilities that the translational shutoff in SIN-infected cells
is completely independent of PKR phosphorylation or that
PKR activation has an effect on downregulation of translation
and works synergistically with another mechanism(s), we tested
the effects of overexpression of wtPKR or its kinase-defective
form (which acts as a dsRNA-binding decoy) on translational
shutoff during SIN infection. To achieve this, we designed a set
of SIN replicons (Fig. 4A). All of them contained the SP
driving the transcription of the subgenomic RNA encoding
GFP, and in addition, two of the replicons, SINrep/wtPKR/
GFP and SINrep/mutPKR/GFP, encoded the wt form of hu-
man PKR or a dominant-negative mutant of the enzyme that is
capable of binding to dsRNA but lacks the kinase activity
because of the single point mutation K296 3 R (1). Heterolo-
gous human PKR was intentionally used for the experiments
described below, because it had an electrophoretic mobility
different from that of murine PKR. However, the human form
of PKR was previously shown to function efficiently in murine

cells (1, 2). Both PKR genes were positioned under the control
of a second SP in these replicons (Fig. 4A).

When the replicons and the helper RNAs were cotrans-
fected into BHK-21 cells, they produced similar titers of rep-
licon-containing viral particles, approaching 2 � 109 infectious
units/ml. These stocks were used to infect NIH 3T3 cells at an
MOI of 20 infectious units/cell, and the inhibition of transla-
tion was analyzed together with phosphorylation of PKR and
eIF2�. All three replicons had the same level of replication
and transcription of the subgenomic RNAs (Fig. 4B). They
also caused similar levels of translational shutoff that devel-
oped at comparable rates (Fig. 4C). Replication of SINrep/
GFP caused phosphorylation of both PKR and eIF2� (Fig.
4D) to levels that were even higher than in wtSIN-infected cells
(Fig. 3A and B). The additional expression of wtPKR by
SINrep/wtPKR/GFP did not change the phosphorylation of
endogenous murine PKR, which was already high in SINrep/
GFP replicon-infected cells, but it did increase the phosphor-
ylation of eIF2� (Fig. 4D). In contrast, expression of mutant
PKR by SINrep/mutPKR/GFP strongly affected the phosphor-
ylation of murine PKR. The level of its phosphorylation was
indistinguishable from that observed in uninfected cells. Con-
sequently, no change in the phosphorylation of eIF2� was
detected (Fig. 4D). Nevertheless, SINrep/mutPKR/GFP repli-
cation caused translational shutoff very efficiently (Fig. 4C),
supporting the idea that another mechanism besides PKR and
eIF2� phosphorylation is involved in the inhibition of transla-
tion in the cells containing replicating SIN-specific RNAs en-
coding wt nsPs.

These replicons demonstrated obvious differences in the
ability to express GFP, indicating that PKR phosphorylation
played a significant role in inhibition of translation. SINrep/
mutPKR/GFP expressed 20-fold more GFP than did SINrep/
GFP, which reproducibly expressed between two- and fourfold
more of this protein than did SINrep/wtPKR/GFP (Fig. 4E). In
SINrep/mutPKR/GFP replicon-infected cells, not only GFP-
encoding subgenomic RNA, but also viral genome RNA and
PKR-encoding subgenomic RNAs, were translated better
(data not shown; see also the difference between total and
cellular protein synthesis in Fig. 4C) than their counterparts in
SINrep/GFP- and SINrep/wtPKR/GFP-infected cells. In the
latter case, the expression of wt human PKR was barely de-
tectable (Fig. 4D). To rule out the possibility of a cloning error,
the pSINrep/wtPKR/GFP plasmid was also sequenced and
found to have a 5� UTR sequence in the PKR-encoding sub-
genomic RNA and a PKR sequence identical to those in the
SINrep/mutPKR/GFP replicon (except for the presence of Lys
in the 296 position). We believe that overexpressed wt human
PKR functioned efficiently, not only in the inhibition of trans-
lation of GFP-encoding RNA, but also in downregulating its
own translation from SIN-encoded subgenomic RNA. Despite
being present in smaller amounts than mutant PKR in SINrep/
mutPKR/GFP replicon-infected cells, wtPKR was catalytically
active and had a stronger effect on translation than its catalyt-
ically inactive form, which works by stoichiometric binding to
dsRNA.

These data clearly show that replicon-encoded mutant PKR
was capable of functioning as a decoy to downregulate phos-
phorylation of endogenous murine PKR. Its expression
strongly upregulated translation of SIN replicon-encoded
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RNAs, but this mutant PKR was not able to completely pre-
vent the inhibition of cellular RNA translation in SIN replicon-
infected cells. As a result, total protein synthesis in SINrep/
mutPKR/GFP-infected cells was more than twofold lower than
before infection (Fig. 4C).

PKR-dependent translational shutoff proceeds in cells in-
fected with SIN replicons encoding the mutated nsP2. In the
next experiments, we determined if PKR-dependent inhibition
of translation is a universal reaction and if it played a signifi-
cant role in regulating translation in cells infected with SIN
replicons expressing a mutant form of nsP2 (Fig. 5A). Similar
to SIN/G, this mutation makes replicons incapable of inducing
profound translational shutoff. The constructs had the same
design as the replicons shown in Fig. 4A but had a point
mutation, P7263G, in the nsP2, as in the SIN/G viral genome.
All of these replicons replicated 5- to 10-fold less efficiently
than wt SINrep/GFP (Fig. 5B) and did not cause strong inhi-
bition of host cell protein synthesis (Fig. 5C) to the level
observed in the wt replicon SINrep/GFP-infected cells. Never-
theless, SINrep/G/GFP caused detectable eIF2� phosphoryla-
tion at an early time postinfection (Fig. 5E). Then, in a manner
similar to that of SIN/G (Fig. 3B), the amount of phosphory-
lated eIF2� dropped by 16 h postinfection to a level that was
lower than that seen in uninfected cells (Fig. 5E). Overexpres-
sion of wtPKR caused a marked increase in eIF2� phosphor-
ylation, whereas expression of mutant PKR abolished phos-
phorylation of this translation initiation factor. The expression
of GFP correlated with eIF2� phosphorylation. Despite a
lower level of replication, SINrep/G/GFP expressed fourfold
more GFP than did the wt replicon, SINrep/GFP, most likely
because of the absence of general translational shutoff due to
the nsP2 mutation (Fig. 5D), and SINrep/G/mutPKR/GFP
produced fivefold more GFP than did SINrep/G/GFP. (The
latter finding was likely the result of inhibition of eIF2� phos-
phorylation early after infection.) The expression of wtPKR by
the SINrep/G/wtPKR/GFP replicon inhibited GFP production
almost fivefold compared to SINrep/G/GFP replicon-infected
cells (Fig. 5D). This result correlated with the increase in
eIF2� phosphorylation (Fig. 5E).

These data indicated that a lack of profound translational
shutoff in the cells infected with SIN replicons or SIN express-
ing a mutated form of nsP2 is most probably the result of the
inability of these SIN-specific RNAs to induce PKR-indepen-
dent inhibition of translation. Their replication did cause de-
tectable phosphorylation of eIF2� at early times postinfection,
which could be inhibited by expression of mutant PKR, leading

in turn to higher expression of the replicon-encoded heterol-
ogous gene. On the other hand, these data showed that over-
expression of the wtPKR strongly increased eIF2� phosphor-
ylation and decreased the level of heterologous protein
expression, but this phosphorylated eIF2� did not downregu-
late host cell protein synthesis (Fig. 5C) to the level found in
the wt virus- (Fig. 3D) or wtSIN replicon-infected cells (Fig.
4C). This fact suggests that in SIN-infected cells, PKR-depen-
dent translational shutoff does universally develop but most
likely does not cause strong inhibition of translation in the
entire cell.

Overexpression of wt or mutated PKR does not affect rep-
lication of SIN. Numerous viruses have developed mechanisms
to inhibit PKR activation. However, SIN replication in NIH
3T3 cells induced PKR phosphorylation, but the virus was able
to propagate to high titers (Fig. 1C). To further examine the
effects of PKR phosphorylation on SIN replication, we de-
signed double subgenomic viral genomes (Fig. 6A) expressing
wtPKR or the kinase-defective dominant-negative mutant
form of PKR from a second subgenomic RNA. In an infec-
tious-center assay, all three in vitro-synthesized RNAs had
similar specific infectivities (�106 PFU/�g), indicating that the
recombinant viruses were viable and unimpaired in the ability
to initiate replication. Viral stocks generated by RNA electro-
poration of BHK-21 cells were used to compare general bio-
logical characteristics of SIN/Toto, SIN/mutPKR, and SIN/
wtPKR viruses in vitro. After infection of NIH 3T3 cells, the
viruses exhibited similar levels of genome RNA replication and
subgenomic mRNA transcription (data not shown), growth
rates (Fig. 6B), and kinetics of inhibition of host cell protein
synthesis (Fig. 6C). Remarkably, translations of viral structural
proteins from the subgenomic RNAs were essentially the same
for all constructs (data not shown; see also total protein syn-
thesis, shown in Fig. 6C) regardless of the overexpression of
the wt or mutant form of PKR. The high level of translation of
the viral subgenomic RNA encoding the structural proteins, in
spite of both PKR-dependent and PKR-independent transla-
tional shutoff in SIN-infected cells, was likely due to the unique
RNA element, translational enhancer, present in the capsid
coding sequence in SIN subgenomic RNA (13). Even at late
times postinfection, almost 60% of the capacity of the trans-
lational apparatus was still utilized for the translation of the
SIN subgenomic RNA (see the total protein synthesis shown in
Fig. 6C).

To confirm the critical role of the translational enhancer, we
designed two more SIN replicons: SINrep/C/GFP, with a wt

FIG. 3. Protein synthesis and phosphorylation of PKR and eIF2� in virus-infected cells. (A and B) NIH 3T3 cells or PKR�/� MEFs (1.5 � 106 cells
in 60-mm-diameter dishes) were infected with wtSIN or SIN/G at an MOI of 20 PFU/cell. At the indicated times, cells were harvested and 10 �g of protein
from each sample was separated by sodium dodecyl sulfate–10% polyacrylamide gel electrophoresis. After transfer, the nitrocellulose membranes were
stained with Ponceau S as described in Materials and Methods to control the quality of transfer and processed by anti-PKR (A) or anti-phospho-eIF2�
(Ser51) (B) antibody. The results represent one of three reproducible experiments. N.B. indicates a minor protein band that nonspecifically binds
anti-PKR antibodies in all tested mouse cells. Mock indicates mock-infected cells. (C and D) NIH 3T3 cells and PKR�/� MEFs (5 � 105 cells/well) in
six-well Costar plates) were infected with wtSIN and SIN/G variants at an MOI of 20. Proteins were pulse-labeled with [35S]methionine at the indicated
times and analyzed on sodium dodecyl sulfate–10% polyacrylamide gels. The gels were dried and autoradiographed (C) or analyzed on a Storm 860
PhosphorImager (D) as described in Materials and Methods. The levels of synthesis of cellular proteins were determined by measuring radioactivity in
the protein band corresponding to actin (indicated by the arrow) and were normalized to the radioactivity in the actin band in uninfected cells. Total
protein synthesis in the infected cells was evaluated by measuring the radioactivity in the entire lane on the gel, and the results were normalized to the
radioactivity in uninfected cells. One of the reproducible experiments is shown.
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FIG. 4. Schematic representation of wtSIN-based replicons and analysis of their RNA replication and transcription, protein synthesis, and
phosphorylation of PKR and eIF2� in the infected cells. (A) All three replicons contained an SP driving the expression of GFP. The SINrep/
wtPKR/GFP and SINrep/mutPKR/GFP constructs also had a second SP driving the expression of wt human PKR and human PKR with a single
substitution (K296 3 R), respectively. (B) NIH 3T3 cells (5 � 105) were infected with packaged replicons at an MOI of 20 infectious units/cell.
At 2 h postinfection, the media were replaced by the same media supplemented with dactinomycin (1 �g/ml) and [3H]uridine (20 �Ci/ml). After
4 h of incubation at 37°C, RNAs were isolated and analyzed as described in Materials and Methods. (C) NIH 3T3 cells (5 � 105 cells/well) in
six-well Costar plates) were infected with packaged replicons at an MOI of 20 infectious units/cell. Proteins were pulse-labeled with [35S]methi-
onine at the indicated times and analyzed on sodium dodecyl sulfate–10% polyacrylamide gels. The gels were dried and analyzed on a Storm 860
PhosphorImager as described in Materials and Methods. The levels of synthesis of cellular proteins and total protein synthesis (Total syn.) in the
infected cells were evaluated as described in the legend to Fig. 3. One of the reproducible experiments is shown. Mock indicates mock-infected
cells. (D) Phosphorylation of PKR (P-PKR) and eIF2� (P-eIF2�) in replicon-infected cells was analyzed as described in the legend to Fig. 3. N.B.
indicates the position of a minor protein band that nonspecifically binds anti-PKR antibodies in all tested mouse cells. HuPKR indicates the
position of human PKR. (E) Analysis of GFP expression in cells infected with wtSIN-based replicons. NIH 3T3 cells (1.5 � 106) were infected with
packaged replicons at an MOI of 20 infectious units/cell. At 12 h postinfection, the cells were fixed with 1% formaldehyde in PBS for 10 min and
analyzed by flow cytometry on a FACS Vantage (Becton Dickinson).
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FIG. 5. Schematic representation of SIN/G-based replicons and analysis of their RNA replication and transcription, protein synthesis, and
phosphorylation of eIF2� in the infected cells. (A) The replicons had essentially the same design as the constructs described in the legend to Fig.
4 but differed from the wtSIN-based constructs by one amino acid in nsP2, P726 3 G. (B) NIH 3T3 cells (5 � 105) were infected with packaged
replicons at an MOI of 20 infectious units/cell. At 2 h postinfection, the media were replaced by the same media supplemented with dactinomycin
(1 �g/ml) and [3H]uridine (20 �Ci/ml). After 4 h of incubation at 37°C, RNAs were isolated and analyzed as described in Materials and Methods.
(C) NIH 3T3 cells (5 � 105 cells/well) in six-well Costar plates) were infected with packaged replicons at an MOI of 20 infectious units/cell. Proteins
were pulse-labeled with [35S]methionine 16 h postinfection and analyzed on sodium dodecyl sulfate–10% polyacrylamide gels. The gels were dried
and analyzed on a Storm 860 PhosphorImager as described in Materials and Methods. The levels of synthesis of cellular proteins in the infected
cells were evaluated as described in the legend to Fig. 3. Mock indicates mock-infected cells. (D) NIH 3T3 cells (1.5 � 106) were infected with
packaged replicons at an MOI of 20 infectious units/cell. At 12 h postinfection, the cells were fixed by 1% formaldehyde in PBS for 10 min and
analyzed by flow cytometry on a FACS Vantage (Becton Dickinson). (E) Phosphorylation of eIF2� (P-eIF2�) in replicon-infected cells was
analyzed as described in the legend to Fig. 3.
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sequence of the nonstructural proteins and expressing GFP
from the subgenomic RNA, and SINrep/wtPKR/C/GFP, also
expressing the wt human PKR from the second SP (Fig. 7A).
The GFP-encoding gene was fused in frame with the capsid-
coding sequence, which contains the translation enhancer ele-
ment. Because of its autoprotease activity, the capsid cleaved
itself co- and posttranslationally, generating GFP with only
four extra amino acids upstream of its natural initiating me-
thionine. The NIH 3T3 cells infected with SINrep/C/GFP pro-
duced almost 20-fold more GFP then did cells infected with
SINrep/GFP at the same MOI (Fig. 7B). The additional ex-
pression of wtPKR in cis by SINrep/wtPKR/C/GFP did not
have a deleterious effect on GFP expression. We always detect
some decrease in protein production when two subgenomic
RNAs, instead of one, are transcribed from SIN replicons.
However, the possibility of a small effect of expressed wtPKR
cannot be ruled out.

These results demonstrated that by using the translation
enhancer element in the amino-terminal part of the capsid-
encoding gene, SIN has developed a very efficient means of
replicating under conditions of both PKR-dependent (host
cell-induced) and PKR-independent (virus- or host cell-in-
duced) translational shutoff that takes place in infected verte-
brate cells.

DISCUSSION

The alpha/beta interferon (IFN-�/
)-dependent innate im-
mune response is one of the most important mechanisms that
control virus replication on both the cellular and the organism
levels. One of the best-characterized components of the cellu-
lar response is PKR activation, which is induced by dsRNA
synthesized in the cells during virus replication. After binding
to dsRNA, PKR changes its conformation, undergoes auto-
phosphorylation and dimerization, and phosphorylates eIF2�
(30, 38, 46). This, in turn, leads to a decrease in translation
initiation. However, in the present study, we demonstrated that
the PKR�/� MEFs, in which PKR is not present and eIF2� is
not phosphorylated, exhibit the same downregulation of trans-
lation as PKR-positive cells after infection with SIN. More-
over, the NIH 3T3 cells infected with SIN overexpressing a
mutated form of nsP2, the SIN/G mutant, exhibit phosphory-
lation of PKR to the level observed upon infection with wtSIN,
but eIF2� phosphorylation and translational shutoff are inef-
ficient. By 16 h postinfection, protein synthesis in SIN/G-in-
fected cells is at the same level as in uninfected cells, and
phosphorylation of eIF2� is no longer detectable (Fig. 3).
However, even at this late time point, PKR remains highly

respectively. (B) NIH 3T3 cells in six-well Costar plates were infected
with SIN at an MOI of 5 PFU/cell. At the indicated times, the media
were replaced and virus titers were determined as described in Mate-
rials and Methods. (C) NIH 3T3 cells (5 � 105 cells/well) in six-well
Costar plates) were infected with viruses at an MOI of 5 PFU/cell.
Proteins were pulse-labeled with [35S]methionine at the indicated
times and analyzed on sodium dodecyl sulfate–10% polyacrylamide
gels. The gels were dried and analyzed on a Storm 860 PhosphorIm-
ager as described in Materials and Methods. The levels of synthesis of
cellular proteins and total protein synthesis in the infected cells were
evaluated as described in the legend to Fig. 3.

FIG. 6. Schematic representation of double subgenomic viral ge-
nomes and analysis of virus growth and protein synthesis in infected
NIH 3T3 cells. (A) All three viral genomes expressed the same struc-
tural proteins derived from SIN Toto1101. The SIN/wtPKR and SIN/
mutPKR constructs contained a second SP driving the expression of wt
human PKR and human PKR with a single substitution (K296 3 R),
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phosphorylated, apparently due to RNA replication, but does
not cause inhibition of cellular translation by an eIF2�-medi-
ated mechanism to the level observed in wtSIN-infected NIH
3T3 cells (Fig. 3).

This finding strongly suggests the existence of another, PKR-
independent, mechanism that plays a dominant role in SIN-
specific inhibition of host mRNA translation. This mechanism
is not based on competition between viral subgenomic RNAs
present at high concentrations and cellular mRNAs, because
as was previously found (11–13) and as confirmed in the
present work, the replicon subgenomic RNAs encoding heter-

ologous genes recruit cellular translational machinery ineffi-
ciently (Fig. 4, 5 and 7) and are not translated at the same rate
as SIN 26S RNA, despite having the same 5� and 3� UTRs and
being present in very high concentrations.

Nevertheless, the role of PKR in SIN-specific inhibition of
translation cannot be ignored, and PKR activation is likely a
universal event during SIN infection. Both SIN replicons ex-
pressing a kinase-defective mutant form of human PKR and
containing either the wt sequence of the nonstructural proteins
or nsP2 with a P7263 G mutation demonstrated undetectable
phosphorylation of the authentic murine PKR and eIF2�, and
this in turn strongly increased the translation of the GFP-
encoding RNA, transcribed from the replicon’s second SP
(Fig. 4 and 5).

The results of our study open the possibility of experimental
manipulation with both mechanisms of SIN-induced transla-
tion inhibition to achieve more efficient expression of heterol-
ogous proteins from SIN replicons. Indeed, (i) the PKR-de-
pendent component of translational shutoff could be inhibited
by the excessive expression of a dominant-negative mutant
form of PKR, functioning as a decoy that binds to dsRNA but
is incapable of eIF2� phosphorylation (Fig. 4); (ii) activation
of the PKR-independent mechanism could be avoided by using
SIN replicons expressing a mutated form of nsP2 (these rep-
licons produce almost 4-fold more heterologous protein than
did the wtSIN-based replicons, despite a 5- to 10-fold-lower
level of RNA replication and transcription of the subgenomic
RNA [Fig. 5]); and finally, (iii) both PKR-dependent and
PKR-independent components of translation inhibition could
be eluded by using replicons with the mutation in nsP2 and
expressing a mutant form of human PKR. The latter construct
(which also replicated less efficiently than the wt replicons)
produced 20-fold more GFP than the wtSIN genome-based
replicons and 4-fold more than its counterpart with the nsP2
mutation but not expressing mutPKR (Fig. 5).

PKR-mediated pathways undoubtedly represent one of the
important components of the cellular response to virus repli-
cation (3, 38). It was previously demonstrated that PKR�/�

mice are more susceptible to vesicular stomatitis virus (39),
Bunyamwera virus (42), encephalomyocarditis virus (48), and
herpes simplex virus type 1 (23). It was also suggested that an
early anti-SIN response develops more efficiently in PKR-pos-
itive cells (34). In agreement with these data, PKR�/� MEFs
infected with wtSIN demonstrated earlier virus release and
faster CPE than the NIH 3T3 cells and wt MEFs. These cells
are also incapable of clearing the poorly cytopathic SIN nsP2
mutant, SIN/G (Fig. 2). Upon infection with this virus,
PKR�/� MEFs released IFN-�/
 to almost the same concen-
tration as NIH 3T3 cells (data not shown) and activated the
same set of genes in response to virus replication in microar-
ray-based gene expression profiling experiments (data not
shown). They were also capable of efficiently developing an
antiviral state in response to IFN-�/
 pretreatment (data not
shown). However, in contrast to their PKR-positive counter-
parts, the PKR�/� cells remained persistently infected, like
some other cell types with defects in IFN-�/
 signaling or
infected in the presence of anti-IFN antibodies (14).

Based on our data, we hypothesize that the inhibition of
translation observed in SIN-infected cells develops by two
mechanisms, of which the PKR-independent pathway deter-

FIG. 7. Schematic representation of SIN-based replicons and anal-
ysis of GFP expression in infected cells. (A) All replicons contained SP
driving the expression of GFP. Subgenomic RNAs of SINrep/C/GFP
and SINrep/wtPKR/C/GFP encoded fusion proteins containing the
sequence of the entire capsid protein followed by four extra amino
acids and GFP. SINrep/wtPKR/C/GFP and SINrep/wtPKR/GFP ex-
pressed wt human PKR from the second SP. (B) NIH 3T3 cells (1.5 �
106) were infected with packaged replicons at an MOI of 20 infectious
units/cell. At 12 h postinfection, the cells were fixed in 1% formalde-
hyde in PBS for 10 min and analyzed by flow cytometry on a FACS
Vantage (Becton Dickinson).
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mines translational shutoff to a greater extent. However, we
are only beginning to understand its nature. This mechanism is
likely not unique to alphaviruses. For example, after IFN treat-
ment, translation of dengue virus RNA is inhibited through a
PKR-independent mechanism as well (7).

Both PKR-dependent and PKR-independent mechanisms of
translational shutoff have minimal effects on the translation of
natural SIN subgenomic RNA. This RNA contains a transla-
tional enhancer, represented by a GC-rich stem-loop structure,
in the capsid coding sequence (12) and remains efficiently
translated by modified cellular translational machinery (Fig. 6
and 7). By developing this structural element in the capsid
coding sequence, SIN, like some other alphaviruses, success-
fully overcomes the negative effect of the inhibition of trans-
lation (12, 36, 37), and viral structural proteins are synthesized
very efficiently, even in the late stages of infection. Even over-
expression of wtPKR in cis does not affect SIN replication (Fig.
6) or expression of the heterologous gene, if it is fused with the
capsid coding sequence (Fig. 7).

In addition to enhancing our understanding of alphavirus-
host cell interactions, our results have practical applications.
By using the approaches uncovered in this study, it might be
possible to increase the expression of the heterologous genes
from the SIN-based replicons and, most likely, from other
alphavirus-based replicons to augment their ability to produce
heterologous proteins.
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