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Inhibition of translation is an integral component of the innate antiviral response and is largely accom-
plished via interferon-activated phosphorylation of the � subunit of eukaryotic initiation factor 2 (eIF2�). To
successfully infect a host, a virus must overcome this blockage by either controlling eIF2� phosphorylation or
by utilizing a noncanonical mode of translation initiation. Here we show that enterovirus RNA is sensitive to
translation inhibition resulting from eIF2� phosphorylation, but it becomes resistant as infection progresses.
Further, we show that the cleavage of initiation factor eIF5B during enteroviral infection, along with the viral
internal ribosome entry site, plays a role in mediating viral translation under conditions that are nonpermis-
sive for host cell translation. Together, these results provide a mechanism by which enteroviruses evade the
antiviral response and provide insight into a noncanonical mechanism of translation initiation.

Initiation of cap-dependent translation occurs in three
initial steps. The canonical first step is recruitment of an
eIF2–GTP–Met-tRNAi

Met ternary complex to the 40S sub-
unit in a binding step stabilized by initiation factors eIF3
(eukaryotic initiation factor 3), eIF1, and eIF1A to form a
43S complex. The 43S complex is competent to bind mRNA
complexed with eIF4F and eIF4B bound to the 5� cap struc-
ture to form 48S initiation complexes that are capable of
scanning for initiator codons, aided by eIF4A/eIF4B RNA
helicase functions (20). Stable 48S complexes arise with
formation of codon-anticodon base pairing in the P site of
the 40S ribosome subunit. Proper placement of the tRNA
anticodon is mediated by eIF2, which is aided by eIF1 and
perhaps eIF5B in rejection of poor-context triplets (20, 28).
Upon proper codon-anticodon base pairing, eIF2 hydrolyzes
its bound GTP, followed by eIF5B-mediated ejection of
factors from the 40S subunit and 60S subunit joining to form
the complete 80S ribosome (20, 42).

Before 60S subunit joining, hydrolyzed eIF2-GDP is re-
leased from the 48S complex and must be recycled by interac-
tion with the guanine nucleotide exchange factor eIF2B to
exchange the GDP for GTP for use in the next round of
translation initiation. Exposure to several types of stress stimuli
restricts translation through the activation of eukaryotic initi-
ation factor 2 (eIF2�) kinases PKR (protein kinase R), PERK
(double-stranded RNA-activated ER kinase), HRI (heme-reg-
ulated inhibitor), and GCN2 (general control nonderepressing
2). Phosphorylation of eIF2� turns eIF2 into a competitive
inhibitor of eIF2B function through an increased affinity of
phospho-eIF2 for eIF2B, causing the accumulation of eIF2-
GDP and a corresponding global inhibition of translation ini-
tiation (25, 51).

Infection of mammalian cells with viruses often induces an

antiviral response that can produce interferon and activate the
eIF2� kinase PKR, causing a suppression of translation by
eIF2� phosphorylation (34). However, poliovirus (PV), a
member of the Picornaviridae family and Enterovirus genus, is
resistant to type I interferon treatment in vitro (4, 5, 36).
Inhibition of translation by eIF2� phosphorylation also results
in the formation of cytoplasmic mRNA stress granules in un-
infected cells (reviewed in references 24 and 59). Several vi-
ruses both induce the formation of stress granules (31, 43, 55)
and modulate the stress granule pathway (33, 35, 49). During
infection with PV, stress granule formation is induced by an
eIF2�-independent mechanism (31) and eIF2� phosphoryla-
tion is suppressed until late times postinfection (8).

The single-stranded, positive-sense RNA genome of polio-
virus is preferentially translated due to inhibition of cap-de-
pendent cellular translation by cleavage of initiation factors
eIF4GI, eIF4GII, and poly(A)-binding protein (PABP) (re-
viewed in reference 29) and the cap-independent recruitment
of ribosomes by the viral internal ribosome entry site (IRES).
IRES-driven translation is also important for the preferential
expression of proteins during cellular conditions of reduced
translation such as apoptosis and mitosis (17, 50). Several viral
IRESs require fewer canonical initiation factors than canonical
cap-dependent initiation, and most do not require eIF4E. The
poliovirus IRES is a type 1 IRES that requires eIF4G, eIF4A,
eIF4B, and eIF2 (14, 37, 38); however, initiation occurs at a
downstream canonical AUG start codon that is reached by
ribosome scanning after binding internally on the IRES.

Recently, some IRES elements were shown to translate
independently of eIF2, including the cricket paralysis virus
intergenic region IRES (CrPV-IGR) (21, 22), the hepatitis
C virus (HCV) IRES (26, 52), the classical swine fever virus
(CSFV) IRES (41), and the cellular Src IRES (1). The latter
three require initiation at AUG codons; thus, Met-tRNAi

Met

recruitment occurs via novel alternate mechanisms. In the
case of CSFV, it was determined that eIF5B/eIF3 substitutes
for eIF2/eIF3 function in the formation of 48S ribosome/
mRNA complexes (41).

Previous work by our laboratory revealed that poliovirus
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inhibits the formation of stress granules by the cleavage of
Ras-GTPase-activating protein (Ras-GAP) Src homology 3
(SH3)-domain-binding protein 1 (G3BP) with virus 3C protein-
ase (3Cpro) and that the rescue of stress granule formation by
expression of a cleavage-resistant G3BP mutant reduced PV
progeny virion production (55). When we investigated the
mechanism by which cleavage-resistant G3BP inhibits PV rep-
lication, we determined that under conditions of oxidative
stress, PV translation becomes increasingly resistant to eIF2�
phosphorylation as infection progresses. Translation resistance
to stress was not due to cleavage of G3BP. We found that
eIF2-independent translation is not an inherent property of
enteroviral IRES elements in the absence of viral infection.
Further, a cleavage fragment of eIF5B can rescue IRES trans-
lation under extreme stress conditions; thus, eIF5B cleavage
may play an important role in translation resistance to eIF2�
phosphorylation during infection.

MATERIALS AND METHODS

Cloning and DNA constructs. pcDNA3.1-HA-eIF5B was a kind gift of C. U.
Hellen. pcDNA3.1-HA-eIF5BQ478E was produced by site-directed mutagenesis
of pcDNA3.1-HA-eIF5B (sense strand 5�-GAAGTTATGGAAGAAGGAGTA
CCAGAAAAGG-3� and antisense strand 5�-CCTTTTCTGGTACTCCTTCTT
CCATAACTTC-3�), and pcDNA3.1-HA-eIF5B479-1220 was produced by inverse
PCR of pcDNA3.1-HA-eIF5B (sense strand 5�-GGAGTACCAGAAAAGGAA
GAGACACC-3� and antisense strand 5�-GGCGTAGTCGGGCACGTC-3�).
pTRE2-PV-Fluc (Fluc stands for firefly luciferase) was produced by PCR am-
plification of the poliovirus (PV) internal ribosome entry site (IRES) from
pT7-PV-IRES-Fluc (9) with primers containing SacII sites and was inserted into
the SacII site of pTRE2-luc (Clontech). pTRE2-CVB3-Fluc (CVB3 stands for
coxsackievirus B3) was produced by insertion of the SalI and XbaI fragment
purified from pRL-CVB3-FL (FL stands for firefly luciferase) (obtained from B.
Semler) and inserted into pTRE2 (Clontech) digested with the same enzymes.
The plasmid pREP-G3BP1-GFP (GFP stands for green fluorescent protein)
encoding hamster Ras-GTPase-activating protein (Ras-GAP) Src homology 3
(SH3) domain-binding protein 1 (G3BP1) (which does not contain the consensus
3C proteinase [3Cpro] cleavage sequence) was a kind gift from Ilya Frolov.

Firefly luciferase reporter expression. HeLa TetON cells (Clontech Labora-
tories) were maintained in Dulbecco modified Eagle medium (DMEM) (Cell-
gro) supplemented with 10% fetal bovine serum, penicillin-streptomycin, and
L-glutamine at 37°C in 5% CO2. A total of 1 � 105 HeLa TetON cells were
transfected with FugeneHD (Roche) for 36 h to allow for expression of
eIF5B479-1220 and overnight with pTRE2-Fluc reporters in 24-well plates. Re-
porter expression was induced by the addition of 1 �g/ml tetracycline in the
presence and absence of sodium enite for 3 h at 37°C. Cells were then lysed in
passive lysis buffer or TRIzol reagent (Invitrogen) for analysis of firefly luciferase
or reporter mRNA, respectively, by reverse transcription (RT)-PCR to standard-
ize the results. Reporters for electroporation were transcribed in vitro using T7
RNA polymerase (Invitrogen) according to the manufacturer’s protocols from
ApaI-linearized pT7-FLuc, HindIII-linearized pT7-PV 5�-FLuc-3� A71 (9) and
NaeI-linearized pCMV-RLuc-IGR-FLuc (CMV stands for cytomegalovirus).
HeLa S3 and 293T cells were electroporated using the Neon electroporation
system (Invitrogen) according to the manufacturer’s protocols prior to treatment
with sodium arsenite (Sigma) or Sal003 (kind gift of Mauro Costa-Mattioli) at
the indicated concentrations. Nuclease-treated rabbit reticulocyte lysate (RRL)
(Promega) was supplemented with HeLa ribosomal salt wash and then pre-
treated with increasing doses of poly(I � C) (Sigma) for 30 min at 34°C before
programming with in vitro RNA reporters and incubation at 34°C for 45 min.

Poliovirus infection and stress experiments. Poliovirus was grown and purified
as previously described (23), and coxsackievirus B3 (CVB3) was precipitated
from infected HeLa cell cultures with 2.2% NaCl–7% polyethylene glycol 6000.
Infections were conducted at a multiplicity of infection (MOI) of 20 for 293T
cells or at an MOI of 30 for HeLa cells. To stress cells, 50 to 500 �M sodium
arsenite (Sigma-Aldrich) in medium was incubated with cells for the final 30 min
of infection before the cells were pulse-labeled with 30 �Ci/ml of [35S]methio-
nine-cysteine (Tran35S-label; MP Biomedicals). Some cell cultures were heat
shocked at 44°C for 30 min before pulse-labeling. Labeled cells were pelleted and
lysed in NP-40 lysis buffer (10 mM Tris-Cl [pH 7.4], 100 mM NaCl, 1 mM EDTA,

and 1% NP-40), and S10 fractions were frozen until analysis. For various
experiments, 293T cells were transfected for 36 h prior to infection with
control sheared salmon sperm DNA or pEGFP-N1 (EGFP stands for en-
hanced green fluorescent protein) (Clontech) DNA. Experimental groups
were transfected with pcDNA3.1-G3BP, pcDNA3.1-G3BPQ326E, pcDNA3.1-
HA-eIF5B, pcDNA3.1-HA-eIF5BQ478E, or pcDNA3.1-eIF5B479-1220 using Lipo-
fectamine 2000 (Invitrogen) in DMEM according to the manufacturer’s proto-
cols.

Autoradiography and immunoblot analysis. Radiolabeled S10 lysates were
resolved on 10% polyacrylamide gels and dried or transferred to nitrocellulose
membranes. Dried gels were exposed to film (Kodak), and viral translation was
quantified by densitometry of the indicated viral bands (ImageJ). Western blot
analysis of hemagglutinin (HA)-tagged eIF5B (HA-eIF5B) expression by
anti-HA (Y-11; Santa Cruz Biotechnology) (diluted 1:1,000), anti-eIF5B
(kind gift from T. Dever) (1:1,500), phospho-eIF2� (119A11; Cell Signaling
Technologies) (1:1,500), anti-eIF2� (FL-315; Santa Cruz Biotechnology), (1:
1,000), eIF4GI (10a) (1:1,000), G3BP1 (55) (1:2,000), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Millipore; 1:1,000) was conducted in
phosphate-buffered saline (PBS) containing 4% powdered milk and 1% Triton
X-100 overnight at 4°C. Detection of primary antibody by anti-rabbit IgG (Bio-
Rad; 1:4,000) was visualized with Pico or Femto substrate (Pierce) exposure to
X-ray film.

RESULTS

Poliovirus translation is resistant to eIF2� phosphoryla-
tion. Viral infection results in the activation of the antiviral
response as well as cellular stress responses that induce stress
granules containing translationally silenced mRNA (2, 6). PV
infection results in an eIF2�-independent induction of stress
granules (31, 55), although the level of induction is cell type
dependent and is inhibited at late time points postinfection
(55). To determine the effects of induction of the cellular stress
response and near complete phosphorylation of eIF2� on viral
infection, we subjected PV-infected cells to oxidative stress
with sodium arsenite (Ars) treatment at various times through
the infection and measured viral translation by pulse-label/
autoradiography. Arsenite treatment induced high-level phos-
phorylation of eIF2� as expected (Fig. 1B), which also resulted
in a drastic inhibition of cellular translation in mock-infected
cells (Fig. 1A, lane 2). However, as PV infection progresses,
apparent viral translation became evident at 3 to 6 h postin-
fection (hpi) despite induction of high-level phosphorylation of
eIF2�, suggesting that PV translation is resistant to Ars stress
(Fig. 1A). Viral translation was relatively efficient under severe
stress conditions and reached levels that were �50% of those
in unstressed cells between 4 and 6 hpi.

Previous work has shown that in unstressed cells, PV
restricts eIF2� phosphorylation until late points in the in-
fectious cycle partly through degradation of PKR (8, 39).
However, in Ars-stressed cells, PV infection was unable to
prevent high-level eIF2� phosphorylation (Fig. 1B), which is
mediated by another eIF2� kinase, HRI (32). Poliovirus
infection alone did not induce the maximal eIF2� phosphor-
ylation that was achieved with Ars, even at the end of the
replicative cycle (6 hpi).

To further refine the kinetics of resistance to Ars stress, we
infected cells for 0 to 3 h at 30-min intervals and found that
resistance is not apparent at 2 hpi (Fig. 1C; follow prominent
viral polypeptides P1 and 3CD). Arsenite-resistant translation
first appears at 2.5 hpi and became readily apparent at 3 hpi
(Fig. 1C). To determine whether 3Cpro activity or cleavage of
G3BP correlates with the resistance to Ars stress, we moni-
tored the cleavage of G3BP by 3Cpro via immunoblotting and
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found that as with the emergence of resistance, the first mea-
surable cleavage of G3BP in unstressed cells, and therefore
3Cpro activity, is observed at 3 hpi (Fig. 1B). Application of Ars
also restricts 3Cpro activity (Fig. 1B and 2D). Taken together,
these data suggest that PV translation is resistant to eIF2�
phosphorylation and that this resistance correlates with 3Cpro

activity and possibly G3BP cleavage.
Expression of cleavage-resistant G3BP does not block po-

liovirus resistance to Ars stress. Previously we showed that
overexpression of both wild-type G3BP and cleavage-resistant
G3BPQ326E increased stress granules in Ars-stressed infected
cells and inhibited PV replication (55). Since G3BP may act as
an inhibitor of translation (3, 40), we sought to determine
whether cleavage of G3BP plays a role in resistance of virus
translation to Ars stress. Hamster G3BP1 does not contain the
consensus 3Cpro cleavage site; thus, we expressed cleavage-
resistant hamster G3BP-GFP in HeLa cells and repeated in-
fections with and without Ars stress. Although expression of
cleavage-resistant G3BP (Fig. 2C) did not change the kinetics
of resistance to oxidative stress relative to a control infection,
it did have a general suppressive effect on viral replication
and/or translation, reducing the output of pulse-labeled viral
proteins by about 2-fold (Fig. 2A). Once again, translation
resistance to eIF2� phosphorylation emerged by 3 hpi, which
was when G3BP cleavage was first detected. This indicates that
stress resistance correlates with 3Cpro activity but not with
G3BP cleavage. Further, expression of cleavage-resistant
G3BP did not diminish the high phosphorylation of eIF2�
under Ars stress. Similarly, when 293T cells were transfected
with wild-type and cleavage-resistant G3BPQ326E and infected
with PV, incorporation of [35S]Met/Cys radiolabel into major
3CD, 2C, and VP3 bands was reduced compared to control
transfected cells (Fig. 2E). Thus, apparent viral RNA transla-
tion was modestly inhibited by G3BP expression.

We repeatedly observed a dysfunction in polyprotein pro-
cessing in cells treated with Ars as seen in the appearance of
high-molecular-weight radiolabeled protein species with con-
comitant reduction of processed PV proteins (Fig. 1A, 1C, 2A,
and later figures). Attempts to verify the identity of the high-
molecular-weight bands with pulse-chase were unsuccessful
(data not shown), although the polypeptide pattern resembles
that observed in cell-free translation reaction mixtures treated
with hydantoin (54). To determine whether Ars treatment can
lead to the direct inhibition of the viral 2A and 3C proteinases
and thus restrict polyprotein processing, we treated HeLa S10
lysates with decreasing doses of recombinant 2Apro and 3Cpro

in the presence of a constant concentration of arsenite and
measured activity by cleavage of eIF4GI and G3BP substrates,
respectively (Fig. 2D). Arsenite treatment differentially inhib-
ited viral proteinase activity in vitro, with 1 mM arsenite inhib-
iting a significantly greater amount of 3Cpro (1 �g) than 2Apro

(0.01 �g) cleavage activity. This suggests that both proteinases
are sensitive to arsenite-mediated inhibition, but 3Cpro is re-
stricted more significantly, thus providing an explanation for
the defective polyprotein processing observed after Ars admin-
istration to cells.

To determine whether PV translation was resistant to addi-
tional stress mechanisms, we subjected infected HeLa cells to
heat shock for 30 min, which also results in eIF2� phosphor-
ylation and inhibition of host translation (Fig. 3A and D).

FIG. 1. Poliovirus (PV) translation becomes resistant to sodium
arsenite (Ars) stress. (A and C) HeLa cells infected with PV were
stressed with 0.5 mM Ars (�) or not stressed with Ars (�) for 30 min
prior to the time points indicated (hpi, hours postinfection). Cells were
then pulse-labeled for 30 min with Tran35S-label before analysis by
SDS-PAGE and autoradiography. The numbers below the gel in lanes
3 to 6 indicate the percentage of translation in Ars-stressed lanes
compared to unstressed conditions as determined by densitometry as a
function of time. The migration positions of molecular mass standards
(in kilodaltons) are shown to the left of the gel, and the migration
positions of PV proteins are shown to the right of the gel. (B) Western
blot analysis of PV-infected cells to determine the cleavage of G3BP
and phosphorylation of eIF2� using specific antibodies as indicated for
each panel. Values indicate percentage of maximal eIF2� phosphory-
lation. G3BPcp, G3BP cleavage product.
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Under these conditions, PV translation was also evident at late
time points, and expression levels were similar to those
achieved during Ars stress. Interestingly, defects in viral poly-
protein processing were not apparent under heat shock condi-
tions. Since arsenite and heat shock may inhibit PV RNA
replication or translation via other pathways not related to
eIF2a phosphorylation, we treated infected cells with Sal003, a
derivative of salubrinal that inhibits eIF2� phosphatases (10).
Sal003 treatment increased levels of phospho-eIF2� and effec-
tively shutoff host translation (Fig. 3B and D). However, PV
translation at 4 to 6 hpi was evident, similar to Ars- and heat
shock-treated cells, further demonstrating that the observed
PV translation resistance is eIF2� specific. Sal003 treatment
did not result in significant viral polyprotein processing defects
observed with Ars.

To determine whether translation by other enteroviruses is
resistant to eIF2� phosphorylation, we examined cells infected
with coxsackievirus B3 (CVB3). Application of Ars showed
that CVB3 translation was similarly resistant to oxidative stress
at the mid and late phases of infection (Fig. 3C). Taken to-
gether, these results suggest that a wider range of enteroviruses
may be resistant to several types of stress that result in eIF2�
phosphorylation. As expected, PV translated efficiently in in-
terferon-treated cells despite increased phospho-eIF2� ob-
served at the beginning of infection (Fig. 3D and E).

Enterovirus IRES translation is blocked by eIF2� phos-
phorylation. Recently some viral IRESs have been shown to be

refractory to the phosphorylation of eIF2� and can support
translation when ternary complexes are depleted (26, 44, 52,
56). To determine whether enterovirus IRES elements are
similarly resistant to eIF2� phosphorylation and ternary com-
plex depletion, we tested translation of firefly luciferase (FL)
reporters containing viral IRES elements under stress condi-
tions. First, reporters were expressed in cells from tetracycline
(Tet)-inducible constructs. Figure 4A shows that translation of
FL RNAs containing PV and CVB3 IRESs were strongly in-
hibited by increasing doses of Ars, and the levels of inhibition
were comparable to the levels of control FL RNA translated by
canonical cap-dependent initiation. To substantiate this result,
HeLa cells were electroporated with in vitro-transcribed FL
reporter RNAs. When Ars stress was applied to these cells,
translation of both capped FL and PV-IRES-FL RNA were
similarly inhibited in a dose-dependent manner that correlated
with increased eIF2� phosphorylation (Fig. 4B and E). In
contrast, a reporter containing the cricket paralysis virus inter-
genic region IRES (IGR) was slightly stimulated by application
of Ars stress (Fig. 4B). This was expected, since the IGR-IRES
is known to translate independently of all initiation factors,
including eIF2 (56).

Next, rabbit reticulocyte lysates were treated with increasing
doses of poly(I � C) to activate an alternate eIF2� kinase,
PKR. An equivalent dose-dependent inhibition of capped FL
and PV-IRES-FL occurred with increased eIF2� phosphory-
lation; however, the IGR-FL RNA was not inhibited (Fig. 4C).

FIG. 2. Expression of cleavage-resistant G3BP does not cause resistance to Ars stress. (A) HeLa cells expressing hamster pREP-G3BP-GFP
were infected, stressed, and pulse-labeled with Tran35S-label and analyzed as described in the legend to Fig. 1A. The migration positions of
molecular mass standards (in kilodaltons) are indicated to the left of the gel. (B) Immunoblot analysis of lysates for total and phosphorylated
eIF2�. (C) Immunoblot analysis for G3BP showing the cleavage of endogenous G3BP but not G3BP-GFP. (D) HeLa S10 lysates were treated with
a constant concentration of Ars (1 mM) plus various concentrations (1 �g to 10 ng) of recombinant viral 2Apro or 3Cpro to determine the effects
of Ars treatment on proteinase activity. The height of the triangle above the lanes indicates the relative amount of 2Apro or 3Cpro. 2A and 3C
proteinase activities were monitored by the cleavage of eIF4GI and G3BP, respectively. (E) 293T cells transfected with control DNA or plasmids
expressing His-G3BP or His-G3BPQ326E were infected with PV, translating proteins were pulse-labeled at 4 or 6 hpi and analyzed by SDS-PAGE/
autoradiography and densitometry of the indicated viral polypeptide bands. Data are expressed as percent incorporation relative to untransfected
control cells (% Cont).
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Last, 293T cells were treated with Sal003 to block eIF2� de-
phosphorylation. Sal003 decreased translation of both capped
FL and PV-IRES-FL but did not alter IGR-FL translation
(Fig. 4D). All treatments increased eIF2� phosphorylation as
intended (Fig. 4E). Taken together, these data demonstrate
that enteroviral IRES elements are fully susceptible to trans-
lation inhibition resulting from activation of eIF2� kinases,
indicating that the viral IRES is not by itself sufficient to me-
diate eIF2-independent translation initiation observed during
virus infection. Since eIF2-independent translation did corre-
late with increased 3Cpro activity (Fig. 1), we hypothesized that
proteolytic modification of a translation factor may play a role
in this gain of IRES translation during stress.

Expression of eIF5B modulates poliovirus translation under
stress. Initiation factor eIF5B is conserved throughout eu-
karyotes and is the orthologue of prokaryotic initiation factor
2 (IF2) (27, 57). eIF5B mediates the joining of the 40S and 60S
ribosomal subunits (42), interacts with eIF1A (12, 30), and
stabilizes the initiator tRNAi

Met after eIF2 release (12) to aid in
the stringency of AUG start codon selection. The GTPase
activity of eIF5B acts as a checkpoint for completion of initi-
ation on the correct start codon (47). eIF5B is also cleaved
during infection by enterovirus 3Cpro upstream of the four
conserved functional domains contained in the C terminus

(13). The kinetics of eIF5B cleavage also correlate with resis-
tance of PV translation to Ars stress (Fig. 5A), although ki-
netics of cleavage in arsenite-treated groups are expected to
lag 30 min because of 3Cpro arsenite sensitivity (Fig. 2D). Thus,
we investigated whether cleavage of eIF5B may provide a po-
tential mechanism to relieve the block to PV-IRES translation
imposed by eIF2� phosphorylation (Fig. 4). To test this hy-
pothesis, we created a 3Cpro cleavage-resistant mutant by re-
placing the required glutamine at the scissile bond with gluta-
mate (eIF5BQ478E). We expressed HA-tagged wild-type eIF5B
and eIF5BQ478E in cells and monitored PV translation during
subsequent infection in the presence and absence of Ars stress.
Analysis of autoradiographs from PV-infected cells shows that
expression of eIF5B in cells subjected to Ars stress causes a
modest increase in apparent viral translation during the pri-
mary phase of replication (3 to 5 hpi; Fig. 5B and C). Whereas
expression of wild-type eIF5B caused a sustained increase in
translation pulse-label at 6 hpi, expression of eIF5BQ478E in-
hibited pulse-labeling of virus proteins at 6 hpi. This suggested
that viral translation in stressed cells at late time points postin-
fection may be more dependent on cleavage of eIF5B. Ectop-
ically expressed wild-type eIF5B was cleaved with kinetics sim-
ilar to that of endogenous eIF5B during infection (13), and
mutant eIF5BQ478E was resistant to cleavage during PV infec-

FIG. 3. Enterovirus translation is resistant to stressors. (A to C and E) SDS-PAGE/autoradiographs of cell proteins labeled with Tran35S-label.
(A) PV-infected HeLa cells were infected with PV and stressed with heat shock 30 min prior to labeling at the indicated time points.
(B) PV-infected 293T cells were treated with 20 �M Sal003 or dimethyl sulfoxide (DMSO) vehicle for 90 min prior to 30 min pulse-labeling.
(C) HeLa cells infected with CVB3 were stressed as described in the legend to Fig. 1. (D) Immunoblots showing phospho-eIF2� in the panels.
(E) PV-infected cells pretreated with alpha interferon (IFN�) (1,000 U) for 16 h. Control infection without IFN at 4 h is shown.
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tion as expected (Fig. 5A and E). Expression of eIF5B did not
inhibit eIF2� phosphorylation in response to Ars stress, and
thus, the observed increases in viral polypeptides may result
from increases in eIF2-independent translation (Fig. 5D).

Expression of the C-terminal eIF5B fragment stimulates PV
translation. Cleavage of eIF5B could impact IRES translation
either by reduction in intact eIF5B, and thus its normal func-
tions, or by creation of N- or C-terminal cleavage products that
may have novel functions. To determine whether the cleavage
product produced by the cleavage of eIF5B by 3Cpro is func-
tional, we expressed the C-terminal 741-amino-acid peptide
released by 3Cpro cleavage (HA-eIF5B479-1220). Analysis of
autoradiographs of PV-infected, 35S-labeled lysates (Fig. 6A
and B) reveals that expression of HA-eIF5B479-1220 stimulated
apparent virus translation relative to control infections in cells
expressing green fluorescent protein (GFP). Expression of
HA-eIF5B479-1220 produced a larger stimulation of pulse-label-
ing of viral proteins under stress conditions, ranging from a 1.7-
to 2.0-fold increase during the peak replicative phase of the
infection (Fig. 6A and B). Immunoblot analyses confirmed that
equal expression of eIF5B479-1220 occurred throughout the in-
fection and that the eIF5B fragment did not inhibit eIF2�
phosphorylation in response to Ars treatment (Fig. 6C).
Rather, expression of eIF5B479-1220 resulted in reproducible
increases of eIF2� phosphorylation, whose translation restric-

tion activity would be expected to counteract translation stim-
ulation provided by eIF5B expression.

While it is crucial to test effects of eIF5B expression on
authentic virus translation during infection, such apparent
translation is the cumulative result of viral RNA replication
and translation. To avoid potential stimulatory effects of eIF5B
expression on viral RNA replication, we transfected reporter
RNA into cells expressing GFP or HA-eIF5B479-1220 and
tested whether virus IRES translation was rescued during Ars
stress. Figure 7A shows that expression of eIF5B479-1220 caused
a 2-fold decrease in capped FL RNA translation in unstressed
cells and did not rescue translation blocks imposed by Ars-
induced eIF2� phosphorylation. In contrast, expression of HA-
eIF5B479-1220 stimulated PV-FL translation in unstressed cells.
Incubation with 50 or 100 �M Ars caused a decrease in trans-
lation of both capped FL and PV-FL RNA. However, trans-
lation of PV-FL was inhibited to a lesser degree in cells ex-
pressing eIF5B479-1220. When plotted as fold stimulation of
translation over GFP-expressing control cells (Fig. 7B), expres-
sion of eIF5B479-1220 increased the relative translation activity
of PV-IRES-FL RNA up to 3-fold in Ars-stressed cells. Inter-
estingly, the stimulation or partial rescue of translation was
maximal at 50 mM Ars, and eIF5B479-1220 expression did not
overcome translation inhibition at the highest Ars levels (200
�M), though eIF2� phosphorylation did not further increase

FIG. 4. Enteroviral IRES reporter RNAs are inhibited by eIF2� phosphorylation. (A) HeLa TetON cells were transfected with luciferase
(pTRE2-FL) reporters containing PV or coxsackievirus B3 (CVB3) IRES elements upstream of the firefly luciferase (FL) open reading frame
(ORF). Expression of IRES-FL reporters and stress was coinduced for 3 h with constant exposure to tetracycline and Ars, respectively. Firefly
luciferase (FL) activity is shown in relative light units (RLU). (B) In vitro-transcribed capped FL or uncapped IRES-FL reporter RNAs were
electroporated into HeLa S3 cells prior to treatment with Ars for 90 min and analysis of FL expression. (C) Rabbit reticulocyte lysates
supplemented with HeLa ribosomal salt wash initiation factors were pretreated with water or poly(I � C) for 30 min before being programmed with
FL reporter RNAs. FL expression was measured after 45 min of translation at 34°C. (D) In vitro-transcribed capped FL or PV-FL reporter RNAs
were electroporated into cells, which were then treated with 10 �m Sal003 for 90 min prior to analysis of FL expression. Results were compiled
from three independent experiments, and error bars represent standard errors. (E) Immunoblots showing eIF2� or phospho-eIF2� (P-eIF2�) in
the experiments above.
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significantly. This suggests that at the highest levels, Ars may
induce additional mechanisms that restrict translation other
than through eIF2� phosphorylation. As expected (15),
translation of control IGR-FL was not stimulated by HA-
eIF5B479-1220 expression. Immunoblot analysis of cell lysates
with eIF5B-specific antibody showed that the expression level
of HA-eIF5B479-1220 was higher than endogenous eIF5B in
these experiments and was unaltered by Ars treatment
(Fig. 7C).

DISCUSSION

In this report, we show that enteroviruses can switch from an
eIF2-dependent to an eIF2-independent mode of translation
initiation during the course of infection. We show that al-
though translation of enteroviral RNA is sensitive to sodium
arsenite (Ars) treatment, translation initiation becomes resis-
tant to inhibition by eIF2� phosphorylation and that this switch
correlates with 3Cpro activity. Overall, the model of arsenite
stress and high-level eIF2� phosphorylation employed in this
study is not completely artificial, as PV infection induces stress
and resulting eIF2� phosphorylation that reaches high levels
late in infection (Fig. 1B). Investigation into the role of eIF5B
cleavage by 3Cpro revealed that the C-terminal eIF5B cleavage
fragment produced during enteroviral infection may play a role
in rescuing viral IRES-mediated translation under restrictive
conditions of eIF2� phosphorylation and near complete inhi-
bition of host cell translation. The ability to cleave eIF5B is

conserved among enteroviruses (13), thus providing an impor-
tant mechanism to ensure continued virus translation after
interferon activation of PKR or stress activation of HRI
(Fig. 3E).

In previous work, we showed that PV infection results in the
inhibition of the formation of cytoplasmic stress granules and
that expression of cleavage-resistant G3BP rescued stress gran-
ule formation and inhibited viral replication approximately 7-
to 8-fold (55). Since the kinetics of stress granule (SG) inhibi-
tion and G3BP cleavage correlate well with the observation of
eIF2-independent viral translation (Fig. 1B), we expressed
cleavage-resistant hamster G3BP, which has a proline residue
in place of the glutamine residue at the P1� position of the
3Cpro cleavage site, and monitored resistance to arsenite stress
(Fig. 2). We observed an overall decrease in viral translation in
the presence of G3BP; however, we did not observe a change
in the kinetics of the development of eIF2 independence or the
phosphorylation of eIF2�, indicating that the cleavage of
G3BP does not play a role in the development of eIF2-inde-
pendent translation and that eIF2 independence correlates
better with 3Cpro activity. We also note that high-molecular-
weight protein species appear in enterovirus-infected cells sub-
jected to Ars stress (Fig. 1, 2, 3, 5, and 6) but not heat shock or
Sal003 treatment (Fig. 3A and B). Given the direct inhibition
of 3Cpro cleavage activity exerted by 1 mM Ars (Fig. 2D), the
observed lack of processed viral proteins and the drastic inhi-
bition of host translation that occurs during enteroviral infec-

FIG. 5. Expression of eIF5B modulates PV translation under stress. (A) (Top) Schematic depicting the 3Cpro cleavage site on eIF5B. (Bottom)
Gel showing kinetics of cleavage of endogenous eIF5B during PV infection in the presence or absence of Ars. frag., fragment. (B) 293T cells
expressing wild-type eIF5B or cleavage-resistant eIF5BQ478E were infected and stressed with 0.5 mM Ars before pulse-labeling translating proteins
and analysis by SDS-PAGE and autoradiography. (C) Stimulation of PV translation by eIF5B expression was quantified by densitometry of
autoradiographs. Results are an aggregate of three independent experiments, and error bars indicate standard errors. (D) Immunoblot analysis
of eIF2� and phosphorylated eIF2�. (E) HA-specific immunoblot indicating expression of HA-eIF5B transgenes.
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tion (29), we propose that these high- molecular-weight pro-
teins are unprocessed polyprotein forms.

Induction of the host antiviral response induces many
changes in cell functions, with a crucial effect being the sup-
pression of translation via the activation of the eIF2� kinase
PKR and the subsequent phosphorylation of serine 51 of
eIF2� (53, 58). Additionally, another eIF2� kinase, GCN2,
provides an antiviral response against RNA viruses (7). Phos-
phorylation of eIF2� results in an increase in the affinity of
eIF2 for its guanine exchange factor, eIF2B, turning eIF2 into
a competitive inhibitor of eIF2B function (45), thereby restrict-
ing the availability of ternary complex (eIF2-GTP-tRNAi

Met)

and causing an inhibition of translation initiation (25). Several
virus IRESs have recently been shown to be refractory to
eIF2� phosphorylation, including cricket paralysis virus
(CrPV), hepatitis C virus (HCV), and classical swine fever
virus (CSFV) (41, 52, 56). However, despite the similarity in
the use of noncanonical, nonscanning IRES elements for ini-
tiation, the requirements for initiation factors differ between
these viral IRESs. The CrPV intergenic region IRES does not
require cellular initiation factors (56), whereas the related
HCV and CSFV IRES elements require eIF3 (41, 52). IRES
elements of enteroviruses utilize several initiation factors, in-
cluding eIF4G, eIF3, eIF4A, and eIF4B (14, 37). Our data
suggest that enteroviral IRES elements require eIF2 only ini-
tially for optimal translation and can switch to an eIF2-inde-
pendent mode of initiation as infection matures (Fig. 1 and 3).
In agreement with previously published work (52), we show
that the activation of different eIF2� kinases, HRI and PKR,
results in the suppression of enteroviral IRES-containing RNA
both in vitro and in vivo in the absence of viral infection (Fig.
4) but that the introduction of the C-terminal cleavage frag-
ment of eIF5B produced by enterovirus 3Cpro can partly rescue
translation initiation by the viral IRES (Fig. 7). This mecha-
nism also departs from previously described mechanisms of
eIF2-independent translation on the HCV IRES in that the PV
and CVB3 IRES elements require scanning of the recruited
40S ribosome to reach the AUG start codon as opposed to
direct placement of the AUG codon in the ribosomal P site.

eIF5B is the eukaryotic homologue of prokaryotic initiation
factor 2 (IF2), and like IF2, it is required for ribosomal subunit
joining during translation initiation (42). eIF5B also interacts
with eIF1A, the eukaryotic homologue of IF1, to mediate
efficient and stringent selection of the AUG start codon (11,
12). However, in contrast to IF2, eIF5B does not under normal
conditions directly recruit the tRNAi

Met to the ribosome, al-
though the recruitment of eIF5B stabilizes the tRNAi

Met in the
ribosomal P site upon release of eIF2 (11, 46, 47). Archaeal
initiation factor 5B (aIF5B) and N-terminally truncated eIF5B
from Saccharomyces cerevisiae have been shown to interact
with Met-tRNAi

Met in solution, albeit less efficiently and with
lower affinity than eIF2 (18). Intriguingly, Guillon et al. (18)
showed that N-terminally truncated eIF5B can also interact
with noninitiator tRNA. In the case of enterovirus infection,
increasing levels of eIF5B in cells resulted in a modest stimu-
lation of IRES-mediated translation. This was also reflected in
a two- to threefold increase in virus titer from low-multiplicity
infections in cells expressing eIF5B (data not shown). Entero-
virus-mediated cleavage of eIF5B occurs upstream of the con-
served functional domains located in the C terminus (13),
producing a similar N-terminally truncated form of eIF5B.
Here we show that this fragment has stimulatory effects on
viral translation under conditions of restricted eIF2, although
the exact mechanism by which translation is stimulated is un-
known. N-terminally truncated eIF5B is known to be func-
tional in the joining of ribosomal subunits during initiation in
vitro (42) as well as in initiation of translation in cell-free
translation extracts from eIF5B knockout yeast (27). Our
data suggest that the de novo formation of a comparable
C-terminal fragment in enterovirus-infected cells maintains
its function and can act to suppress translation inhibition by
phosphorylated eIF2�, potentially through the recruitment

FIG. 6. Expression of eIF5B479-1220 stimulates PV translation.
(A) 293T cells expressing control GFP or eIF5B479-1220 were infected
with PV and stressed with 0.5 mM Ars for 30 min, and then translating
proteins were pulse-labeled and analyzed by SDS-PAGE/autoradiog-
raphy. (B) Densitometric analysis of three independent experiments
showing stimulation of translation of PV RNA in the presence of
eIF5B479-1220 with and without Ars treatment relative to controls
(Cont) expressing GFP. Error bars indicate the standard errors.
(C) Immunoblot analysis of cell lysates for HA-tagged eIF5B479-1220
and phospho-eIF2� (p-eIF2�) as indicated.
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of Met-tRNAi
Met or the use of alternative tRNA initiating at

non-AUG start codons. This indicates that the removal of
the N-terminal region of eIF5B produces a fragment that
behaves more like prokaryotic IF2 and is significant in that
it allows for enteroviral escape from a major obstacle of the
antiviral response and successful replication.

Some of our data also suggest that the cleavage of eIF5B has
an inhibitory effect on cap-dependent translation (Fig. 7A),
giving the cleavage of eIF5B a 2-fold role in the enteroviral life
cycle, as cleavage may further inhibit host cell translation in
conjunction with eIF4G and poly(A)-binding protein (PABP)
cleavage mediated by virus proteinases (29). It is also signifi-
cant in that it provides another mechanism of eIF2-indepen-
dent initiation separate from the recently described activity of
ligatin and MCT-1/DENR (16, 48), which was only functional
on RNA molecules that directly place the AUG start codon in
the P site of the 40S ribosome. Thus, the cleavage of eIF5B
provides a mechanism by which IRES-recruited 40S ribosomes
that require scanning to reach the AUG start codon (such as
PV) can initiate independently of eIF2. This mechanism, along
with ligatin and MCT-1/DENR-mediated tRNA recruitment,
may provide alternative mechanisms of IRES initiation that
could also be utilized in other conditions where translation of
IRES-containing cellular transcripts dominates and cap-de-
pendent translation is inhibited, such as during apoptosis (data
not shown). Further work is required to elucidate the mecha-
nism by which eIF5B479-1220 mediates translation initiation,
including determination of the tRNA utilized for initiation and
the precision by which the modified translational machinery
can correctly initiate at the primary AUG start codon. Since
the rescue observed in our results was incomplete, modifica-
tion of other factors may also be required. PV 2A proteinase
may cause additional required modifications, since it not only
cleaves eIF4GI to produce the C-terminal fragment that is
required for optimal enteroviral IRES activity (14, 19), but it is
also required for translation of viral RNA in the presence of
phospho-eIF2� induced by PV infection alone (39). Addition-
ally, eIF1 has been shown to destabilize initiation complexes
formed in the absence of eIF2 by the CSFV IRES (41). Future
work should determine whether the eIF1-eIF5B interaction

occurs after eIF5B cleavage and can destabilize initiation com-
plexes on enteroviral IRES elements. Together, these findings
provide insight into an alternative mode of translation that
allows for enteroviruses to evade the antiviral and stress re-
sponses and sustain high-level translation and replication.
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