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Translation of m’G-capped cellular mRNAs is initiated by recruitment of ribosomes to the 5’ end of mRNAs
via eukaryotic translation initiation factor 4F (eIF4F), a heterotrimeric complex comprised of a cap-binding
subunit (eIF4E) and an RNA helicase (eIF4A) bridged by a scaffolding molecule (eIF4G). Internal translation
initiation bypasses the requirement for the cap and eIF4E and occurs on viral and cellular mRNAs containing
internal ribosomal entry sites (IRESs). Here we demonstrate that eIF4E availability plays a critical role in the
switch from cap-dependent to IRES-mediated translation in picornavirus-infected cells. When both capped and
IRES-containing mRNAs are present (as in intact cells or in vitro translation extracts), a decrease in the
amount of eIF4E associated with the eIF4F complex elicits a striking increase in IRES-mediated viral mRNA
translation. This effect is not observed in translation extracts depleted of capped mRNAs, indicating that
capped mRNAs compete with IRES-containing mRNAs for translation. These data explain numerous reported
observations where viral mRNAs are preferentially translated during infection.

Recruitment of ribosomes to mRNA is the rate-limiting step
in translation initiation and a frequent target for translational
control (22). Two different mechanisms of ribosome binding
exist in mammalian cells. Cap-dependent translation is medi-
ated by the mRNA 5’ cap structure (m’GpppN, where N is any
nucleotide), and represents the standard mode of translation
used by most cellular mRNAs. Cap-independent translation is
utilized by some plus-stranded RNA viruses, including picor-
naviruses and hepatitis C virus, as well as by some cellular
mRNAs, and involves the binding of ribosomes to an mRNA
structural element termed an internal ribosomal entry site (IRES)
(20, 41).

The eukaryotic translation initiation factor 4F (eIF4F) me-
diates 40S ribosomal subunit binding to the 5’end of capped
mRNA. eIF4F is a complex containing three proteins: eIF4E,
the cap-binding subunit; eIF4A, an RNA-dependent ATPase/
ATP-dependent RNA helicase; and eIF4G, a high-molecular-
weight protein that acts as a scaffold for binding eIF4E and
elF4A. In addition, eIlF4G interacts with the 40S ribosome
binding factor eIF3 and the poly(A)-binding protein, thereby
establishing a critical link between mRNA and the ribosome
(reviewed in references 14, 21, and 22). The various elF4F
subunits are expressed to remarkably different levels in most
cell types, with the eIFAE subunit being the least abundant (22).

Importantly, formation of the eIF4F complex is dynamic and
tightly regulated (44). In particular, eIF4E availability for par-
ticipation in eIF4F formation is modulated by a family of small
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translation repressor molecules, the eIF4E-binding proteins
(4E-BPs) (31, 38). While hypophosphorylated 4E-BPs interact
strongly with eIF4E, hyperphosphorylated 4E-BPs do not (15).
4E-BP phosphorylation levels are modulated by many types of
extracellular stimuli. In particular, hormonal or nutritional stim-
ulation tends to increase 4E-BP1 phosphorylation levels, while
environmental or nutritional stress elicits 4E-BP dephosphor-
ylation (15, 43). Thus, a binary subcomplex consisting of eI[F4G
and eIF4A (eIF4G/4A) appears to exist in a dynamic equilib-
rium with eIF4F. This equilibrium may be shifted to increase
or decrease elF4F formation in response to nutrients, hor-
monal stimulation, or stress (43).

Internal translation initiation on most IRES-containing
mRNAs, such as encephalomyocarditis virus (EMCV) mRNA,
requires the same canonical elFs that are required for trans-
lation of capped mRNAs, except for eIF4E (1, 39, 40). In
contrast to typical eIF4E-mediated ribosomal recruitment, the
initial step in recruitment of the ribosome to the EMCV IRES
is the elF4A-dependent high-affinity binding of the central
domain of eIF4G to the J-K stem-loop of the IRES (27, 32).
Subsequent addition of the 40S ribosomal subunit, presumably
via the eIF4G-elF3-40S interaction, and the 60S subunit com-
pletes the assembly of the initiation complex.

EMCYV and other picornavirus infections are accompanied
by a shutoff of host cell protein synthesis (10). In cells infected
with poliovirus (PV), human rhinovirus, and foot-and-mouth
disease virus, the primary event responsible for this shutoff is
the cleavage of the eIF4G isoforms by virus-specific proteases
(11, 47). The C-terminal cleavage fragment of eIF4G can effi-
ciently support IRES-dependent, but not cap-dependent transla-
tion, as it retains the binding sites for IRES, eIF4A and elF3,
but cannot bind eIF4E. This situation is akin to a net increase
of eIF4G/4A at the expense of the eIF4F complex. While
infection of cells with EMCV also inhibits host cell protein
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synthesis, this inhibition develops more slowly than that caused
by PV and is not mediated by cleavage of eIF4G (25, 35).

Although eIF4G is not cleaved in EMCV-infected cells, it is
highly likely that the ratio of eIF4G/4A to eIF4F is also in-
creased during EMCYV infection. We previously described the
dephosphorylation and activation of 4E-BP1 following EMCV
infection (16). Inasmuch as 4E-BP1 dephosphorylation coin-
cides with the shutoff of host mRNA translation in EMCV-
infected cells, we hypothesized that these two events are caus-
ally related (16). Dissociating eIF4F may also favor viral
protein synthesis, as suggested by experiments employing rapa-
mycin and wortmannin, two inhibitors of 4E-BP1 phosphory-
lation (5, 51). Upon forced dephosphorylation of 4E-BPs by
treating cells with rapamycin and wortmannin at the beginning
of EMCYV infection, viral protein synthesis and viral titers were
higher than in untreated control cells (5, 51). However, be-
cause rapamycin and wortmannin also have other cellular tar-
gets (15) and because these in vivo studies were merely cor-
relative, it was critical to directly assess the function of eIF4F
in the translation of EMCV mRNA.

We were recently able to reconstitute EMCV translation
and replication in Krebs-2 cell extract (55). This system en-
abled us to address the importance of eIF4F subunit compo-
sition in viral protein synthesis and replication. Here we report
that when EMCV mRNA is translated in competition with
cellular mRNAs (i.e., in extracts that are not treated with
nuclease), addition of 4E-BPs significantly augments viral pro-
tein synthesis. In contrast, addition of eIF4E dramatically in-
hibits viral protein synthesis. Furthermore, when eIF4F is con-
verted to the eI[F4G/4A subcomplex by eIFAE knockdown, the
onset of viral protein synthesis in EMCV- or PV-infected cells
is markedly accelerated and the viral yield is higher. These
findings demonstrate that active eIF4E functions as a negative
modulator of IRES-mediated translation by increasing compe-
tition from capped mRNAs for the eIF4F complex.

MATERIALS AND METHODS

Materials. mRNAs encoding luciferase were transcribed from pT3luc(A)*
and pT7EMCVluc(A)* using T3 or T7 RNA polymerase, respectively (52).
EMCV mRNA was isolated from purified virus by extraction with a mixture of
phenol and chloroform (51). Total poly(A)-containing RNA [poly(A)* mRNA]
was isolated from the cytoplasm of Krebs-2 cells and purified by two cycles of
chromatography on oligo(dT)-cellulose (3, 49). Globin mRNA was purchased
commercially (Gibco Invitrogen Corporation [discontinued]). The components
used to prepare Krebs-2 cell extracts and to supplement translation reactions
were those specified previously (56). Recombinant glutathione S-transferase
(GST)-4E-BP1, GST-4E-BP1A4E (4E-BP1A54-63), GST-4E-BP2, GST-eIF4E,
GST-eIFAEW73A, elF4E, eIF4A, and eIF4G-Ct were described previously (12,
13, 33, 52-54). Protein expression was performed in Escherichia coli BL21 (DE3)
cells according to the manufacturer’s instructions (GE Healthcare). To assess
purity, proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Coomassie blue staining. 2AP™ was a kind gift
of H.-D. Liebig (52). Mouse monoclonal antibody 8D10 against recombinant
mengovirus protein 3DP°! (8) was kindly provided by Ann Palmenberg (Univer-
sity of Wisconsin, Madison, WI). Mouse monoclonal antibodies against eIF4E
and B-actin were purchased from BD Biosciences and Sigma, respectively. Rab-
bit polyclonal antibodies against eIF4GI and eIF4AI were previously described
(30, 34). Secondary horseradish peroxidase (HRP)-conjugated sheep anti-mouse
and donkey anti-rabbit antibodies were obtained from GE Healthcare. HeLa S3
and BHK-21 cells were obtained from the American Type Culture Collection
(ATCC numbers CCL-2.2 and CCL-10, respectively). Dulbecco’s modified mod-
ified Eagle’s medium (DMEM), Lipofectamine 2000, and OPTIMEM were from
Invitrogen.
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TABLE 1. Positions and sequences of the siRNAs used to knock
down gene expression

Positions
Synthetic in open . §
SGRNA reading siRNA sequence’
frame
elF4E 331-350 5'- GGACGAUGGCUAAUUACAUATAT-3’
3’'-dTATCCUGCUACCGAUUAAUGUA-5’
Control® 935-953 5'- CGUACCGUGGAAUAGUUCCATAT-3’

3'-dTATGCAUGGCACCUUAUCAAGG-S'

¢ dT, deoxyribosylthymine.
> siRNA against 4E-T (inverted).

Krebs-2 cell extract preparation. Krebs-2 ascites cell propagation in mice and
the preparation of extracts were done as previously described (56). Before
homogenization, cells were suspended in methionine-free DMEM and incubated
at 37°C for 2 h with gentle agitation. The cells were broken with a Dounce
homogenizer, and a postmitochondrial supernatant (S10) was obtained by a
high-speed centrifugation (18,000 X g, 4°C, 20 min). Where indicated, the ex-
tracts were treated with micrococcal nuclease in the presence of CaCl, (56).

In vitro assays for EMCV mRNA translation, RNA replication, and virion
synthesis. EMCV mRNA translation and replication reaction mixtures (30 pl)
that contained either untreated or nuclease-treated Krebs-2 S10 extract were
programmed with EMCV mRNA (4 pg/ml), as described previously (55). For
protein labeling, reaction mixtures were supplemented with [*>S]methionine.
After incubation at 32°C for 1.5 to 3 h, reactions were stopped with Laemmli
sample buffer. Protein products were resolved by SDS-PAGE (15% gels), elec-
trophoretically transferred to a polyvinylidene difluoride (PVDF) membrane,
and detected by autoradiography. Western blotting for 3DP°! was performed as
described below. RNA replication and virion production were assayed in the
reaction mixtures that contained unlabeled methionine as described previously
(55). For RNA labeling, [a->?P]CTP was added to the reaction mixtures after 4 h
of incubation. One hour later, RNA was extracted and RNA products were
analyzed by native 1% agarose gel electrophoresis and autoradiography (55). To
assay for EMCYV synthesis, reaction mixtures were incubated at 32°C for 20 h and
treated with a mixture of RNase A and T, (55). Plaque assays were performed
using serial dilutions of samples as described below.

siRNA transfection. Target sequences for small interfering RNA (siRNA)
were designed using the Dharmacon web-based criteria and were purchased
from Dharmacon. The positions and sequences of the siRNAs used in this study
are listed in Table 1. HeLa S3 cells were seeded in a 24-well culture dish at a
density of 7 X 10° cells per well. siRNA transfection was performed using
Lipofectamine 2000 as described previously (7).

Virus infections and metabolic radiolabeling. Forty-eight hours after siRNA
transfection, HeLa S3 cells were infected with EMCV or PV at a multiplicity of
infection of 5 PFU per cell. Virus adsorption was at room temperature for 30
min. The medium was then replaced with methionine-free DMEM, and the
incubation was continued at 37°C. At various times postinfection (see figure
legends), the media were replaced with media containing **S-protein labeling
mix (10 wCi/ml). After 30 min of labeling, the cell monolayers were washed with
phosphate-buffered saline and lysed with Laemmli sample buffer. Radiolabeled
proteins were resolved by SDS-PAGE (15% gels), transferred to a PVDF mem-
brane, and detected by autoradiography. The same membrane was used for
Western blotting.

Western blotting. PVDF membranes were blocked with Tris-buffered saline/
0.1% (vol/vol) Tween 20 containing 5% nonfat dry milk and probed with the
indicated antibodies. The antibodies against eIF4E, eIF4GI, eIF4Al, and B-actin
were used diluted 1:500, 1:1,000, 1:1,000, and 1:5,000, respectively. The antibody
against mengovirus protein 3DP°' was used at a dilution of 1:1,500. After wash-
ing, the membrane was incubated with HRP-conjugated anti-mouse or anti-
rabbit antibody, as appropriate (diluted 1:5,000). HRP was detected using the
Western Lightning chemiluminescence kit as recommended by the manufacturer
(Perkin-Elmer Life Sciences, Inc.).

Plaque assays. Plaque assays were performed as previously described using
confluent monolayers of either BHK-21 cells (for EMCV) or HeLa R19 cells (for
PV) in 60-mm-diameter plates (45). Virus-infected cells from 24-well dishes were
lysed in 500 wl DMEM per well by three cycles of freezing and thawing. Cell
debris was removed by centrifugation (10,000 X g, 4°C, 5 min), and the super-
natants were diluted with DMEM containing 2% fetal bovine serum. Cells were
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infected with 250 pl of serially diluted lysates. Plaques were allowed to develop
under semisolid agar for 26 h (EMCV) or 36 h (PV) at 37°C and were detected
by staining with 1% crystal violet.

RESULTS

Stimulation of EMCV IRES-mediated translation by 4E-BPs
in an untreated cell-free translation system. We sought direct
evidence of a role of the eIF4G/4A subcomplex in the regula-
tion of EMCV IRES-directed translation in vitro. Previously,
we added recombinant 4E-BPs to a nuclease-treated rabbit
reticulocyte lysate to sequester eIF4E and prevent its incorpo-
ration into eIF4F; these conditions did not result in stimulation
of EMCV IRES-mediated translation (38, 53). These data are
in contrast to observations from EMCV-infected cells in vivo,
where the prevention of eIF4E incorporation into eIF4F by
rapamycin and wortmannin stimulated viral protein synthesis
(5,51). We hypothesized that cellular mRNAs present in virus-
infected cells sequester eIF4F, making this factor limiting for
viral translation. Generation of eIF4G/4A, which does not bind
capped mRNAs efficiently, would be expected to relieve this
competition. We therefore mimicked in vivo conditions by
performing assays under conditions of mRNA competition—
that is, in extracts in which endogenous mRNAs were not
destroyed by pretreatment with a nuclease. We utilized a trans-
lation system derived from Krebs-2 cells to study the effects of
4E-BPs on the translation of capped [cap-luc(A+)] or EMCV
IRES-containing [EMCV IRES-luc(A+)] polyadenylated lu-
ciferase mRNAs. In this system, both 4E-BP1 and 4E-BP2
inhibited translation of cap-luc(A+) mRNA by three- to four-
fold, similar to the cap analog, m’GDP, which was used as a
positive control (Fig. 1A; compare open bars 3, 5, and 15 with
bar 1). Importantly, and in contrast to observations in nucle-
ase-treated RRL, 4E-BPs and m’GDP stimulated translation
of EMCV IRES-luc(A+) mRNA (~threefold; compare black
bars 3, 5, and 15 with bar 1). Both cap-dependent translation
and IRES-dependent translation were unaffected by 4E-
BP1A4E, a 4E-BP1 mutant protein lacking the eIF4E binding
site (bars 4) (12, 33). Exogenous recombinant eIF4E, either
with or without a GST tag, stimulated cap-dependent transla-
tion (four- to fivefold) but inhibited EMCV IRES-directed
translation (three- to fourfold; Fig. 1A; compare black bars 6
and 8 with bar 1 for IRES-driven translation). The effects of
elF4E on translation were exerted via the eIF4E/4G complex, as
they were negated by the W73A mutation in eIF4E, which abol-
ishes this complex formation (bars 7) (13).

Neither cap-dependent nor IRES-driven translation was signif-
icantly affected by eIF4A (Fig. 1A, bars 9). However, eIF4G-Ct,
the C-terminal portion of eIF4G that does not contain the eIF4E-
binding site and corresponds to the C-terminal picornavirus pro-
tease cleavage fragment (28), stimulated IRES-mediated trans-
lation approximately fourfold (Fig. 1A; compare black bar 10
with bar 1). An even more striking (>10-fold) enhancement of
EMCYV IRES-directed translation was observed upon cleavage
of eIF4G by rhinovirus protease 2A (2AP™; Fig. 1A; compare
black bar 11 with bar 1). Addition of 4E-BP1 did not further
potentiate this effect. Also, eIF4E did not influence IRES-
mediated translation when elF4G was cleaved. Overall, there
was an inverse correlation between the efficiencies of cap-
dependent and IRES-dependent translation, suggesting that
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FIG. 1. Regulation of cap-dependent and cap-independent transla-
tion by effectors of eIF4F function in Krebs-2 cell extracts. (A) Translation
in untreated extract. Cap-luc(A+) and EMCV IRES-luc(A+) mRNAs (5
pg/ml) were translated in 12.5-pl reaction mixtures at 32°C for 90 min
in the presence of unlabeled methionine (52). Prior to the additions of
mRNA, the extracts were preincubated at 32°C for 2 min with either
control buffer (control) or the following components: GST (20 pg/ml),
GST-4E-BP1, GST-4E-BP1A4E, GST-4E-BP2, GST-eIF4E, GST-
cIFAEW73A (40 pg/ml each), eIF4E (16 pg/ml), eIF4A (80 wg/ml),
elF4G-Ct (40 pg/ml), GDP, or m’GDP (0.5 mM), as indicated in the
figure. Where indicated (2A), the reaction mixtures contained extract
treated with 2AP™ (25 pg/ml, 32°C, 5 min) (52). (B) Translation of
cap-luc(A+) and EMCV IRES-luc(A+) mRNAs in nuclease-treated
extract. Protein additions and translation conditions were as described
in panel A, except for S10, which was nuclease treated. Luciferase
activity (relative light units [RLU]) was determined as previously de-
scribed (56) and is shown as a percentage of that of the control sample.
Data represent the average of three independent determinations. Er-
ror bars indicate the standard deviation from the mean.
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FIG. 2. EMCV mRNA translation, RNA replication, and virus
yield in the untreated EMCV mRNA-programmed S10 extracts.
(A) Effects of 4E-BP1 and eIF4E concentration on protein synthesis
in untreated EMCV mRNA-programmed Krebs-2 cell extract.
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they are oppositely regulated by eIF4F. These results also
demonstrate that stimulation of EMCV IRES-directed trans-
lation by 4E-BPs can be reproduced in vitro.

To prove that the relative excess of the eIF4G/4A subcomplex
as compared with the intact elF4F complex indirectly stimulates
EMCV IRES-directed translation by decreasing competition
from cellular mRNAs, we performed assays similar to those
above using an extract in which endogenous cellular mRNAs
were degraded by nuclease treatment (Fig. 1B). EMCV IRES-
directed translation was enhanced (~threefold) in the nuclease-
treated extract (data not shown), demonstrating that competing
cellular mRNAs in the untreated extract indeed had an inhibitory
effect on EMCV IRES activity. Our results were consistent with
those reported for nuclease-treated rabbit reticulocye lysate (38,
53). Although addition of 4E-BPs and m’GDP strongly inhibited
cap-dependent translation (8- to 20-fold), these components did
not stimulate EMCV IRES activity in the nuclease-treated ex-
tract; in fact, 4E-BPs had a slightly adverse effect on EMCV IRES
activity (Fig. 1B; compare black bars 3 and 4 with bar 1). Nuclease
treatment also abolished the ability of eIF4E to inhibit translation
from the EMCYV IRES (Fig. 1B; compare black bars 5 and 1). In
contrast to observations in the untreated extract, 2AP™ treatment
or elF4G-Ct addition did not substantially stimulate EMCV
IRES activity in the nuclease-treated extract (Fig. 1B; compare
black bars 8, 7, and 1). Taken together, these findings suggest that
a relative excess of the free eIF4G/4A subcomplex, compared
with elF4F, upregulates EMCV IRES-driven translation only in
the presence of competing cellular mRNAs.

[>*S]methionine labeling of proteins was performed in a 20-pl total
reaction volume in the absence (lane 1) or presence (lanes 2 to 9) of
EMCV mRNA (4 pg/ml). Prior to the addition of mRNA, the extracts
were preincubated with the indicated proteins, as described in the
legend to Fig. 1. GST-4E-BP1 was used at 15, 30, and 60 pg/ml (lanes
3, 4, and 5, respectively). eIF4E was used at 3, 6, and 12 pg/ml (lanes
7, 8, and 9, respectively). Translation products were separated by
SDS-PAGE and transferred to a PVDF membrane. The autoradio-
graph of the membrane is shown. The positions of two abundant
cellular proteins (p47 and p50; arrowheads), the EMCV-specific pro-
tein 3DP®' (arrow), and the [**C]methylated protein molecular weight
markers (GE Healthcare) are indicated. (B) Western blotting analysis
of EMCV-specific protein 3DP' synthesis. The middle portion of the
membrane from panel A was probed with anti-3DP°' as described in
Materials and Methods. 3DP°! band intensities in different lanes were
compared using NIH Image version 1.63 software. The values obtained
from reactions performed in the absence of added proteins (lanes 2
and 6) were defined as 100%. (C) EMCV RNA replication was assayed
in 30-pl reaction mixtures containing untreated extract, EMCV
mRNA (4 pg/ml), and other components as described in Materials and
Methods. Before mRNA addition, reaction mixtures were preincu-
bated with control buffer (lane 1), GST-4E-BP1 (lane 2), eIF4E (lane
3), or a combination of eIF4E and 2AP™ (lane 4), as described for Fig.
1A. The RNA products were pulse-labeled with [a-**P]CTP after 4 to
5 h of incubation at 32°C and analyzed by agarose gel electrophoresis
and autoradiography. The position of the intact EMCV mRNA is
indicated (VRNA). (D) Reaction mixtures (30 pl) preincubated with
either control buffer or the indicated components (as described for Fig.
1A) and programmed with EMCV mRNA (4 pg/ml) were incubated
for 20 h at 32°C. The samples were then treated with a mixture of
RNases A and T, and assayed for infectivity after appropriate dilution,
as described in Materials and Methods. Values represent the average
of three independent titer determinations. Error bars indicate the
standard deviation from the mean.
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The eIF4G/4A subcomplex is essential and limiting for EMCV
replication in untreated extract. We next examined whether
4E-BP1 and eIF4E modulate translation from the EMCV
IRES when the full-length EMCV mRNA is used in untreated
extract. EMCV mRNA was translated in the presence of in-
creasing concentrations of 4E-BP1 or eIF4E. Translation prod-
ucts were resolved by SDS-PAGE, transferred to a PVDF
membrane, and detected by autoradiography. [**S]methionine
incorporation into polypeptides in the untreated extract pri-
marily reflected elongation of preexisting polypeptide chains.
However, consistent with the contribution from de novo trans-
lation initiation, incorporation of [*>S]methionine into cellular
proteins was inhibited by 4E-BP1 and stimulated by eIF4E
(Fig. 2A; note the corresponding changes in the intensities of
two prominent cellular proteins, p47 and p50). The latter ob-
servation indicates that eIF4E is limiting for translation of
endogenous cellular mRNAs. It was difficult to discern virus-
specific polypeptides on this autoradiograph due to the high
degree of labeling of endogenous cellular proteins. We there-
fore assessed the efficiency of EMCV mRNA translation by
Western blotting using an antibody against the nonstructural
protein 3DP®' (an RNA-dependent RNA polymerase). The
addition of 4E-BP1 stimulated (up to 3.2-fold) 3DP°! synthesis
(Fig. 2B; compare lanes 5 and 2). In contrast, eIFAE dramat-
ically inhibited 3DP*' synthesis by up to 14-fold (Fig. 2B; com-
pare lanes 9 and 6). Thus, in the untreated extract, translation
of full-length EMCV mRNA was upregulated by 4E-BP1 and
downregulated by elF4E. Thus, the effects of 4E-BP1 and
elF4E on the translation of full-length EMCV mRNA were
similar to those measured using the surrogate template,
EMCYV IRES-luc(A+) mRNA.

To determine whether the stimulation of viral protein syn-
thesis by 4E-BP1 is sufficient to affect EMCV RNA replication,
we pulse-labeled the reaction mixtures with [«-**P]CTP 4 h
after the beginning of incubation with 4E-BP1. The newly
synthesized RNA was extracted and analyzed by agarose gel
electrophoresis and autoradiography. EMCV RNA synthesis
was stimulated approximately 15-fold in the presence of 4E-BP1
(Fig. 2C; compare lanes 2 and 1). Conversely, addition of eIFAE
reduced RNA synthesis to below detectable levels (Fig. 2C; com-
pare lanes 3 and 1). Consistent with the importance of intact
eIF4G for the eIF4E-mediated inhibition of translation, cleavage
of eIF4G by 2AP™ restored viral RNA synthesis (Fig. 2C;
compare lane 4 with lanes 3 and 1).

We then examined the effects of 4E-BP1, 4E-BP2, eIF4E,
elF4A, and elF4G-Ct on EMCYV yield. EMCV titers in reac-
tion mixtures supplemented with different factors were deter-
mined after a 20-h incubation (Fig. 2D). Strikingly, 4E-BP1
and 4E-BP2, as well as m’GDP, stimulated EMCV synthesis
24- to 35-fold (compare bars 3, 5, and 15 with 1), whereas
4E-BP1A4E, which cannot bind eIF4E, had only a marginal
effect. Conversely, eIF4E, but not the eI[FAE W73A mutant,
dramatically decreased the viral titer by 150- to 200-fold (Fig.
2D; compare bars 6 and 8 with 1). Addition of the C-terminal
portion of eIF4G or 2AP™ potently stimulated infectivity (7-
and 15-fold, respectively; compare bars 10 and 11 with 1), and
this enhancement was not influenced by coaddition of eIF4AE
or 4E-BP1. Overall, EMCYV titers under different conditions
covaried with luciferase expression from EMCV IRES-luc(A+)
mRNA (compare Fig. 2D with Fig. 1A). However, the magnitude
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of the changes in viral titer was greater than that measured for
translation efficiency.

Importantly, and in agreement with a role for mRNA com-
petition in the regulation of viral RNA translation, addition of
elF4E to the EMCV mRNA-programmed or nuclease-treated
extract neither inhibited EMCV mRNA translation (as judged
by the accumulation of the viral protein 3D) nor changed the
expression pattern of virus-specific polypeptides (Fig. 3A; com-
pare lane 4 with lane 2). Also, eIF4E had no effect on EMCV
synthesis (Fig. 3B). These results rule out the possibility that
contaminating bacterial proteins, which may be present in the
elF4E preparation, adversely affected EMCV replication. Nu-
clease treatment also abolished the stimulatory effect of 4E-
BP1 on EMCYV translation and replication (Fig. 3A and B).
Although these negative controls argued for the importance of
mRNA competition in the regulation of viral protein expres-
sion by elF4F, they did not rule out an alternative possibility.
Specifically, the detrimental effect of nuclease treatment might
be a consequence of destruction or inactivation of some labile
regulatory components of the extract. To address this possibil-
ity, we restored mRNA competition by adding saturating con-
centrations of capped mRNAs [either total poly(A)" mRNA
isolated from the cytoplasm of Krebs-2 cells or globin mRNA]
along with EMCV mRNA to the nuclease-treated extract and
examined the effects of 4E-BP1 and eIF4E on viral protein
expression. Translation of poly(A)" mRNA alone yielded het-
erogeneous polypeptides similar to the products of endoge-
nous mRNA translation in the untreated extract (Fig. 3C, lane 1).
Globin mRNA translation yielded a 15-kDa polypeptide as
expected (lane 8). When EMCV mRNA was translated in the
presence of poly(A)™ or globin mRNA, the expression of viral
proteins was reduced two- to threefold (compare lane 3 with 2
and lane 10 with 9). In parallel, 18S rRNA was used as a
negative control and found not to inhibit viral translation (data
not shown). (It should be noted that a molar excess of capped
mRNAs over EMCV mRNA was used in these experiments.
This was to mimic the initial stage of infection when viral
mRNA constitutes a minor fraction of total mRNA.) Addition
of 4E-BP1 to the system programmed with a mixture of EMCV
mRNA and capped mRNAs stimulated virus protein expres-
sion two- to threefold (compare lane 4 with 3 and lane 11 with
10), similar to the addition of m’GDP (compare lane 6 with 3
and lane 13 with 10). In contrast, eIF4E markedly inhibited
viral protein synthesis (1.9- to 2.7-fold inhibition; compare lane 5
with 3 and lane 12 with 10). Thus, the addition of capped mRNAs
to the EMCV mRNA-programmed nuclease-treated extract res-
cues the regulation of viral protein expression by eIF4F.

Specific stimulation of EMCV and PV translation in cells
treated with siRNA against eIF4E. To provide evidence that
the eIF4G/4A subcomplex concentration determines the rate
of EMCYV protein synthesis in vivo, we used RNA interference
to specifically deplete eIF4E (58). Such depletion would be
expected to decrease competition from cellular mRNAs by
increasing the amount of the eIF4G/4A complex available for
viral mRNA translation. The selected siRNA elicited strong
(~85%) knockdown of eIF4E (Fig. 4B; also see Fig. STA and
S2B in the supplemental material). eIF4E knockdown did not
lead to a decrease in the overall abundance of eIF4GI or
elF4Al, which accounts for the majority of total eIF4G and
elF4A (6, 50), but dramatically decreased the amount of eIF4F,
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FIG. 3. 4E-BP1 and eIF4E have no effect on EMCV protein synthesis
and replication in nuclease-treated Krebs-2 cell extract. (A) Products of
EMCV mRNA translation. Reaction mixtures contained the nuclease-
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as determined by cap-column pull-down assays (see Fig S1A in
the supplemental material) (data not shown). To determine
whether down-regulation of eIF4E decreases the rate of trans-
lation initiation, polyribosomes isolated from the control and
eIF4E knockdown cells were fractionated by sucrose density
gradient centrifugation. eIF4E knockdown cells displayed a
higher 80S monosome/polyribosome ratio compared to the
control. In addition, a small shift of the polyribosome distri-
bution in favor of lighter polysomes was evident (see Fig. S1B
in the supplemental material). The reduction in polyribosome
loading after eIF4E depletion is consistent with the inhibi-
tion of cellular mRNA translation initiation under these
conditions.

To examine the effect of eIF4E knockdown on viral protein
synthesis, cells were pulse-labeled with [*>S]methionine at var-
ious times after EMCYV infection. At 4 h postinfection, only
trace amounts of viral proteins could be detected in cells pre-
treated with the control siRNA (Fig. 4A, lane 8). In contrast,
in cells treated with siRNA against eIF4E, viral protein syn-
thesis was robust by 4 h postinfection (lane 3). The stimulatory
effect of eIF4E knockdown on viral protein synthesis was also
observed after 5 h of infection (compare lane 4 to lane 9).
After 6 h of infection, the eIF4E knockdown cells, but not
control cells, exhibited morphological changes, indicative of
virus-induced cytopathic effect, accompanied by a general de-
cline in protein-synthesizing capacity (Fig. 4A, lane 5) (data
not shown). These data suggest that knocking down eIF4E
expression accelerates EMCV protein synthesis. We also ana-
lyzed viral titers recovered from control and eIF4E knockdown
cells at 4 h postinfection. An approximately 10-fold increase in
infectious virus production was associated with eIF4E knock-
down (Fig. 4D and E). It is worth mentioning that this eleva-

treated Krebs-2 cell extract but otherwise were identical to that de-
scribed in Fig. 2A. Reaction mixtures were preincubated with control
buffer, GST-4E-BP1 (60 pg/ml), or eIF4E (12 pg/ml) where indicated.
Translation was performed at 32°C for 3 h. Aliquots (5 nl) of the
translation reaction mixtures were analyzed by SDS-PAGE. An auto-
radiogram of the dried gel is shown. [**S]methionine incorporation into
EMCV-specific protein 3DP°! was quantified using a Fuji BAS2000 phos-
phorimager. The value obtained from the reaction performed in the
absence of added protein (lane 2, control) was defined as 100%. (B)
EMCYV yields. Reaction mixtures (30 pl, unlabeled) were preincubated
with control buffer, GST-4E-BP1, or eIF4E and programmed with
EMCV mRNA, as specified above. Plaques were scored following
incubation for 20 h at 32°C and RNase treatment. Data represent the
average of three determinations. Error bars indicate the standard
deviation from the mean. (C) Coaddition of capped mRNA competi-
tors rescues the regulation of translation of EMCV mRNA by 4E-BP1
and elF4E in nuclease-treated extract. EMCV mRNA (4 pg/ml) was
translated at 32°C for 90 min in the absence (lanes 2 and 9) or presence
of either total Krebs-2 cell poly(A)* mRNA (40 pg/ml, lanes 3 to 6) or
globin mRNA (10 pg/ml, lanes 10 to 13). Reaction mixtures were
preincubated with control buffer, GST-4E-BP1 (60 pg/ml), eIF4E (12
pg/ml), or m’GDP (0.5 mM) where indicated. Products of translation
of Krebs-2 cell poly(A)* mRNA or globin mRNA alone are shown in
lanes 1 and 8, respectively. No mRNA was added to the reaction
mixture analyzed in lane 7. Relative values for [**S]methionine incor-
poration into EMCV-specific protein 3DP! were determined as in
panel A. On panels A and C, the assignment of EMCV polypeptides
was as described previously (55). The positions of the '*C-methylated
protein molecular weight markers (GE Healthcare) are also shown. An
asterisk on panel C indicates the position of globin.
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trol) was transfected into HeLa S3 cells. eIF4E knockdown or control
cells were infected with EMCYV, and protein synthesis was examined by
pulse-labeling with [**S]methionine at the indicated time points

MoL. CELL. BIOL.

tion in the virus titer, although significant, is less than that
exerted by the sequestration of eIF4E by 4E-BPs in vitro (24-
to 28-fold stimulation [Fig. 2D]). We attribute this to the fact
that some residual eIF4E (10 to 20%), and by inference some
elF4F, is present in eIF4E knockdown cells. On the contrary,
sequestering of eIF4E by 4E-BP excess in vitro would com-
pletely disrupt eIF4F.

The abundance of the eIF4G/4A subcomplex could also play
a role at an early stage of enterovirus infection when cleavage
of eIF4G is not yet accomplished. To test this hypothesis, we
examined the effect of eIF4E knockdown on PV infection.
HeLa cells transfected with either control siRNA or siRNA
directed against eIF4E were infected with PV, and the kinetics
of viral protein synthesis were analyzed by [*S]methionine
pulse-labeling. As with EMCV, elF4E knockdown significantly
shortened the eclipse phase of infection, during which no virus
proteins can be detected (see Fig. S2A in the supplemental
material). Higher rates of PV protein synthesis were evident at
3, 4, and 5 h postinfection in eIF4E knockdown cells as com-
pared to control cells (see Fig. S2A in the supplemental ma-
terial). Consistent with these results, cells depleted of eIF4E
exhibited a PV-induced cytopathic effect earlier than control
cells and produced more PV (see Fig. S2D in the supplemental
material) (data not shown). Thus, eIF4E appears to be a gen-
eral, rather than EMCV mRNA-specific, inhibitor of IRES-
mediated translation. An unlikely possibility that cannot be
rigorously excluded is that eIF4E depletion primarily stimu-
lates viral RNA replication and that the enhancement of viral
protein accumulation is a secondary effect.

DISCUSSION

Because eIF4E is not required for translation by internal
ribosome entry, it has been generally assumed that this factor
does not play a role in the regulation of IRES activity. Here we
demonstrate that eIF4E is, in fact, a negative regulator of
EMCV mRNA translation under conditions of competition
with cellular mRNAs. Saturation of the eIF4G/4A subcomplex
with eIF4E to generate eIF4F dramatically decreases EMCV
mRNA translation and virus yield in untreated extracts. In
contrast, sequestration of e[F4E by 4E-BPs in vitro or deple-
tion of eIF4E in vivo stimulates EMCV mRNA translation and
increases viral titer. These results imply that the intact eIF4F
complex is unable to support efficient IRES function because it
is sequestered by capped mRNA. Freeing the eIF4G/4A sub-
complex relieves competition from cellular mRNAs, thereby

After labeling, polypeptides were resolved by SDS-PAGE and trans-
ferred to a PVDF membrane. The autoradiograph of the membrane is
shown. The positions of the major EMCV-specific proteins are indi-
cated on the right. (B) eIF4E levels in cells, as analyzed by Western
blotting. The membrane from panel A was probed with anti-eIF4E,
and signals were quantified as described in Materials and Methods.
The average level of eIF4AE depletion for lanes 1 to 5 (versus lanes 6 to
10) was 86%. (C) B-Actin detection by Western blotting (a loading
control). (D) Plaque assays of the indicated dilutions of the lysates
from control and eIF4E knockdown cells 4 h after infection. (E)
EMCYV yield, as affected by eIF4E siRNA treatment. EMCV-infected
cells (eIF4E knockdown or control, unlabeled) were lysed at 4 h
postinfection. Viral titer was measured as described in the legend to
Fig. 2D.
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favoring viral mRNA translation. Our findings support the
idea that the cytoplasmic concentration of active eIF4F is
less than the concentration of total cellular mRNAs (1, 57).
The idea that a discriminatory initiation factor regulates com-
petition between cellular and viral mRNAs in EMCV infection
was first proposed three decades ago (17, 29, 49). However, the
limiting step and limiting components in translation were not
defined. Our results clearly demonstrate that eIF4F plays this
discriminatory role through the availability of its cap-binding
subunit, eIF4E. The abundance of functional eIF4E, which is
regulated by 4E-BPs, thus acts as a switch between cap-depen-
dent and IRES-mediated translation.

How does eIF4E dissociation from eIF4F enhance virus-
specific translation? eIF4E dissociation is believed to cause a
conformational change in eIF4GI that can be detected by its
slower rate of cleavage by picornavirus proteases (19, 37).
However, several lines of evidence suggest that this conforma-
tional change cannot account for the stimulatory effect of the
elF4G/4A subcomplex on virus-specific translation. First, UV
cross-linking experiments suggest that eIF4G binds efficiently
to the EMCV IRES as a component of the eIF4F complex
(42). Second, the cap analog m’GDP, which inhibits the cap-
binding activity of eIF4F but does not alter eIF4F assembly,
stimulates EMCYV IRES activity and viral production in a man-
ner similar to 4E-BPs (Fig. 1A and 2D). Finally, and most
importantly, 4E-BP1 and eIF4E have no effect on viral RNA
translation in a nuclease-treated extract (Fig. 3A). Thus, in the
reconstituted system or in nuclease-treated extract, EMCV
IRES appears to interact with the eIF4F or eIF4G/4A com-
plexes with comparable efficiency. We therefore conclude that
competition from cellular mRNAs for eIF4F is required for
the regulation of EMCYV synthesis by eIF4E and 4E-BPs.

Luciferase translation from the EMCV IRES is enhanced in
response to elF4G cleavage or upon addition of the elF4G
C-terminal protein fragment to the extract. Similar results have
been reported for PV IRES-mediated translation (4, 52). If
this effect were to be influenced by mRNA competition, it
should be more pronounced in the presence of competing
cellular mRNAs. Consistent with this prediction, we found that
2AP™ treatment stimulated EMCV IRES activity much more
potently in untreated than in nuclease-treated extracts (11-fold
versus 1.4-fold; compare Fig. 1A, black bar 11, and B, black bar
8). Likewise, cellular mRNA competition was required for
elF4G-Ct- or m’GDP-mediated stimulation of IRES activity,
as this stimulation occurred exclusively in untreated extracts.

RNA replication and virus yield correlated with EMCV
mRNA translation efficiency, indicating that translation is the
limiting step in virus replication. Strikingly, the magnitude of
modulation of RNA replication and virion formation by 4E-
BP1 and eIF4E was substantially higher than the magnitude of
their effect on EMCV mRNA translation. Thus, effects asso-
ciated with competition for translation factors are amplified at
subsequent steps of the infectious cycle. Interestingly, eIF4F
complex dissociation is also beneficial for PV gene expression,
inasmuch as eIF4E-depleted or rapamycin-treated cells sup-
ported viral protein synthesis to a higher level than the respec-
tive control cells (see Fig. S2A in the supplemental material) (5).
Presumably, this stimulation occurs early in infection—prior to
elF4G cleavage, when the viral RNA must compete with cel-
lular mRNAs for the limiting pool of intact eIF4F. It remains

REGULATION OF IRES-MEDIATED TRANSLATION BY ecIF4E 10563
4A 4E 4A 4E
BQB ty — b@ + 9
~ 4E-BP _ 4E-BP
¥, -
~ ~
>
~ ~
~ ~
- A
cellular mMRNA EMCY mRMNA
(5') m7G AAA(3) (B)VPgm AAA (3')

IRES +

| EMCV IRES-mediated translation

f

| EMCV RNA replication and virus assembly

Ra

capped mRNA translation |

FIG. 5. Model explaining eIF4F regulation of mRNA competition
in EMCV-infected cells. It is presumed that there is equilibrium be-
tween elF4F (eIF4E/4G/4A) and a binary subcomplex comprised of
elF4G and elF4A (eIF4G/4A) and that EMCV mRNA competes with
capped cellular mRNA for the recruitment of eIF4G shared by these
complexes. Saturation of the eIF4G/4A subcomplex with eIF4E to
generate elF4F increases its recruitment by capped cellular mRNAs
and dramatically inhibits EMCYV translation and replication (Fig. 1 and
2). Hence, EMCV mRNA encounters strong competition from cellular
mRNA when it binds to eIF4G within the ternary eIF4F complex. By
default, EMCV mRNA uses eIF4G within the binary eIF4G/4A sub-
complex, which is recruited inefficiently by capped mRNA (32, 36).
Dephosphorylated (active) 4E-BP1 and 4E-BP2 (designated as 4E-BP)
trigger the expulsion of eIF4E from the elF4F ternary complex. Ele-
vation of the concentration of the eIF4G/4A subcomplex, resulting
from either 4E-BP activation (5, 51) or eIF4E knockdown (Fig. 4),
stimulates EMCV IRES-directed translation and downstream virus-
specific processes. Thick solid and thin dashed arrows designate effi-
cient and inefficient pathways, respectively. m7G and AAA denote the
cap structure and the poly(A) tail of the mRNA, respectively. VPg
denotes the genome-linked protein of EMCV.

to be determined whether eIF4F dissociation stimulates infec-
tious processes induced by other picornaviruses.

A model illustrating the regulation of EMCV replication by
elF4F is shown in Fig. 5. Central to this model is the fact that
EMCYV IRES does not compete efficiently with capped cellular
mRNAs for eIF4F unless the cap-binding subunit eIF4E is
sequestered in a complex with the 4E-BPs, and the relative
abundance of the e[F4G/4A subcomplex is increased. As there
is no cap-binding subunit within the elF4G/4A subcomplex,
one can assume that it is not recruited efficiently by cellular
mRNAs. Indeed, in the presence of eIF4A, the binding affinity
of eIF4G for B-globin mRNA is lower than that for EMCV
IRES by up to 100-fold (32). However, the concentration of
the eIF4G/4A subcomplex in HeLa cells is limiting for trans-
lation of picornavirus RNAs, since eIF4E knockdown signifi-
cantly augments the expression of viral proteins in EMCV- and
PV-infected cells. Because eIF4A is not tightly associated with
elF4G and recycles during translation (39), some eIF4G may
also exist outside the eIF4F complex or the binary eI[F4G/4A
subcomplex. However, this “free” eIF4G is not expected to
bind EMCYV IRES with high affinity (32) and is therefore not
shown in the model.

The cellular tropism and pathogenesis of picornaviruses may



10564 SVITKIN ET AL.

be determined in part by the availability of IRES trans-acting
factors, which bind specifically to picornavirus IRESs and reg-
ulate their function (4). An intriguing idea is that tropism and
pathogenesis are also influenced by the concentration of free
elF4G/4A, which is dependent on the expression of the eIF4F
components and regulation of the abundance and phosphory-
lation state of 4E-BPs. Host permissiveness for virus transla-
tion could be limited by exposure of cells to extracellular stim-
uli that activate mTOR through phosphatidylinositol 3-kinase
signaling and increase the phosphorylation of 4E-BPs (43).
Hence, it is likely that both cell-type-specific and environmen-
tal factors affect the ability of the virus to establish an efficient
infection. It is also possible that pathological conditions that
affect the concentration of eIF4F components will affect the
outcome of a viral infection. For example, several cancers are
associated with increased levels of eIF4F subunits, in particular
elF4E and elF4G (2, 23). Under conditions of eIF4G excess,
cellular mRNAs may not compete with picornavirus mRNAs
for translation (or compete in another fashion for another
limiting component), and these cells would be expected to be
highly susceptible to infection. In this regard, it is noteworthy
that picornaviruses preferentially kill malignant cells over nor-
mal cells (18, 46). However, it is not known whether the tumor
cells used in these studies contained higher levels of eIF4G
than normal cells.

In addition to its role in the expression of virus genomes, the
ratio between the different eIF4G complexes may regulate
cellular proliferation, survival, and death, as IRES elements
are often found in the mRNAs of genes controlling these
processes (20, 24, 26, 48). Our results suggest that IRES-me-
diated translation of cellular mRNAs should not only be resis-
tant to eIF4F dissociation but stimulated by it. The following
examples of selective translation conform to this notion. De-
spite a reduction in overall protein synthesis, the X-linked
inhibitor of apoptosis mRNA, which possesses an IRES, is
translated more efficiently under serum starvation, which de-
creases 4E-BP phosphorylation (24). Elevated levels of X-
linked inhibitor of apoptosis are thought to delay the onset of
apoptosis and allow the cell to survive under stress conditions.
A rapid inhibition of translation—as a consequence of 4E-BP1
dephosphorylation and eIF2« phosphorylation by PERK—de-
velops during hypoxia, which is common in many human dis-
eases such as stroke, heart disease, and cancer (24). However,
at least two proteins (HIFla and vascular endothelial growth
factor) involved in cell survival are upregulated during hypoxia,
presumably via their synthesis by IRES-dependent translation.
It is also noteworthy that in neurons from the mollusk Aplysia
californica the switch from cap-dependent to IRES-dependent
translation is believed to be triggered by dephosphorylation of
eIF4E (9). Knowing how selective translation allows cells to
adapt to environmental and physiological stresses, such as hyp-
oxia, heat shock, toxins, and drug exposure, is important for
understanding many human disorders and may lead to the
development of new therapeutic approaches for such condi-
tions.
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