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ABSTRACT

Picornavirus infectivity is dependent on the RNA poly(A) tail, which binds the poly(A) binding protein (PABP). PABP was
reported to stimulate viral translation and RNA synthesis. Here, we studied encephalomyocarditis virus (EMCV) and poliovirus
(PV) genome expression in Krebs-2 and HeLa cell-free extracts that were drastically depleted of PABP (96%–99%). Although
PABP depletion markedly diminished EMCV and PV internal ribosome entry site (IRES)-mediated translation of a polyadenylated
luciferase mRNA, it displayed either no (EMCV) or slight (PV) deleterious effect on the translation of the full-length viral RNAs.
Moreover, PABP-depleted extracts were fully competent in supporting EMCV and PV RNA replication and virus assembly. In
contrast, removing the poly(A) tail from EMCV RNA dramatically reduced RNA synthesis and virus yields in cell-free reactions.
The advantage conferred by the poly(A) tail to EMCV synthesis was more pronounced in untreated than in nuclease-treated
extract, indicating that endogenous cellular mRNAs compete with the viral RNA for a component(s) of the RNA replication
machinery. These results suggest that the poly(A) tail functions in picornavirus replication largely independent of PABP.
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INTRODUCTION

The positive-strand RNA genomes of picornaviruses, e.g.,
those of poliovirus (PV) or encephalomyocarditis virus
(EMCV), function in several key processes in the infected
cell. Initially, the viral RNA directs translation, using an
internal ribosome entry site (IRES)-mediated initiation
mechanism. After polyprotein processing, the RNA is
copied and amplified by the virus-specific RNA-dependent
RNA polymerase (3Dpol) with the assistance of other
nonstructural proteins and cellular factors. Finally, during
virus assembly, the viral RNA is packaged into a capsid
protein shell (Racaniello 2001; Agol 2002).

Despite extensive studies, the mechanisms controlling
picornavirus replication are not fully understood. One
unresolved issue concerns initiation of negative-strand

RNA synthesis at the 39 end of the viral RNA. This process
is executed by a membrane-associated replication complex
and requires several conserved sequences and structures in
the viral RNA. For PV and possibly other enteroviruses,
these elements include the 59 terminal cloverleaf structure,
the 39 untranslated region (UTR), and the 39 terminal
poly(A) tail (for review, see Paul 2002).

The poly(A) tail plays an important role in PV replica-
tion, as its removal dramatically reduces the infectivity
of PV RNA (Spector and Baltimore 1974; Sarnow 1989).
Efficient EMCV replication and 3Dpol binding to the virus
RNA also requires poly(A) tail of sufficient length (Hruby
and Roberts 1977; Cui and Porter 1995). HeLa S10 extracts
efficiently support the translation and replication of PV
RNA and the assembly of infectious virus (Molla et al.
1991). Assays conducted with this system or preinitiation-
RNA replication complexes isolated thereof revealed a dra-
matic reduction in negative-strand RNA synthesis when
poly(A) had been shortened to 12 or less nucleotides (Barton
et al. 1996; Silvestri et al. 2006). The known function of the
poly(A) tail in virus genome replication is to serve as the
template for 3Dpol-catalyzed uridylylation of a small viral
protein (VPg) that primes the initiation of RNA replication
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(Paul et al. 1998). Shortening the length of the poly(A) tail
would be expected to interfere with this process. Interest-
ingly, in PV RNA, a portion of the 2C coding sequence (a
cis-acting replication element, CRE) can also direct the
uridylylation of VPg (Goodfellow et al. 2000; Paul et al.
2000). However, VPgpU/VPgpUpU made on the CRE struc-
ture apparently primes only plus-strand RNA initiation
(Goodfellow et al. 2003; Morasco et al. 2003; Murray and
Barton 2003). Interestingly, although picornavirus poly(A)
is genetically coded (Dorsch-Hasler et al. 1975), its length is
regulated by a special mechanism, of which a portion of the
39 UTR (oriR) is a key player (van Ooij et al. 2006).

The replication complex distinguishes the viral poly(A)
tail from the poly(A) tails of host mRNAs. Thus, a cis-
acting element(s) must exist in the plus-strand RNA that
confers specificity to virus RNA replication. Possible can-
didates include the 59 cloverleaf structure (Barton et al.
2001; Herold and Andino 2001; Teterina et al. 2001) and
the oriR (Pilipenko et al. 1996). The 59 cloverleaf of PV
functions in cis to promote both the uridylylation of VPg
and the initiation of negative-strand synthesis (Lyons et al.
2001). Because viral negative-strand synthesis requires RNA
structures from both the 39 and 59 UTRs, the template for
viral negative-strand RNA synthesis most likely exists in a
circular conformation. Consistent with this idea, studies
have implicated the host poly(A) binding protein (PABP)
and poly(rC) binding protein 2 (PCBP2) in the formation
of the replication competent poliovirus RNA complexes
(Herold and Andino 2001). It was postulated that PABP–
PCBP2 interaction bridges the 39 poly(A) and the 59 clover-
leaf of viral RNA. The circular replication complex could be
further stabilized by binding of a homodimer of 3CD to
both ends of the RNA (Andino et al. 1990, 1993; Harris
et al. 1994; Parsley et al. 1997). The potential of EMCV
double-stranded replicative form RNA to circularize has
been known for a long time (Romanova and Agol 1979).
EMCV single-stranded RNA has the potential to adopt a
circular topology due to the presence of the 59 poly(C) tract
or another PCBP2 binding site (Chumakov and Agol 1976;
Walter et al. 1999) and the 39 poly(A) (PABP binding site).
Genome circularization with the assistance of viral replica-
tion proteins and host factors should dislodge translating
ribosomes, thereby engendering a switch from translation
to negative-strand RNA synthesis (Gamarnik and Andino
1998; Barton et al. 1999; Herold and Andino 2001). Circu-
larization could also serve as a checkpoint to ensure that
only intact plus-strand RNAs, i.e., those possessing both the
59 end and the 39 end, are subjected to replication.

In eukaryotes, the poly(A) tail is also known to effect
mRNA stability and translation (Mangus et al. 2003;
Svitkin and Sonenberg 2006). During cap-dependent trans-
lation, the 39 poly(A) tail cooperate with the 59 cap struc-
ture (m7GpppN, where N is any nucleotide) to facilitate
ribosome recruitment to mRNA (Jacobson 1996; Sachs 2000;
Svitkin and Sonenberg 2006). This is achieved through FIGURE 1. (Legend on next page)
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formation of a ribonucleoprotein complex, containing
PABP, the cap-binding protein eIF4E, and the scaffolding
protein eIF4G. The combined cooperative interactions
within this ‘‘closed loop’’ ribonucleoprotein among other
effects enhance the affinity of eIF4E for the 59 cap and,
ultimately, facilitate the formation of ribosome initiation
complexes (Kahvejian et al. 2005). Poly(A)-dependent
translation is subject to regulation by the PABP-interacting
proteins. The PABP-interacting protein 2 (Paip2) inhib-
its translation by promoting dissociation of PABP from
poly(A) and by competing with eIF4G for binding to PABP
(Khaleghpour et al. 2001; Karim et al. 2006).

Picornavirus’ IRES-mediated translation of reporter
mRNAs is also stimulated by poly(A) tail, with the effect
being greater for type I (PV-human rhinovirus) than for
type II (EMCV) IRESs (Bergamini et al. 2000; Michel et al.
2001; Svitkin et al. 2001). Interaction of eIF4G with the
IRES is essential for internal translation initiation (Pestova
et al. 2001), and it is conceivable that the PABP/poly(A)
complex acts to enhance this interaction. However, al-
though a dual function of the poly(A) tail in both viral
translation and RNA replication is conceivable, for reasons
that are not immediately clear, polyadenylation exerts a
minor if any effect on the translation of the full-length PV
mRNA in vitro (Spector et al. 1975; Barton et al. 1996;
Silvestri et al. 2006).

In this study, we investigated the role of PABP/poly(A)
complex in EMCV and PV replication using in vitro trans-
lation/replication systems (Molla et al. 1991; Svitkin and
Sonenberg 2003). We assumed that if PABP were essential
for viral functions, its depletion would result in the inhibi-
tion of these processes, leading to a decrease of virus yield.
Surprisingly, the data obtained suggest that PABP is not
a critical factor in virus replication. Cell-free syntheses of
both EMCV and PV in translation extracts proceeded
unabatedly in a virtual absence of PABP. In contrast, re-
sults of deadenylated EMCV RNA expression revealed the
requirement of the poly(A) tail for EMCV RNA synthesis
and virus production.

RESULTS

Effects of poly(A) on cell-free synthesis of EMCV

Earlier studies utilizing a PV RNA-programmed HeLa S10
extract or purified RNA replication complexes have dem-
onstrated that negative-strand RNA synthesis is profoundly
sensitive to poly(A) tail shortening (Barton et al. 1996;
Silvestri et al. 2006). To extend the significance of these
findings to other picornaviruses, we investigated the effect
of poly(A) tail removal on EMCV synthesis using an in
vitro translation–RNA replication system (Svitkin and
Sonenberg 2003). The poly(A) tail in mRNAs can be
specifically digested with RNase H in the presence of
oligo(dT) (Spector et al. 1975). We adopted this strategy
to remove poly(A) from EMCV RNA. EMCV RNA was
hybridized to 25-fold molar excess of oligo(dT)16 and
treated with RNase H. Removal of poly(A) was confirmed
by Northern blotting using a 59 32P-labeled oligo(dT)16

probe. Consistent with deadenylation, oligo(dT)16 reacted
with untreated, but not with RNase H/oligo(dT)-treated
EMCV RNA (Fig. 1A). Importantly, z90% of poly(A�)
EMCV RNA was intact, as revealed by hybridization to a
sequence-specific EMCV probe.

The poly(A+) and poly(A�) EMCV RNAs were used at dif-
ferent concentrations to program translation in a Krebs-2
S10 extract. We first used the extract that contains endo-
genous mRNA to recreate conditions of mRNA competition
characteristic to translation in virus-infected cells. In the
extract that was not nuclease-treated, a high degree of
[35S]methionine incorporation into endogenous cellular
proteins was observed (Fig. 1B). However, most viral poly-
peptides in the lower portion of the gel were well discernible
above background. Quantification of the 1C/3C doublet was
consistent with a modest (z50%) inhibition of EMCV
protein synthesis resulting from deadenylation. This
decrease in the expression of proteins, in particular pro-
teases 3ABCPro and 3CPro, was not sufficient to affect
processing of the viral precursor polypeptides, which was
normal at a broad (5–30 mg/mL) range of mRNA concen-
trations (Fig. 1B). A faster decay of poly(A�) as compared

FIGURE 1. Impaired EMCV replication in untreated Krebs-2 S10
extract programmed with the poly(A) tail-deficient EMCV RNA. (A)
RNase H/oligo(dT) treatment of EMCV RNA. EMCV RNA that was
treated with RNase H/oligo(dT) and blocked at the 39 end with
cordycepin was analyzed along with the intact RNA by denaturing
agarose gel electrophoresis and Northern blotting using 32P-labeled
oligo(dT) or a fragment of EMCV cDNA (EMCV) as a probe. (B)
Comparison of translation efficiencies of poly(A+) and poly(A�)
EMCV RNAs. Intact and deadenylated EMCV RNA, at the indicated
concentrations, was translated in untreated extracts in the presence of
[35S]methionine as described in Materials and Methods. The samples
were analyzed by SDS-PAGE and fluorography. The positions of
EMCV-specific proteins are indicated on the right. Products of
translation of endogenous cellular mRNA are also shown (zero EMCV
RNA concentration). (C) Stability of EMCV RNA. Poly(A+) and
poly(A�) EMCV RNA was used at a concentration of 10 mg/mL to
program untreated extracts. Total RNA was isolated at the indicated
times from aliquots of the reaction mixtures. EMCV RNA integrity
was analyzed by formaldehyde–agarose gel electrophoresis and
Northern blotting as described in Materials and Methods. Relative
amounts of recovered mRNAs are indicated at the bottom (values
obtained for time 0 were set as 100%). (D) Poly(A+) and poly(A�)
EMCV RNA dose responses of RNA synthesis. Poly(A+) and
poly(A�) EMCV RNAs were added to the reaction mixtures at the
indicated concentrations. The products of RNA synthesis were labeled
with [a-32P]CTP and analyzed by agarose gel electrophoresis and
autoradiography as described in Materials and Methods. (Arrow)
Position of single-stranded EMCV RNA. (E) Poly(A+) and poly(A�)
EMCV RNA dose responses of virus yield. Reaction mixtures were
programmed with the indicated concentrations of poly(A+) or
poly(A�) EMCV RNA for 18 h at 32°C, treated with RNase A/T1,
and assayed for infectivity. The data are averages (with standard
deviation from the mean) of three independent titer determinations.
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with poly(A+) EMCV RNA could contribute to its lower
template activity. To examine this possibility, the levels of
input RNA in cell-free reactions were measured over time
by Northern blotting. This analysis revealed that between 30
and 60 min of incubation, and coordinately with the bulk of
viral protein synthesis (Svitkin and Sonenberg 2003), the
cell-free reactions exhibited z1.2-fold less intact poly(A�)
than poly(A+) EMCV RNA (Fig. 1C). Thus, destabilization
of the poly(A�) EMCV RNA could be a primary cause for
the decline in its template activity.

We next determined the requirement of the poly(A) tail
for EMCV RNA replication. For this purpose, the reaction
mixtures containing different EMCV RNA concentrations
were pulse-labeled with [a-32P]CTP 4 h after the beginning
of incubation. The newly synthesized RNA was extracted
and analyzed by agarose gel electrophoresis and autoradi-
ography. At all EMCV RNA concentrations, RNA synthesis
was dramatically inhibited by removing poly(A) (Fig. 1D).
The next step was to examine the importance of EMCV
RNA polyadenylation for virus yield. We previously showed
that EMCV synthesis is supported by a nuclease-untreated
extract, although z102-fold less efficiently than by a
nuclease-treated extract. While expressing the poly(A+)
EMCV RNA had resulted in the generation of the infectious
virus particles (up to 2 3 105 PFU/mL virus titer), there
was virtually no virus synthesis in the reactions containing
poly(A�) EMCV RNA (Fig. 1E). Collectively, these results
suggest that EMCV RNA replication and subsequent virus
production are much more poly(A)-dependent than EMCV
RNA stability and translation.

Expression of EMCV RNA in a PABP-depleted
Krebs-2 S10 extract

We wished to investigate whether deadenylation inhibits
EMCV replication by compromising PABP’s function
(Herold and Andino 2001). A direct approach to determine
the importance of PABP for picornavirus replication in
vitro is to deplete this protein from S10 extracts. We pre-
viously showed that PABP could be efficiently and specif-
ically removed from nuclease-treated extracts by adsorbing
it to GST-Paip2 coupled to glutathione-Sepharose beads
(Svitkin and Sonenberg 2004). However, the application of
this technique to untreated extracts was not satisfactory,
yielding a degree of depletion of <30% (data not shown).
For this reason, we evaluated the role of PABP for picor-
navirus replication in nuclease-treated extracts. Experi-
ments were first conducted to validate the stimulation of
EMCV replication by the poly(A) tail in the nuclease-
treated Krebs-2 S10 extract. The poly(A+) and poly(A�)
EMCV RNAs were programmed into these reaction mix-
tures at different concentrations, and virus-specific pro-
cesses were assessed (Fig. 2). Removing poly(A) mildly
reduced EMCV RNA translation (by z30%), and this
reduction did not cause a change in the efficiency of

FIGURE 2. Inhibition of EMCV replication by poly(A) tail deficiency
in nuclease-treated Krebs-2 S10 extract. (A) Translation efficiencies of
poly(A+) and poly(A�) EMCV RNA. The translation of the indicated
concentrations of the intact and deadenylated EMCV RNA was
carried out as described for Fig. 1B with the exception that
nuclease-treated extract was used. Samples were analyzed by SDS-
PAGE and fluorography. The positions of EMCV-specific proteins are
indicated on the right. Products of translation of endogenous cellular
mRNA were undetectable (data not shown). (B) Poly(A+) and
poly(A�) EMCV RNA dose responses of RNA synthesis. The
indicated concentrations of poly(A+) and poly(A�) EMCV RNA
were added to the reaction mixtures containing nuclease-treated
extract. The products of RNA synthesis were labeled with [a-32P]CTP
and analyzed as described for Fig. 1D. (Arrow) Position of single-
stranded EMCV RNA. (C) Poly(A+) and poly(A�) EMCV RNA dose
responses of virus yield. Reaction mixtures containing nuclease-
treated extract were programmed with the indicated concentrations
of poly(A+) or poly(A�) EMCV RNAs for 18 h at 32°C, treated with
RNase A/T1, and assayed for infectivity. The data are averages (with
standard deviation from the mean) of three independent titer
determinations.
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processing of the viral precursor polypeptides (Fig. 2A). We
next determined the requirement of the poly(A) tail for
EMCV RNA replication. For this, poly(A+) and poly(A�)
EMCV RNAs were added to the reaction mixtures at
subsaturating concentrations (#5 mg/mL) (Svitkin and
Sonenberg 2003), and [a-32P]CTP incorporation into
product RNA was measured between 4 and 5 h after the
beginning of incubation. Poly(A+)
EMCV RNA replication was signifi-
cantly (five- to 10-fold) enhanced due
to the nuclease treatment of the extract,
indicating that cellular mRNAs are
competing with viral mRNA for a
component(s) of the RNA replication
complex (data not shown). Impor-
tantly, deadenylation caused a drastic
(albeit less potent as compared with
that observed in the untreated extract)
inhibition of RNA synthesis (Fig. 2B).
Virus synthesis directed by the poly(A+)
EMCV RNA was similarly inhibited by
removing poly(A) (Fig. 2C). Thus, at 5
mg/mL, deadenylated EMCV RNA
yielded z80-fold fewer plaque forming
units (PFU) than intact RNA (Fig. 2C).
Saturating the system with input RNA
diminished the differences in RNA syn-
thesis and virus yield imparted by
poly(A) (Fig. 2C; data not shown).
The reduction in the difference between
the virus yields from poly(A+) and
poly(A�) EMCV RNA at high RNA
concentrations appears to be due
mainly to a decreased virus production
directed by the poly(A+) EMCV RNA.
As suggested previously, poly(A+)
EMCV RNA excess may sequester a
factor that would facilitate RNA repli-
cation (Svitkin and Sonenberg 2003).
Also, a relatively efficient virus produc-
tion at high concentrations of poly(A�)
EMCV RNA was unexpected. This will
be addressed in the Discussion.

Having validated the poly(A) depen-
dence of EMCV replication in nuclease-
treated Krebs-2 extracts, we addressed
the role of PABP by its depletion
(Svitkin and Sonenberg 2004). Western
blotting analysis of PABP performed on
aliquots of control and PABP-depleted
extract showed a near-complete
(z99%) removal of PABP (Fig. 3A).
PABP depletion severely (z16-fold)
inhibited the translation of capped
and polyadenylated luciferase mRNA

(Fig. 3B). EMCV IRES-driven translation of a poly(A+)
reporter mRNA was also inhibited by PABP depletion,
albeit to a significantly lesser extent (z2.3-fold inhibition)
(Fig. 3C). Reductions in both cap-dependent and EMCV
IRES-mediated translation were specifically due to PABP-
depletion, as translation could be restored by the addition
of recombinant PABP (Fig. 3B,C).

FIGURE 3. (Legend on next page)
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Next, we investigated the capacity of PABP-depleted
extract to translate the full-length EMCV RNA. Strikingly,
EMCV RNA was translated with comparable efficiency in
the absence and presence of PABP (PABP depletion caused
only z15% inhibition of incorporation of [35S]methionine
into acid-insoluble material) (Fig. 3D; data not shown).
Also, no PABP-dependent alteration in the pattern of virus-
specific polypeptides was evident at any concentration of
the input RNA. The possible reasons of why PABP
dependence of EMCV IRES-driven translation is lower
for the full-size EMCV RNA than for the reporter mRNA
will be addressed in the Discussion. The next step of virus
replication, RNA synthesis, was also not affected by PABP
depletion, as evidenced by the amount of RNA products
pulse-labeled with [a-32P]CTP (Fig. 3E). In agreement with
these results, at all the concentrations of EMCV RNA,
PABP depletion failed to cause a decrease in infectious
virus production (Fig. 3F). Importantly, and in the support
of the role of the poly(A) tail but not PABP in EMCV
replication, the difference in virus synthesis directed by the
poly(A+) and poly(A�) EMCV RNA (Fig. 2C) was main-
tained in the PABP-depleted extract (Fig. 3G).

PABP is dispensable for poliovirus synthesis
in HeLa S10

The experiments suggesting a PABP requirement for
picornavirus RNA replication were performed using PV
as a model (Herold and Andino 2001). It was thus possible
that EMCV differs from PV in this respect. In fact, EMCV
lacks the 59 cloverleaf or similar structure presumably

effecting PV genomic circularization. To determine whether
PABP depletion affects PV replication in vitro, we prepared
PV-replication-competent HeLa S10 extracts (Molla et al.
1991; Barton et al. 1996). We chose HeLa cells as a source
of an extract because these cells are highly permissive for
PV growth. As for Krebs-2 S10 extracts, the treatment of
HeLa S10 extract with GST-Paip2 coupled to beads resulted
in efficient (z96%) depletion of PABP (Fig. 4A). This
depletion decreased cap-dependent and PV IRES-mediated
translation of poly(A+) luciferase mRNA by z12- and
about sixfold, respectively, and the translation of both
mRNAs was restored by PABP (Fig. 4B,C). We next
examined full-length PV RNA dose response of translation
in control and depleted extracts. Translation of PV RNA
was moderately diminished (z30%) by depleting PABP,
independent of the concentration of PV RNA used (Fig.
4D). However, in spite of PABP’s absence and a 30%
decline in the abundance of PV proteins, PV RNA synthesis
was unaffected (Fig. 4E). Finally, we analyzed PV yields in
control and PABP-depleted extracts. At all PV RNA
concentrations both systems generated roughly equal
amounts of virus (Fig. 4F).

DISCUSSION

The interaction of PABP with the PV-specific 59 cloverleaf-
associated proteins PCBP2 and 3CD supports a model for
the formation of circular replication-competent RNP com-
plexes (Herold and Andino 2001). In agreement with this
model, a deletion mutant of PABP that is defective in

binding to PCBP2 and 3CD, but not to
poly(A), abrogated PV RNA replication
in a coupled translation–replication
system (Herold and Andino 2001).
Although the 59 UTR of EMCV RNA
does not fold into a cloverleaf structure,
it harbors a PCBP2 binding site (Walter
et al. 1999). Thus, PABP-mediated cir-
cularization of the plus strand RNA was
postulated to be of broader significance
than merely to promote RNA replica-
tion of only PV (Herold and Andino
2001). A testable prediction from this
model is that depleting PABP from a
viral RNA-programmed cell-free system
should cause a dramatic inhibition of
virus replication. However, in contrast
to this prediction, removing PABP from
nuclease-treated S10 extracts had no
effect on RNA replication and yields of
both EMCV and PV (Figs. 3, 4). In
addition, Paip2 and poly(A), which
sequester PABP, did not adversely affect
EMCV- and PV-specific translation,

FIGURE 3. Effects of PABP depletion on EMCV genome expression in nuclease-treated
Krebs-2 S10 extract. (A) Extracts were treated with glutathione-Sepharose-bound GST or GST-
Paip2. Equal aliquots of these extracts (4 mL, 50 mg of protein) were analyzed by Western
blotting for PABP or actin, as indicated. Signals were detected by ECL and quantified. The
degree of PABP depletion was 99.5%. (B) Cap-dependent translation of a reporter mRNA is
strongly reduced by PABP depletion. Capped poly(A+) luciferase mRNA (1 mg/mL) was
translated in extracts that were either depleted of PABP or mock-depleted (Control). The
reaction mixtures were supplemented with recombinant human PABP where indicated. (C)
EMCV IRES-mediated translation of a reporter mRNA is less inhibited than cap-dependent
translation by PABP depletion. Control and PABP-depleted extracts were programmed with
EMCV IRES-containing poly(A+) luciferase mRNA (1 mg/mL) in the absence or presence of
PABP as indicated. For panels B and C, relative luciferase units (RLU) are given for 1-mL
aliquots of translation samples. Data are averages of three independent assays (with standard
deviation from the mean). (D) EMCV RNA translation is slightly reduced by PABP depletion.
Control and PABP-depleted extracts were programmed with the indicated concentrations of
EMCV RNA in the presence of [35S]methionine as described for Fig. 2A. Labeled proteins were
analyzed by SDS-PAGE and fluorography. (E) RNA synthesis in control and PABP-depleted
extracts programmed with the indicated concentrations of EMCV RNA. [a-32P]CTP pulse
labeling of RNA and its analysis were as described for Fig. 2B. (Arrow) Position of single-
stranded EMCV RNA. (F) EMCV RNA dose response of virus yields as affected by PABP
depletion. Control and PABP-depleted extracts were programmed with the indicated
concentrations of EMCV RNA as described for Fig. 2C. EMCV titers were determined in
triplicates. Average titer values (with standard deviation from the mean) are shown. (G)
EMCV synthesis directed by the poly(A+) and poly(A�) EMCV RNA in PABP-depleted
extract. The RNAs were used at a 10 mg/mL concentration; other conditions were same as
described for panel F.
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RNA synthesis, and virus production in vitro (Murray et al.
2001; data not shown).

Poly(A) stimulates PV IRES, coxsackievirus IRES, and, to
a significantly lesser degree, EMCV IRES-mediated trans-
lation of reporter mRNAs in vitro (Bergamini et al. 2000;
Michel et al. 2001; Svitkin et al. 2001; Bradrick et al. 2007).
Similarly, PABP enhances the transla-
tion from EMCV and PV IRESs, pre-
sumably by increasing the affinity of
eIF4G for these IRESs (Figs. 3C, 4C;
Michel et al. 2001; Svitkin et al. 2001).
It is therefore surprising that stimula-
tion of translation by the PABP/poly(A)
tail complex is not recapitulated in the
context of the genomic PV and EMCV
RNAs (Figs. 3D, 4D; Spector et al. 1975;
Barton et al. 1996; Silvestri et al. 2006).
A plausible explanation is that initiation
is not the rate-limiting step of transla-
tion of the long picornavirus genomes.
In fact, in the course of translation of
EMCV RNA in vitro, elongating ribo-
somes slow down their advance some-
where at the border between the coding
regions for the structural and nonstruc-
tural proteins (Shih et al. 1979; Svitkin
and Agol 1983). Data suggesting that
polyprotein elongation, rather than ini-
tiation, is limiting for the synthesis
of EMCV proteins in virus-infected cells
were also reported (Jen et al. 1978).
Alternatively, the interaction between
eIF4G and PABP may not function
efficiently in the context of the full-
length picornavirus RNAs where the
IRES and poly(A) tail structures are
positioned very far apart.

Although PABP-depleted cytoplas-
mic extracts are fully competent in
supporting EMCV and PV syntheses,
the possibility that PABP modulates
some virus-specific processes in virus-
infected cells could not be excluded. We
attempted to address this issue by
studying PV and EMCV replication in
HeLa cells in which PABP expression
had been silenced using RNA interfer-
ence. Although the amount of PABP in
these cells was decreased by z80% of
the control level by siRNA treatment,
there was no down-regulation of either
EMCV or PV replication (data not
shown). These negative data, although
consistent with our in vitro results,
cannot be readily interpreted because

Paip2 degrades in PABP knockdown cells, thereby ensuring
PABP homeostasis (Yoshida et al. 2006). However, the fact
that in PV-infected cells, a substantial fraction of PABP and
PCBP2 is cleaved at a time when virus-specific RNA syn-
thesis occurs most efficiently is hardly compatible with the
proposed role of these proteins in PV RNA circularization

FIGURE 4. (Legend on next page)
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(Kuyumcu-Martinez et al. 2002, 2004; B. Semler, pers.
comm.).

If PABP is not essential for picornavirus replication, then
what kind of advantage to the virus is conferred by poly(A),
which is conserved in all picornaviruses? Why does poly(A)
removal dramatically diminish the infectivity of picornavi-
rus RNAs as well as its capacity to direct virus synthesis in
vitro? Translation of viral genomes is not likely to be the
step critically affected by deadenylation, at least not in vitro
(Figs. 1B, 2A; Spector et al. 1975; Barton et al. 1996;
Silvestri et al. 2006). Similarly, poly(A) tail length does not
appear to be very important for the stability of EMCV
and PV RNA (Fig. 1C; Silvestri et al. 2006). Thus, the only
essential function that might be severely compromised by
the lack of poly(A) is the synthesis of a VPg-poly(U) primer
by 3Dpol as originally suggested (Paul et al. 1998). The 39

UTR of PV and EMCV apparently increases the efficiency
of this reaction by specifically recruiting 3Dpol and prob-
ably other components of the replication complex. Inter-
actions between the proteins bound to the 39 UTR and
those bound to the 59 cloverleaf of PV may assist in
forming a circular mRNP complex. It is possible that the
protein-bridging role is played by 3CD alone, provided that
this protein can bind to the 59 and 39 UTRs and also form a
homodimer, as suggested by several studies (Andino et al.
1993; Harris et al. 1994; Xiang et al. 1995; Barton et al.
2001; Murray and Barton 2003). In addition, a cellular
protein(s) that has been modified by PV 2Apro might
enhance the formation of the circular RNP complex
(Jurgens et al. 2006). RNP circularization should block
the loading of ribosomes onto the 59 IRES structure,
thereby promoting a switch from translation to replication
(Gamarnik and Andino 1998; Barton et al. 1999).

It is puzzling that the effect of poly(A) tail removal on
EMCV synthesis is much more profound in the untreated

than in nuclease-treated extract (cf. Figs. 1E and 2C). A
relatively high virus synthesis directed by poly(A�) EMCV
RNA in the nuclease-treated extract could result from
incomplete digestion of the poly(A) tail with RNAse H.
This may generate a fraction of EMCV RNA with poly(A)
tails that while being too short for hybridization with
oligo(dT) are nevertheless sufficient for promoting RNA
synthesis and virus production. It is also possible that
competition from cellular mRNAs for one or more com-
ponents of the RNA replication complex in the untreated
extract impose greater restriction on the replication of
viral RNAs with short than with long poly(A) tails.

MATERIALS AND METHODS

Viral RNA preparations

PV and EMCV were propagated in HeLa and Krebs-2 cells,
respectively. Viruses were purified by centrifugation through a su-
crose cushion and precipitation with polyethylene glycol (Svitkin
et al. 1998). RNA was extracted with a mixture of phenol and
chloroform. For poly(A) tail removal, EMCV RNA (40 mg) was
hybridized to oligo(dT)16 (2 mg) in 39 mL of 50 mM KCl by slow
cooling the reaction mixture from 40°C to room temperature in a
water bath. Ten microliters of 53 RNase H buffer (100 mM Tris-
HCl, pH 7.8, 40 mM MgCl2, 5 mM DTT, and 10% glycerol) and
1 mL (2 U) of RNase H (Sigma) was added at room temperature,
and the reaction mixture was incubated for 20 min at 37°C. After
incubation, RNA was phenol–chloroform extracted and ethanol
precipitated. To circumvent the possibility of the regeneration of
the poly(A) tail in cell-free extracts (van Ooij et al. 2006), the
39 end of deadenylated RNA was blocked with cordycepin-59-
triphosphate using yeast poly(A) polymerase (USB) (Herold and
Andino 2001). Control poly(A+) EMCV RNA was blocked with
cordycepin-59-triphosphate in a similar way. Poly(A+) and
poly(A�) EMCV RNAs were purified by CHROMA SPIN-1000

column (BD Biosciences Clontech) chroma-
tography. The integrity of RNAs and effi-
ciency of deadenylation was verified by
formaldehyde–agarose gel electrophoresis
and Northern blotting as described below.
Plasmids encoding luciferase, T3luc(A+),
T7EMCVluc(A+), and T7PVluc(A+), their
linearization, and transcription with T3 or
T7 RNA polymerase were described pre-
viously (Svitkin et al. 2001).

Preparation and PABP depletion of
Krebs-2 and HeLa cell extracts

Untreated or micrococcal nuclease-treated
Krebs-2 and HeLa S3 cell extracts (S10 frac-
tions) were prepared as previously described
(Barton et al. 1996; Svitkin and Sonenberg
2004, 2007). For the depletion of endogenous
PABP, nuclease-treated extracts were incu-
bated with the GST-Paip2 protein that was
immobilized onto glutathione-Sepharose

FIGURE 4. Effect of PABP depletion on PV genome expression in nuclease-treated HeLa S10
extract. (A) Extracts were treated with GST or GST-Paip2 coupled to beads and their aliquots
(4 mL, 50 mg of protein) were analyzed by Western blotting for PABP or actin as indicated.
The degree of PABP depletion was 96%. (B) Cap-dependent translation of a reporter mRNA
is strongly reduced by PABP depletion. Capped poly(A+) luciferase mRNA (1 mg/mL) was
translated in control or PABP-depleted extract in the absence or presence of PABP as
indicated. Translation conditions and luciferase assay are described in Fig. 3B. (C) PV IRES-
mediated translation of a reporter mRNA is significantly reduced by PABP depletion. Control
and PABP-depleted extracts were programmed with PV IRES-containing poly(A+) luciferase
mRNA (1 mg/mL) in the absence or presence of PABP as indicated. For translation conditions
and luciferase assay, see Fig. 3C. (D) PV RNA translation in PABP-depleted extracts. Control
and PABP-depleted S10 extracts were programmed with the indicated concentrations of PV
RNA in the presence of [35S]methionine. Labeled PV proteins were analyzed by SDS-PAGE
and fluorography; their positions are indicated to the right of the gel. Endogenous mRNA
translation yielded no products (data not shown). (E) RNA synthesis in control and PABP-
depleted extracts programmed with the indicated concentrations of PV RNA. [a-32P]CTP
pulse labeling of RNA was between 4 and 5 h of incubation. Product RNA analysis was as for
Fig. 2B. (Arrow) Position of single-stranded PV RNA. (F) PV RNA-directed PV synthesis is not
diminished by PABP depletion. Control and PABP-depleted extracts were programmed with
the indicated concentrations of PV RNA. PV titers were determined in triplicate using HeLa
R19 cell monolayers. Averages of the obtained values (with standard deviation from the mean)
are shown.
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beads (Svitkin and Sonenberg 2004). Mock-depleted (control)
extracts were incubated with GST alone. Western blotting assess-
ment of PABP depletion was carried out on 2, 4, and 6 mL aliquots
of mock- and PABP-depleted extracts using an anti-PABP poly-
clonal antibody and Western Lightning chemiluminescence kit
(Perkin-Elmer Life Sciences) (Svitkin and Sonenberg 2004).
Densitometric analysis of band intensities was performed using
NIH Image version 1.63 software.

In vitro translation, RNA replication,
and virus synthesis

EMCV and PV RNAs were translated in 20 mL reaction mixtures
containing Krebs-2 or HeLa S3 cell extracts, respectively (Barton
et al. 1996; Svitkin and Sonenberg 2003, 2007). Where indicated,
nuclease-treated extracts depleted of PABP were used. [35S]methi-
onine labeling of proteins was for 3 h at 32°C. Protein products
were resolved by SDS-PAGE (15% gels) and detected by fluorog-
raphy. The unlabeled reaction mixtures (40 mL) used to measure
RNA replication were incubated for 4 h at 32°C. Tracer [a-
32P]CTP was then added for a period of 1 h. Labeled product RNA
was deproteinized and analyzed by native 1% agarose gel
electrophoresis essentially as described previously (Svitkin and
Sonenberg 2003, 2007). To measure virus synthesis, the unlabeled
reaction mixtures (40 mL) were incubated for 18 h at 32°C. The
input RNA was then destroyed by RNase A/T1 treatment (Molla
et al. 1991). Virus titers were determined in serially diluted
samples using confluent monolayers of BHK-21 (EMCV) or HeLa
R19 (PV) cells in 60-mm-diameter plates (Rueckert and Pallansch
1981; Svitkin et al. 2005; Svitkin and Sonenberg 2007). Cap- and
IRES-containing reporter mRNAs were translated at their optimal
potassium ion concentrations (75 and 150 mM, respectively) in a
10-mL total reaction volume. Recombinant human PABP (Svitkin
and Sonenberg 2004) was included in the reaction mixtures at a
10 mg/mL final concentration where indicated. After incubation
for 60 min at 32°C, luciferase levels were measured by enzymatic
assay (Svitkin and Sonenberg 2004).

Northern blot analysis of RNA degradation

The unlabeled reaction mixtures (100 mL) assembled to assay
mRNA decay contained 10 mg/mL poly(A+) or poly(A�) EMCV
RNA, Krebs-2 S10 extract, and other translation components.
After incubation for the times indicated at 32°C, 15 mL aliquots
were withdrawn into 185 mL of 0.4 mg/mL proteinase K (made up
in buffer containing 100 mM NaCl, 20 mM Tris-HCl, pH 8.0, 1
mM EDTA, 1% SDS, and 100 mg/mL Escherichia coli tRNA).
Following incubation for 15 min at 37°C, total RNA was phenol–
chloroform extracted, separated on a formaldehyde–0.8% agarose
gel, and transferred onto a nylon membrane (Hybond-N; GE-
Healthcare) (Sambrook et al. 1989). To confirm equal loading,
blots were stained with Blot Stain Blue (Sigma), and the intensities
of the bands of rRNA were compared. Hybridization with a
fragment of the randomly primed 32P-labeled EMCV cDNA (pE-
C9) (Hahn and Palmenberg 1995) was performed using Express-
Hyb hybridization solution (BD Biosciences Clontech) according
to the company’s protocol. For analysis of EMCV RNA dead-
enylation after RNase H/oligo(dT) treatment (Fig. 1A), hybrid-
ization was conducted with 32P-59-phosphorylated oligo(dT)16.
Band intensities were determined using the BAS-2000 phosphor-
imaging system (FUJI Medical Systems USA).
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