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Although picornavirus RNA genomes contain a 3=-terminal poly(A) tract that is critical for their replication, the impact of en-
cephalomyocarditis virus (EMCV) infection on the host poly(A)-binding protein (PABP) remains unknown. Here, we establish
that EMCV infection stimulates site-specific PABP proteolysis, resulting in accumulation of a 45-kDa N-terminal PABP frag-
ment in virus-infected cells. Expression of a functional EMCV 3C proteinase was necessary and sufficient to stimulate PABP
cleavage in uninfected cells, and bacterially expressed 3C cleaved recombinant PABP in vitro in the absence of any virus-encoded
or eukaryotic cellular cofactors. N-terminal sequencing of the resulting C-terminal PABP fragment identified a 3Cpro cleavage
site on PABP between amino acids Q437 and G438, severing the C-terminal protein-interacting domain from the N-terminal
RNA binding fragment. Single amino acid substitution mutants with changes at Q437 were resistant to 3Cpro cleavage in vitro
and in vivo, validating that this is the sole detectable PABP cleavage site. Finally, while ongoing protein synthesis was not detect-
ably altered in EMCV-infected cells expressing a cleavage-resistant PABP variant, viral RNA synthesis and infectious virus pro-
duction were both reduced. Together, these results establish that the EMCV 3C proteinase mediates site-specific PABP cleavage
and demonstrate that PABP cleavage by 3C regulates EMCV replication.

Picornaviruses contain a poly(A) tail at the 3= end of their plus-
strand RNA genomes. This genetic element plays an impor-

tant role in viral biology, as its removal impairs poliovirus (PV)
RNA infectivity (45). A poly(A) tract of minimal length is likewise
required for encephalomyocarditis virus (EMCV) replication (13,
20, 21) and binding of the virus RNA-dependent RNA polymerase
3D (6, 7). In their eukaryotic hosts, the 3= poly(A) tail is recog-
nized by the cellular poly(A) binding protein (PABP), a multi-
functional protein involved in mRNA metabolism, stability, and
translation (33). However, the role of PABP in picornavirus biol-
ogy is incompletely understood.

Upon introduction into cells, plus-strand picornavirus RNA
directly serves as mRNA and is translated to produce the virus-
encoded polyprotein (37). A cis-acting internal ribosome entry
site (IRES) element in the 5= untranslated region (UTR) enables
cap-independent recruitment of a cellular 40S ribosome. Not only
does the IRES allow ribosome recruitment without the canonical
m7GTP cap ubiquitously present on cellular mRNAs, but also it
provides a mechanism to sustain ongoing viral protein synthesis
while translation initiation factors required for cap-dependent
translation are selectively inactivated, effectively suppressing host
mRNA translation in infected cells (19, 39, 49). This was first
reported for poliovirus-infected cells, where the virus-encoded 2A
proteinase specifically cleaved eIF4G, a key component of the
multisubunit cap-binding complex, severing the eIF4E- and
PABP-bound N terminus from the eIF4A-bound C-terminal frag-
ment (9, 14, 25). The resulting C-terminal eIF4G fragment binds
the IRES and retains the capacity to interact with eIF3-bound 40S
subunits and eIF4A, supporting viral mRNA translation. Subse-
quently, enteroviruses, caliciviruses, aphthoviruses, and retrovi-
ruses have been shown to cleave eIF4G, and this has been corre-
lated with their ability to shut off host protein synthesis (2, 5, 8, 17,
24, 29, 44).

In addition to eIF4G cleavage by their 2A proteinase, poliovi-
rus (2A and 3C), coxsackievirus (3C), hepatitis A virus (HAV),
and calicivirus (3C) proteinases also specifically cleave PABP (22,
23, 26, 27, 50). While different viral proteinases cleave PABP at
discrete sites, most lie within the C-terminal linker domain sepa-
rating the N-terminal RNA recognition motifs (RRMs) and
eIF4G-binding site from the PABP C-terminal fragment. Along
with mediating PABP oligomerization, the C-terminal fragment is
thought to play a role in ribosome recycling by interacting with
eRF3 and eIF4B to shuttle terminating ribosomes to the mRNA 5=
end. Bisecting PABP has therefore been suggested to interfere with
the ribosome’s ability to retranslate mRNAs without reengaging
the initiation complex (32). Furthermore, virus-mediated site-
specific PABP cleavage can also inhibit viral mRNA translation (3,
50). Suppressing translation facilitates the switch to RNA genome
replication, regulating competing macromolecular processes on
the same pool of mRNA template molecules (10).

Like that with other picornavirus family members, infection
with the cardiovirus EMCV potently impairs host cell protein syn-
thesis (30). This involves the virus-encoded L and 2A proteins,
which differ from their enterovirus and aphthovirus counterparts
in that they are not proteinases (43). While the EMCV L protein
inhibits nucleocytoplasmic protein transport by associating with
and impairing Ran-GTPase activity (36), EMCV 2A accumulates
in nuclei and sequesters the cap-binding protein, eIF4E, away
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from cellular mRNAs (1, 15, 16). In addition, while eIF4G cleav-
age has not been detected in EMCV-infected cells, activation of the
cellular cap-dependent translational repressor 4E-BP1 has been
reported (12, 34). This mechanism of cellular translational shutoff
is unique among picornavirus family members, as it does not rely
on proteolysis of cellular translation factors. However, the impact
of EMCV infection on PABP has not been evaluated. In this study,
we investigated how the cellular PABP responds to EMCV infec-
tion of primary human cells. We show that full-length PABP is
cleaved in EMCV-infected cells, resulting in accumulation of a
45-kDa N-terminal fragment. The virus 3C-encoded protease is
necessary and sufficient to stimulate PABP cleavage in uninfected
cells and site-specific PABP cleavage reconstituted using bacteri-
ally expressed 3C and PABP in vitro. 3C cleaves PABP specifically
between glutamine 437 and glycine 438. While infection of cells
expressing a cleavage-resistant Q473N PABP variant has no de-
tectable effect on viral protein synthesis or host cell shutoff, it
impaired EMCV replication and reduced viral RNA synthesis.
Thus, unlike enteroviruses that cleave both eIF4G and PABP, the
cardiovirus EMCV selectively cleaves PABP in infected cells, and
this is required for wild-type levels of viral replication.

MATERIALS AND METHODS
Cells and antibodies. All cells were propagated in 5% CO2 with Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 2 mM glu-
tamine, 50 U of penicillin per milliliter, and 50 �g of streptomycin per
milliliter, plus serum as specified below. Primary normal human dermal
fibroblasts (NHDFs; Clonetics, Walkersville, MD) were cultivated in 5%
fetal bovine serum (FBS) and growth arrested in 0.2% serum as described
previously (48); HEK293 and HeLa cells (ATCC) were cultivated using
10% FBS. Rabbit polyclonal anti-PABP1 serum was a gift from S. Morley
(University of Sussex, United Kingdom). A monoclonal antibody raised
against mengovirus/EMCV 3C protease has been described previously
(1). The following commercially available antibodies were purchased
from the suppliers listed in parentheses: anti-eIF4G (BD Biosciences; cat-
alog number E46520), anti-eIF4E (BD Biosciences; catalog number
E27620), anti-4E-BP1 (Bethyl Labs; catalog number A300-501A), anti-
Flag (Sigma; catalog number F3165), anti-6�His (Roche; catalog number
04905318001), anti-ribosomal protein S6 (anti-rpS6) (Cell Signaling; cat-
alog number 2217), and RhoGDI (Santa Cruz Biotechnology; catalog
number SC-33201).

Plasmids. pF_3C is an EMCV pIRES-based dicistronic plasmid (No-
vagen) in which the first cistron encodes firefly luciferase and the second
cistron encodes the EMCV 3C protease. pF_3C-H46A-C159A expresses a
catalytically inactive 3C variant containing two single amino acid substi-
tutions that inactivate the 3C protease active site. pET11-3C has been
described previously (18). pET28a-(His)PABP expresses an N-terminally
His-tagged PABPC1 and was a gift from R. Schneider, New York Univer-
sity School of Medicine. To generate a C-terminally His-tagged PABPC1,
pET28a-(His)PABP was digested with NdeI and BamHI to excise the N-
terminally His-tagged PABP insert. C-terminally His-tagged PABPC1
coding sequences were subsequently inserted into the pET28a vector to
produce pET28a-(His)PABP. The C-terminally His-tagged PABP cassette
was amplified by PCR from pET28a-(His)PABP using the following prim-
ers: 5=-CTTCTTCATATGCTCGAGTCTCCAGAGTCAC-3= and 5=-GA
GGATCCTTAGTGATGATGATGATGATGAACAGTTGGAACACCCG
G-3=. To construct pCG-(Flag)PABP, PABP cDNA was PCR amplified
from pET28a-(His)PABP using the following primers: 5=-GCTCTAGAA
ACCCCAGTGCCCCCAGC-3= and5=-GCGGATCCTTAAACAGTTGG
AACACC-3=. The resulting fragment was digested with XbaI and BamHI
and cloned into the pCG expression vector.

For constructing pBABE-PABP, PABP cDNA was amplified from
pET28a-(His)PABP using the following primers: 5=-CGGGATCCGCCA

CCATGAACCCCAGTGCCCCC-3= and 5=-GCGGTCGACTTAAACAG
TTGGAACACC-3=. The resulting amplification products were digested
with BamHI and SalI and ligated into the pBABE-puromycin retrovirus
expression vector that had been cleaved using the same enzymes.

3C protease cleavage site variants of PABP were generated using the
Quickchange II mutagenesis kit (Stratagene) using the following primers:
for Q437E, 5=-CGCTGGACTGCTGAGGGTGCCAGACCTCATCC-3=;
for Q437A, 5=-CCTCGCTGGACTGCTGCAGGTGCCAGACCTCATC
C-3=; and for Q437N, 5=-CCTCGCTGGACTGCTAACGGTGCCAGACC
TCATCC-3=. All PCR products were validated by DNA sequencing.

Transfection and infection. HEK293 cells were seeded at 5 � 105 cells
per well in 6-well plates approximately 16 h prior to transfection. Cells
were transfected with 4 �g of DNA per well using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Forty-eight
hours after transfection, cell lysates were collected for analysis. For mul-
ticycle growth experiments, HeLa cells were seeded at 1.5 � 105 cells per
well in a 6-well plate. Cells were transfected the following day with 8 �g of
DNA per well using the calcium phosphate technique in 12.5 mM CaCl2
and 0.1� HEPES buffered saline (HBS). After 16 h, the transfection me-
dium was removed and the cells infected with EMCV (multiplicity of
infection [MOI] � 10�3). Infections were allowed to proceed for approx-
imately 36 h. For single-cycle growth experiments, cells were infected with
EMCV (MOI � 10) 48 h after transfection. High-multiplicity infections
were performed in 0.4 ml per well for 1 h. After removal of the viral
inoculum, the monolayer was rinsed three times with medium to remove
excess unbound virus and the infection allowed to proceed for 5 h. After
two freeze-thaw cycles, the amount of infectious virus was quantified by
plaque assay in Vero cells. To generate NHDFs stably expressing wild-type
PABP, PABP (Q437N), or enhanced green fluorescent protein (EGFP), a
retrovirus containing each gene of interest was generated using the Phoe-
nix retrovirus packaging system (35). After infection of NHDFs with ret-
rovirus, transduced cells were selected using 2 �g/ml puromycin until all
cells in the control sample (uninfected NHDFs) were killed.

Analysis of protein synthesis in EMCV-infected cells. One hour
prior to the time points indicated on the figures, EMCV-infected cells
were overlaid with DMEM lacking methionine and cysteine but contain-
ing 70 �Ci/ml 35S Express (Perkin-Elmer) and were metabolically labeled
for 1 h at 37°C. Total protein was collected in SDS-containing sample
buffer, boiled, and fractionated by SDS-PAGE. The fixed, dried gel was
subsequently exposed to X-ray film.

Expression of recombinant protein. Overnight cultures of Esche-
richia coli BL21(DE3) containing pET28a-(His)PABP were diluted into
fresh LB medium and allowed to grow at 37°C until reaching an optical
density at 600 nm (OD600) of 0.6. Cultures were subsequently induced
with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) for 4 h at 37°C.
pET28a-(His)PABP was induced at room temperature for 16 h. Induced
cells were spun down and flash frozen. Frozen pellets were thawed and
resuspended in buffer containing 20 mM HEPES-KOH (pH 7.4), 200 mM
NaCl, 1 mM EDTA, and 5% glycerol and sonicated on ice at 58% for 1 min
in 5-s intervals followed by a 5-s rest using a Branson Digital Sonifier 250.
The lysate was adjusted to 0.1% Triton X-100 (final concentration),
rocked at 4°C for 15 min, clarified by centrifugation at 13,000 rpm in a
Sorvall SS34 rotor for 5 min at 4°C, and adjusted to 1 mM dithiothreitol
(DTT).

Cultures of E. coli BL21(DE3)pLysS (Invitrogen) containing pET11c-
3Cpro were grown at room temperature until reaching an OD600 of 0.8 and
subsequently induced with 1 mM IPTG for 4 h at room temperature.
Induced cells were spun down and flash frozen. Pellets were thawed, re-
suspended in buffer A (18), and then sonicated at 40% for 1.5 min in 5-s
intervals followed by a 5-s rest. The lysate was adjusted to 0.1% Triton
X-100 and 1 mM DTT (final concentration), nutated at 4°C for 15 min,
and clarified by centrifugation at 13,000 rpm in a Sorvall SS34 rotor for 15
min. All clarified bacterial lysates were snap-frozen and stored at �80°C
until use.

PABP Cleavage Stimulates EMCV Replication

October 2012 Volume 86 Number 19 jvi.asm.org 10687

http://jvi.asm.org


In vitro cleavage reactions. Two micrograms of His-PABP-contain-
ing soluble lysate (typically 1 �l of a 2-mg/ml extract) was added to vari-
ous amounts of EMCV 3C proteinase-containing soluble lysate (total pro-
tein concentration of 2.0 mg/ml) or lysate lacking recombinant proteins
prepared from bacteria containing the plasmid pUC19 in a manner iden-
tical to that for the 3C-containing lysate in a volume of 10 �l on ice. The
total reaction volume was subsequently raised to 30 �l using buffer A, and
the cleavage reaction was carried out at 30°C for 5 min. Reactions were
terminated by heating to 70°C for 10 min. After addition of SDS-contain-
ing sample buffer and boiling, reaction products were fractionated by
SDS-PAGE and analyzed by immunoblotting.

Purification of PABP His-tagged C-terminal cleavage fragment for
N-terminal protein sequencing. Soluble bacterial lysate containing re-
combinant C-terminally His-tagged PABP was bound to nickel-nitrilotri-
acetic acid (Ni-NTA) agarose beads (Qiagen) and incubated with a soluble
bacterial lysate containing recombinant 3Cpro or a heat-inactivated, enzy-
matically inactive 3Cpro control for 30 min at 30°C. The beads were
washed twice with excess 50 mM NaH2PO4 (pH 8.0), 1 M NaCl. 20 mM
imidazole, 10% glycerol, and 1 mM DTT to remove soluble N-terminal
PABP reaction products, while the His-tagged C-terminal PABP fragment
remained bound to the beads. After the beads were boiled in SDS sample
buffer, the bound proteins were fractionated by SDS-PAGE and visualized
by staining with Coomassie blue R250. The �26-kDa PABP C-terminal
cleavage product present in reactions that contained active 3Cpro, but not
heat-inactivated 3Cpro, was excised from the gel, and the N-terminal se-
quence was determined by the Protein Core Facility at Columbia Univer-
sity Medical Center (New York, NY).

Polysome fractionation and analysis of associated proteins. HeLa
cells (106) seeded in 10-cm dishes were transfected with 40 �g of plasmid
DNA using the calcium phosphate method. After 16 h, the transfection
medium was removed and the cells were infected with EMCV (MOI �
10). At 5 h postinfection (hpi), cell lysates were prepared and polyribo-
somes isolated by sucrose gradient sedimentation as described previously
(38). Following fractionation of the gradient, protein in individual frac-
tions was precipitated using trichloroacetic acid and analyzed by immu-
noblotting.

Viral RNA synthesis. HeLa cells (1.5 � 105) were seeded in 6-well
dishes, transfected with plasmid DNA, and infected 48 h later with EMCV
(MOI � 10). After 1 h, the inoculum in each well was removed and
replaced with 1.5 ml of medium containing actinomycin D (1 �g/ml) and
6.67 �Ci/ml [5,6 3H]uridine (35 to 50 Ci/mmol, catalog number
NET380250UC; Perkin Elmer). Cells were collected 4 h later and lysed
with 1% Triton X-100 in PBS, and tricholoroacetic acid was added to a
final concentration of 20%. Acid-insoluble material was collected onto
GF/C filters (Whatman) and the amount of 3H incorporated quantified by
liquid scintillation counting.

RESULTS
Specific proteolytic cleavage of the cellular PABP in EMCV-in-
fected cells. We first sought to determine if cellular PABP levels
responded to EMCV infection and to correlate any observed
changes with the onset of viral protein synthesis or host cell shut-
off. Since many established cell lines have deregulated or altered
translational control pathways (42), these experiments were per-
formed using primary cells. To evaluate the impact of EMCV in-
fection on cellular protein synthesis, primary fibroblasts were in-
fected with EMCV and metabolically labeled at various times
postinfection (indicated below). Cell-free lysates were prepared at
each time point, total protein was fractionated by SDS-PAGE, and
newly synthesized proteins were visualized by autoradiography. In
agreement with previous studies using established cell lines, infec-
tion with EMCV induced a potent suppression of new host pro-
tein synthesis that initiated between 3 and 4 hpi and became in-
creasingly pronounced with time. In addition, this host cell

shutoff is concurrent with the increased rate of viral protein syn-
thesis (Fig. 1A). Samples from each time point were subsequently
analyzed by immunoblotting using antisera specific for either
eIF4G or PABP. While steady-state full-length eIF4G levels re-
mained relatively constant through infection, the abundance of
the �70-kDa band corresponding to the full-length PABP de-
creased (Fig. 1B). This was not due to a general decrease in cellular
protein abundance, as steady-state tubulin levels, like eIF4G, were
not observed to detectably change over time (Fig. 1B). Moreover,
a faster-migrating, anti-PABP immunoreactive band was detected
and began to accumulate starting around 4 hpi. Accumulation of
this �45-kDa PABP-related protein occurred with a concomitant
reduction in levels of the full-length 70-kDa protein (Fig. 1B). The
accumulation of a discrete 45-kDa PABP fragment and its insen-

FIG 1 Inhibition of host protein synthesis in EMCV-infected cells correlates
with accumulation of a PABP cleavage fragment. (A) Growth-arrested NHDFs
were mock infected (0-h time point) or infected with EMCV (MOI � 10),
metabolically labeled for 1 h with 35S-labeled cysteine and methionine, and
collected at the indicated times postinfection. Total protein was isolated and
fractionated by SDS-PAGE, and the fixed, dried gel was exposed to X-ray film.
(B) Total protein samples (as in panel A) fractionated by SDS-PAGE were
analyzed by immunoblotting using the indicated antibodies. Full-length PABP
migrates with an apparent molecular mass of approximately �70 kDa on a
12.5% gel, whereas the cleavage fragment migrates faster, at approximately 45
kDa. Samples for the eIF4G immunoblot were fractionated on a 7.5% gel,
while 4E-BP was analyzed using a 17.5% gel that resolves slower-migrating
hyperphosphorylated (hyper) 4E-BP1 from the faster-migrating hypophos-
phorylated (hypo) form. Tubulin served as a loading control. The migration of
molecular mass standards (in kilodaltons) is indicated to the left of the panels.
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sitivity to the general proteasome inhibitor MG132 (data not
shown) are consistent with site-specific cleavage mediated by an
MG132-insensitive protease.

The phosphorylation status of the cap-dependent translation
repressor, eIF4E-binding protein 1 (4E-BP1), was also analyzed
throughout the course of EMCV infection. The unphosphorylated
form of 4E-BP1 is able to regulate cap-dependent translation by
binding to the cap-binding protein eIF4E. This prevents eIF4G
binding to eIF4E and precludes the formation of a translation
initiation factor complex on the mRNA 5= end. Hyperphosphory-
lation of 4E-BP1 by mTORC1 inactivates the repressor’s ability to
bind 4E (11). Previous reports indicated that EMCV infection of a
rapidly growing established cell line leads to the activation, or
dephosphorylation, of 4E-BP1 (12). However, in growth-arrested
primary fibroblasts, 4E-BP1 naturally accumulates in its hypo-
phosphorylated form in uninfected or mock-infected cells (for an
example, see reference 48). While host cell shutoff and EMCV
protein synthesis were clearly evident (Fig. 1A), significant
changes in the phosphorylation state of 4E-BP1 were not detected
in growth-arrested primary cells infected with EMCV (Fig. 1B).
This agrees with earlier studies that demonstrated that the
mTORC1-selective inhibitor rapamycin had minimal effects on
host cell shutoff and EMCV protein synthesis in cells infected with
wild-type virus (47). Taken together, these data indicate that
EMCV infection of primary human fibroblasts induces a change
in PABP steady-state levels consistent with site-specific proteoly-
sis, while levels of full-length eIF4G, which is cleaved in cells in-
fected with related picornaviruses, remain unchanged.

EMCV 3C protease activity is sufficient to cleave PABP in
uninfected cells. PABP cleavage induced by poliovirus, a closely
related picornavirus, is mediated by the viral protease 3C (22).
Similarly, an evolutionarily related calicivirus and HAV also
cleave PABP via their 3C-like proteinases (26, 50). Therefore, we
hypothesized that PABP cleavage in EMCV-infected cells requires
the virus-encoded proteinase 3C. To test this, HEK293 cells were
transiently transfected with plasmids encoding wild-type (WT) or
mutant EMCV 3C protease. Upon expression of catalytically ac-
tive WT 3Cpro, a cleavage product with an apparent molecular
mass of approximately 45 kDa was produced that reacted with
anti-PABP antisera (Fig. 2). In contrast, the 45-kDa protein was
not detected in cells transfected with a plasmid encoding a mutant
3C harboring two alanine substitutions within the enzyme’s cata-
lytic domain. Unfortunately, excessive background precluded the
use of anti-3C antibody to detect 3Cpro proteins in lysates pre-
pared from transiently transfected eukaryotic cells (data not
shown). This demonstrates that expression of catalytically active
EMCV 3C protease is necessary and sufficient to promote accu-
mulation of the 45-kDa PABP-related protein without assistance
from other virus-encoded or virus-induced cofactors. In addition,
the 3C-induced 45-kDa PABP-related protein was similar in size
to that detected in virus-infected cells (Fig. 1B). These results are
consistent with site-specific cleavage of the host PABP by the
EMCV 3C proteinase.

EMCV 3C cleaves PABP in vitro. To determine if EMCV 3C is
necessary and sufficient to cleave PABP without any other eukary-
otic cellular factors, PABP cleavage was reconstituted in vitro us-
ing soluble lysates prepared from E. coli independently expressing
3C protease (18) or N-terminal His-tagged PABP. Recombinant
PABP and 3C protease expressed in bacteria were readily detect-
able by immunoblotting, as anti-3C specifically detected bacteri-

ally expressed 3C in E. coli lysates (Fig. 3A, lanes 1 and 8). While
the bulk of recombinant 3C partitioned into the insoluble fraction
of the lysate, sufficient material remained in the soluble fraction to
be detected by immunoblotting (data not shown) (18). Whereas
mixing a PABP-containing bacterial lysate with a lysate prepared
from bacteria transformed with a control plasmid did not detect-
ably reduce full-length PABP levels, including increasing amounts
of an EMCV 3Cpro-containing lysate progressively reduced full-
length His-tagged PABP levels and resulted in the accumulation of
a truncated, approximately 45-kDa N-terminal PABP cleavage
product, suggesting that 3Cpro cleaves PABP within its C terminus
(Fig. 3A). The minor cleavage product with a molecular mass of
approximately 25 kDa, representing the C-terminal cleavage frag-
ment, was detected upon probing of the immunoblot with anti-
PABP (Fig. 3B). The corresponding sizes of the two fragments
(�45 kDa and �25 kDa) add up to the �70-kDa full-length pro-
tein. No other cleavage product was reproducibly evident within
these experiments. This establishes that recombinant EMCV 3C
protease was necessary and sufficient to specifically cleave bacte-
rially expressed PABP at a single site within its C-terminal domain
in vitro, giving rise to N-terminal 45-kDa and C-terminal 25-kDa
fragments in the absence of any additional virus or eukaryotic
cellular cofactors.

EMCV 3Cpro cleaves PABP within the CTD at Q437/G438. To
identify the precise amino acid within the PABP polypeptide se-
quence proteolytically targeted by EMCV 3Cpro, we engineered a
His tag epitope onto the PABP C terminus. Levels of full-length
tagged PABP were reduced following incubation with a 3C-con-
taining bacterial lysate in vitro, and the accumulation of a 25-kDa
His-tagged C-terminal fragment was observed (Fig. 4A). The C-
terminal His-tagged fragment was gel purified, and amino acid
residues on its N terminus were identified by Edman degradation.
The sequencing results revealed that the amino acid sequence
GARPH was found at the amino terminus of the C-terminal cleav-

FIG 2 Specific cleavage of PABP by the EMCV 3C proteinase in uninfected
cells. HEK293 cells were transiently transfected with mammalian expression
vectors encoding EMCV WT 3C protease (WT 3Cpro), a catalytically inactive
mutant form of 3C (H46A C159A), or EGFP. Forty-eight hours after transfec-
tion, total protein was isolated, fractionated by SDS-PAGE, and analyzed by
immunblotting with the indicated antibodies. Full-length PABP runs around
70 kDa, whereas the cleavage (clvg) fragment migrates faster, around 45 kDa.
Transfection efficiency indicated by EGFP fluorescence was above 60%. An
asterisk indicates a cross-reacting band representing a cellular protein nonspe-
cifically recognized by the polyclonal PABP antibody. The migration of mo-
lecular mass standards (in kilodaltons) is indicated to the left of the panel.
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age fragment. The glycine corresponds to G438 within the C-ter-
minal domain (CTD) of PABP. This suggests that EMCV 3Cpro

cleaves PABP between glutamine 437 and glycine 438 with the
CTD (Fig. 4B). To further confirm the precise cleavage site, single
amino acid mutations were introduced at Q437 of recombinant,
N-terminally His-tagged PABP. In vitro cleavage reactions were
subsequently performed using bacterially expressed mutant PABP
variants and analyzed by immunoblotting. PABP Q437E did not
abrogate proteolysis by 3Cpro, as an �42-kDa cleavage product
was produced similarly to the WT control. This was surprising, as
a PABP Q/E mutation at residue 537, 413, or 437 is sufficient to
abolish cleavage by poliovirus 3Cpro (17), and suggested that re-
lated 3C proteases within the picornavirus family exhibit variation
in their recognition sequence. In contrast, only full-length PABP,
and not a C-terminal cleavage fragment, was detected in reactions
programmed with PABP containing an asparagine or aspartic acid
substitution at residue 437 (Fig. 4C). The mutant PABP variants
were also expressed in mammalian cells along with 3Cpro to fur-
ther validate the cleavage site and rule out the possibility that the
observed in vitro effects were not representative of in vivo findings.
As expected, the cleavage product was detected in the HeLa cells
overexpressing WT PABP with an N-terminal Flag tag (Fig. 4D)
only in the presence of a catalytically active 3C proteinase and not
with a mutant catalytically inactive 3C variant (H46A, C159A). In
contrast, full-length PABP, but not PABP cleavage products, was
detected when the Q437 substitution variant was introduced into

HeLa cells along with 3C. This demonstrates that a single amino
acid substitution at Q437 is sufficient to generate an EMCV 3Cpro-
resistant form of PABP in vitro and in vivo. Moreover, no new
cleavage product(s) was detected using Q437 substitution PABP
derivatives under these conditions. Thus, eliminating the cleavage
site at Q437 did not detectably result in utilization of a secondary
cryptic site on PABP targeted by 3C. These data collectively iden-
tify the peptide bond between glutamine 437 and glycine 438
within the CTD on PABP as the single major cleavage site targeted
by EMCV 3C proteinase.

Preventing site-specific PABP cleavage inhibits EMCV repli-
cation but does not detectably alter host cell shutoff. PABP
cleavage by poliovirus 3C contributes, in part, to suppression of
host cell mRNA translation in virus-infected cells (3). Introduc-

FIG 3 Reconstitution of EMCV 3Cpro-mediated PABP cleavage in vitro with
bacterially expressed recombinant proteins. Increasing amounts of soluble ly-
sates prepared from E. coli containing expression constructs encoding EMCV
3C protease (1) or an empty vector control (pUC19) were added to lysates
containing a fixed quantity of N-terminally His-tagged human PABP. After
incubation for 30 min at 30°C, reactions were terminated by adding equal parts
SDS sample buffer and boiled. (A) Reaction products were fractionated by
SDS-PAGE and analyzed by immunoblotting with anti-His or anti-3C. Anti-
His selectively visualizes PABP derivatives with an intact N terminus. Note that
slower-migrating proteins have been previously observed in preparations of
3C partially purified from bacteria (18). (B) Same as in panel A except that
anti-PABP was used to visualize the C-terminal PABP cleavage product. Mi-
gration of molecular mass standards (in kilodaltons) is shown to the right of
the panel.

FIG 4 Identification and mapping of the specific PABP site cleaved by 3C. (A)
In vitro cleavage reactions were performed using C-terminally His-tagged
PABP (PABP-His) and analyzed as described in the Fig. 3 legend. Anti-His
selectively visualizes PABP derivatives with an intact C terminus. (B) N-termi-
nal sequencing of the 25-kDa C-terminally His-tagged PABP reaction product
mapped the 3C cleavage site between Q437 and G438. Site-specific proteolytic
cleavage between Q437 and G538 within the C-terminal linker region severs
the RNA- and eIF4G-binding PABP N-terminal domain from the C-terminal
domain that binds eIF4B, eRF4, and the Paips. (C) In vitro cleavage reactions
were performed using wild-type (WT) N-terminally His-tagged PABP or vari-
ants with the indicated single amino acid substitutions at residue 437 (Q437E,
Q437N, and Q437D). Reaction products were analyzed as described in the
legend to Fig. 3. “�” indicates that active 3Cpro-containing lysate was present
in the reaction; “�” indicates that heat-inactivated 3Cpro-containing lysate
was used. (D) HeLa cells were transiently transfected with plasmids expressing
Flag-tagged wild-type PABP (WT) or variants with the indicated single amino
acid substitutions at residue 437 (Q437E, Q437N, and Q437D) in the absence
(�) or presence of 3Cpro expression plasmids (WT or the H46A C159A 3Cpro

catalytically inactive mutant). After 48 h, total protein was collected, fraction-
ated by SDS-PAGE, and analyzed by immunoblotting with the indicated anti-
sera. The migration of the 45-kDa N-terminal PABP cleavage product is indi-
cated by the black arrow to the left. The migration of molecular mass standards
(in kilodaltons) is indicated to the right of the panel.
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tion of PV 3Cpro into cell-free HeLa extracts has been shown to
attenuate translation of poly(A)-tailed RNA, and expression of PV
3Cpro in cells inhibited global protein synthesis (27). To evaluate
the impact of EMCV 3Cpro expression on protein synthesis,
HEK293 cells were transiently transfected with plasmids express-
ing WT 3Cpro, a catalytically inactive 3Cpro variant (H46A,
C159A), or EGFP, and cellular protein synthesis was analyzed by
metabolic labeling. Under these conditions, PABP cleavage by WT
3Cpro was readily detected (Fig. 2), although routinely incomplete,
as some full-length PABP always remained. After fractionation of
total protein by SDS-PAGE and autoradiography, little to no dif-
ference in the levels of newly synthesized proteins was detected in
any of the transfected cultures (Fig. 5A). Furthermore, EMCV-
induced host cell translational shutoff was not detectably altered
when EMCV infection was carried out in cells expressing a 3Cpro

cleavage-resistant mutant of PABP, Q437N, compared to WT
PABP or EGFP (Fig. 5B). Importantly, similar levels of FLAG-
tagged WT and Q437N PABP were detected by immunoblotting
at the 0-h time point (Fig. 5C). These results suggest that catalytic
activity of EMCV 3Cpro or cleavage of PABP at Q437 may not play
a role in cellular translational shutoff.

While we were unable to detect any changes in protein synthe-
sis when cultures expressing noncleavable PABP alleles were in-
fected with EMCV, PABP cleavage can influence viral replication
by suppressing virus mRNA translation to allow high-level RNA
synthesis required for genome replication. Indeed, PABP cleavage
by poliovirus 3Cpro affects translation not only of cellular capped,
poly(A)-containing messages but also of viral IRES-containing
poly(A) mRNAs. This attenuation of viral protein synthesis pro-
motes viral genome replication and infectious virion production
(3). Although EMCV 3Cpro promotes site-specific PABP cleavage
(Fig. 2) but does not detectably suppress ongoing host translation
at the global level (Fig. 5A), it could activate virus genome repli-
cation by suppressing translation on a subset of viral RNAs des-
tined to support RNA synthesis. As the translation process itself is
known to competitively interfere with RNA synthesis on the same
molecule (10), biologically, interfering with viral RNA synthesis
would be expected to, in turn, reduce infectious virus production.
To test this, multicycle growth experiments for EMCV replication
were carried out in cells overexpressing WT versus the Q437N
cleavage-resistant PABP mutant. Under these conditions, trans-
fections performed in parallel showed that equivalent amounts of
WT or Q437N Flag-PABP accumulated after 48 h (Fig. 4D; com-
pare lanes 3 and 6). Significantly, EMCV grown on cells expressing
the Q437N mutant PABP was impaired approximately 100-fold
compared to virus generated in cells expressing WT PABP (Fig.
6A). This appeared not to result from mutant PABP acting in a
dominant negative manner to suppress overall translation rates in
uninfected cells, as global protein synthesis rates remained rela-
tively similar between WT PABP- and Q437N PABP-overexpress-
ing cells (Fig. 6B). Nor did it result from a failure of Q437N PABP
to associate with polysomes under these conditions (Fig. 6C).

To determine if PABP cleavage contributed to EMCV repli-
cation by promoting viral RNA synthesis, HeLa cells transiently
transfected with plasmids expressing FLAG-tagged WT PABP,
the Q437N cleavage-resistant PABP mutant, or vector alone
were infected with EMCV and metabolically pulse-labeled with
[3H]uridine in the presence of actinomycin D, which prevents
RNA synthesis by host DNA-dependent RNA polymerases. Af-
ter isolation of total RNA, the amount of viral RNA synthesis,

as represented by acid-insoluble radioactivity, was quantified
by liquid scintillation counting. While transfection of a WT
PABP-expressing plasmid had little effect on RNA synthesis
compared to vector alone, the Q437N PABP-expressing plas-
mid reduced RNA synthesis approximately 4-fold (Fig. 6D,
top). This likely underrepresents the fold inhibition of viral
RNA synthesis by Q437N PABP, as not all the cells in the tran-
siently transfected population received plasmid. Under these
high-MOI, single-cycle growth conditions in transiently trans-
fected cells, a similar modest reduction in viral yield was ob-

FIG 5 Preventing site-specific PABP cleavage does not detectably alter EMCV
host cell shutoff. (A) HEK293 cells were transfected with plasmids expressing
either WT 3Cpro, the H46A C159A 3Cpro catalytically inactive mutant, or
EGFP. After 48 h, cells were metabolically labeled with 35S-labeled cysteine and
methionine for 1 h. Total protein was isolated and analyzed as described in the
legend to Fig. 1A. (B) NHDFs stably transduced with retrovirus vectors encod-
ing WT PABP, the 3C cleavage-resistant Q473 PABP variant, or EGFP were
infected with EMCV (MOI � 10). At the indicated times postinfection, total
protein was harvested and analyzed as described in the legend to Fig. 1A. (C)
Prior to infection with EMCV (0-hpi time point in panel B), the overall abun-
dance of ectopically expressed PABP (FLAG-PABP) in cultures expressing
Flag-tagged PABP (WT versus Q437N) or EGFP (negative control) was ana-
lyzed by immunoblotting using anti-Flag.
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served in cultures expressing Flag-tagged Q437N PABP com-
pared to WT (Fig. 6D, bottom). Taken together, these data
establish a biological role for the cleavage of PABP by 3Cpro that
promotes efficient EMCV replication. While interfering with
PABP cleavage did not detectably impact host cell shutoff, it
did suppress overall levels of viral RNA synthesis.

DISCUSSION

While a 3= poly(A) tail of sufficient length is important for
EMCV replication (6, 20, 21), the impact of EMCV infection on
the host PABP remained unknown. Furthermore, although
EMCV, like other picornavirus family members, induces a po-
tent host cell shutoff that suppresses cellular protein synthesis,
unlike with the Enterovirus and Aphthovirus genera, infection
with the prototypical cardiovirus EMCV does not result in
eIF4G cleavage. Here, we establish that EMCV infection stim-
ulates site-specific PABP proteolysis whereby a 45-kDa N-ter-
minal PABP fragment accumulates in virus-infected cells. Ex-
pression of a functional EMCV 3C proteinase was necessary

and sufficient to stimulate PABP cleavage in uninfected cells,
and bacterially expressed 3C cleaved recombinant PABP in
vitro in the absence of any virus-encoded or eukaryotic cellular
cofactors. The exact 3Cpro cleavage site on PABP was mapped
between amino acids Q437 and G438 within the CTD, separat-
ing the RNA binding domain from the protein-interacting do-
main. Moreover, validation of the cleavage site using single
amino acid substitution mutants suggested this site is the sin-
gle, major cleavage site on PABP by EMCV 3Cpro in vitro and in
vivo. Finally, while EMCV replication was impaired in cells
expressing a cleavage-resistant PABP variant, ongoing protein
synthesis was not detectably altered. Instead, preventing PABP
cleavage reduced EMCV RNA synthesis. Together, these results
demonstrate that PABP cleavage by the EMCV protease regu-
lates EMCV replication.

Although site-specific PABP cleavage within the proline-rich
bridge, severing its RNA/eIF4G binding region from its protein-
interacting C-terminal domain, has been previously observed in

FIG 6 Site-specific PABP cleavage stimulates EMCV RNA synthesis and infectious virus production. (A) HeLa cells transfected with plasmids expressing WT
PABP, the Q437N cleavage-resistant variant (as in the Fig. 4D legend), or the plasmid vector-only control were infected with EMCV (MOI � 10�3). After 48 h,
lysates were prepared by freeze-thawing, and the amount of infectious virus produced was quantified by plaque assay in Vero cells. (B) HeLa cells were transiently
transfected as for panel A, transfected with an EGFP-expressing plasmid, or left untransfected. After 48 h, cultures were metabolically labeled for 1 h as for panel
A. Total protein was isolated and the amount of 35S incorporated determined by trichloroacetic acid (TCA) precipitation. Acid-insoluble material was collected
onto fiberglass filters and washed, and the radioactivity was quantified by counting in liquid scintillant. The relative amount of 35S incorporation in untransfected
HeLa cells was normalized to 100%. Error bars indicate the standard errors of the means. (C) Cell-free lysates prepared from HeLa cells ectopically expressing
cleavage-resistant Flag-tagged PABP variant (Q437N) were loaded onto sucrose gradients, which were subsequently fractionated while absorbance at 254 nm was
monitored. TCA-precipitated fractions were analyzed by immunoblotting using antibodies specific for Flag or ribosomal protein s6 (rpS6). Fraction 1, free
ribosome subunits; fraction 2, disomes; fractions 3 to 5, polyribosomes. (D) HeLa cells transiently transfected with empty plasmid vector or a plasmid expressing
Flag-tagged PABP (WT or Q437N) were infected with EMCV (MOI � 10) for 5 h. (Top) Infections were performed in the presence of [3H]uridine and
actinomycin D. Total RNA was isolated, samples were precipitated with TCA, and the amount of acid-insoluble radioactivity quantified by counting in liquid
scintillant. Errors bars indicate standard errors of the means. (Bottom) The amount of infectious virus produced after a single replication cycle was quantified by
plaque assay. Error bars indicate standard errors of the means.
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PV (an enterovirus)- and calicivirus-infected cells (26, 27), PABP
proteolysis mediated by 3C of the cardiovirus EMCV has distinc-
tive features. Significantly, whereas only a single major cleavage
site between the Q437 and G438 target is detected in EMCV-in-
fected cells, PV 3Cpro cleaves PABP at three distinct sites within the
C-terminal domain: the major site between Q537 and G538, a
second site (3C alt) between Q413 and T414, and a third site (3C
alt=) at Q437 and G438 (28). The third site, 3C alt=, shares target
sequence homology with the site recognized by EMCV 3Cpro, yet
cleavage in PV-infected cells is seldom detected, and it is consid-
ered one of two minor sites targeted by polio 3Cpro (28). In addi-
tion, a second PV proteinase, polio 2Apro, also cleaves PABP at a
discrete site in the C-terminal domain (22), bringing the total
number of PV-induced PABP cleavage sites to 4, versus 1 in
EMCV-infected cells. Indeed, PABP cleavage at multiple sites by
PV proteinases could ensure that levels of full-length PABP are
effectively reduced in infected cells and potentially accounts for
the observed differences in the abilities of PV and EMCV 3C to
suppress ongoing translation in transiently transfected cells. Fi-
nally, while PABP Q537E substitution was resistant to PV 3Cpro

(26, 27), it remained sensitive to EMCV 3Cpro, indicating differ-
ences between how the two picornavirus proteinases from the
Enterovirus and Cardiovirus genera recognize this site in the PABP
substrate. Differences in substrate cleavage notwithstanding, it is
striking that preventing PABP cleavage in PV or EMCV-infected
cells had comparable biological effects on viral RNA synthesis and
replication at high MOI (reference 3 and this study).

While 3C-mediated PABP cleavage reduces full-length PABP
abundance in EMCV-infected or transiently transfected cells, it
does not eliminate it. This could reflect the limited stability of 3C
in infected cells (31, 41), or alternatively, preferential cleavage of
PABP subpopulations in vivo (40). Indeed, PABP bound to
poly(A) was preferentially cleaved in PV-infected cells, whereas
PABP bound to its interacting partners Paip2, eRF3, or associated
with viral polyribosomes was relatively recalcitrant to site-specific
proteolysis. Residual, full-length PABP may represent a fraction
not bound to mRNA, associated with cellular translation machin-
ery, or bound to interacting proteins, allowing a subpopulation of
inactive (Paip2-bound) PABP, or PABP engaged in translation to
be spared. This could allow templates destined for RNA synthesis
to be selected from among nonpolysomal ribonucleoproteins
(RNPs) with PABP bound to the 3= end. It also suggests that in
cells infected with small numbers of input genomes, some func-
tion, perhaps virus encoded or induced, is required to disengage
polysomes, at least temporarily, allowing for PABP cleavage and
subsequent RNA synthesis on a translationally inactive pool of
template molecules.

Similar to our findings in vivo that PABP cleavage in EMCV-
infected cells is substantial, yet incomplete, studies of EMCV rep-
lication in vitro utilized extracts largely depleted of PABP but not
devoid of PABP (4, 46). Thus, the possibility that the remaining
full-length PABP contributes to EMCV replication through
mRNA translation or some other process cannot be excluded. In
this regard, it is noteworthy that PABP cleavage is not detected in
infected cells until after 3 hpi, whereas 35S-labeled viral proteins
can be seen as early as 3 hpi. We can, however, conclude that
site-specific PABP cleavage by 3C is required for wild-type levels
of EMCV replication.

While the poly(A) tail enhances translation of EMCV IRES-
containing reporters in vitro, it is critical for viral replication (13,

20, 21). In studies using EMCV IRES reporters, PABP depletion
inhibited reporter mRNA translation in cell extracts (46), whereas
PABP inhibition by Paip2 had limited effects on the EMCV IRES
(4). When full-length EMCV viral mRNA was used as the tem-
plate, however, PABP depletion did not detectably reduce mRNA
translation in vitro (46). Our finding that the EMCV 3C protease
mediates site-specific PABP cleavage in EMCV-infected cells sup-
ports the notion that full-length PABP may not be absolutely re-
quired for EMCV replication and could, in fact, potentially be
deleterious, as evidenced by reduced viral replication and RNA
synthesis in cells expressing a noncleavable PABP variant. Tar-
geted site-specific cleavage of PABP by the viral 3C proteinase
provides a molecular means to restrict full-length PABP binding
to the poly(A) tract, perhaps creating a pool of templates compe-
tent to recruit the virus RNA-dependent RNA polymerase 3D to
the template to initiate RNA synthesis (6, 7). Whether PABP
cleavage is sufficient to prevent assembly of a PABP-containing
RNP on the viral RNA 3= end, or if the resulting PABP N-terminal
fragment somehow functions in viral replication, remains to be
determined.
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