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ABSTRACT

The 3¢ end region of foot-and-mouth disease virus
(FMDV) consists of two distinct elements, a 90 nt
untranslated region (3¢-NCR) and a poly(A) tract.
Removal of either the poly(A) tract or both the 3¢-
NCR and the poly(A) tract abrogated infectivity in
susceptible cells in the context of a full-length cDNA
clone. We have addressed the question of whether
the impairment of RNA infectivity is related to
defects at the translation level using a double
approach. First, compared to the full-length viral
RNA, removal of the 3¢ sequences reduced the
ef®ciency of translation in vitro. Secondly, a
stimulatory effect of the 3¢ end sequences on IRES-
dependent translation was found in vivo using bi-
cistronic constructs. RNAs carrying the FMDV 3¢
end sequences linked to the second cistron showed
a signi®cant stimulation of IRES-dependent transla-
tion, whereas cap-dependent translation was not
affected. Remarkably, IRES-dependent stimulation
exerted by the poly(A) tract or the 3¢-NCR seems to
be the result of two separate events, as the 3¢-NCR
alone enhanced IRES activity on its own. Under con-
ditions of FMDV Lb protease-induced translation
shut-off, the stimulation of IRES activity reached
values above 6-fold in living cells. A northern blot
analysis indicated that IRES stimulation was not the
consequence of a change in the stability of the
bicistronic RNA produced in transfected cells.
Analysis of the RNA-binding proteins interacting
with a mixture of 3¢ end and IRES probes showed an
additive pattern. Altogether, our results strongly
suggest that individual signals in the viral 3¢ end
ensure stimulation of FMDV translation.

INTRODUCTION

Internal initiation of translation driven by internal ribosome
entry site (IRES) elements is unique in several ways. On the

one hand, the RNA structural features differ for particular
IRES elements. On the other hand, as a function of the IRES
element studied, the functional relevance of eukaryotic
initiation factors (eIFs) and other RNA-binding proteins
seems to be widely different (1±3).

A stimulatory effect of poly(A) sequences on the internal
initiation ef®ciency driven by IRES elements has been
described very recently in cell-free extracts (4±7). The
intensity of this enhancing effect was smaller than the
synergism found between poly(A) tails and cap-dependent
translation initiation (8). This synergism was later explained
by a process of RNA circularization mediated by the inter-
action of poly(A)-binding protein (PABP) with the eukaryotic
initiation factor eIF4G (9). Whether a similar mechanism
applies to picornavirus IRES-driven translation initiation is
not yet known. Both isoforms of eIF4G (eIF4GI and eIF4GII)
are proteolytically cleaved by the action of foot-and-mouth
disease virus (FMDV) Lb or enterovirus 2A proteases (10,11).
As a consequence of this cleavage, the PABP-interacting
domain in eIF4G becomes separated from the C-terminal
fragment, involved in IRES-dependent translation (12,13).
Therefore, PABP±eIF4G-dependent RNA circularization is
most likely prevented during FMDV infection. Conversely, it
is possible that an RNA±protein bridge could be established
between factors interacting with speci®c sequences in the 3¢-
non-coding region (NCR) and the IRES. In this respect, there
are examples of proteins interacting with viral 3¢-NCR that are
involved in IRES interaction, providing potential links
between 3¢ end and IRES sequences (14±17).

FMDV is the causative agent of an acute systemic disease of
cloven hoof animals, considered as a major animal health
problem world wide (18,19). The FMDV genome consists of a
single molecule of messenger-sense RNA of ~8500 nt
containing a single open reading frame (ORF) coding for the
viral polyprotein which is subsequently processed into the
viral products (20). The 5¢-NCR, ~1200 nt in length, is highly
structured and contains several genetic elements necessary to
control the replication cycle. This region harbors an IRES
element that promotes cap-independent translation initiation
of the viral genome (2). Immediately downstream of the stop
codon at the end of the polyprotein ORF there is a
phylogeneticaly conserved 3¢-NCR of ~90 nt (21) followed
by a genome encoded polyadenylate tract (22). At present, the
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involvement of the FMDV 3¢-NCR and/or the poly(A) tract in
translation initiation and whether cross-talk exists that com-
municates between the 3¢ end and sequences in the 5¢-NCR,
including the IRES region, is not known.

The role of the 3¢-NCR in aphthovirus infection is poorly
understood, though experimental evidence supports its rele-
vance in the FMDV viral cycle. RNA transcripts spanning the
3¢ terminal region of the FMDV genome have been reported to
inhibit infective particle formation following co-microinjec-
tion or co-transfection with viral RNA in BHK-21 cells
(23,24). Deletion of the 3¢-NCR abolished infectivity and the
3¢-NCR of another picornavirus, swine vesicular disease virus,
did not restore the infectivity of the chimeric RNA.
Furthermore, a major defect in RNA replication was found
in the non-infectious RNAs (21). In other picornaviruses it is
known that a cis-acting determinant for replication resides in
the 3¢ end (25±29).

Here we have studied the contribution of the FMDV 3¢-
NCR and the poly(A) tract to the translation ef®ciency of full-
length viral RNA and bicistronic constructs carrying the
FMDV IRES. A stimulatory effect on viral RNA translation
was observed in the context of full-length FMDV transcripts in
which each of these 3¢ end elements was present. This effect
was magni®ed in living cells when the 3¢-NCR and/or the
poly(A) tract were placed downstream of the second gene in a
bicistronic construct, in which the FMDV IRES promotes
internal initiation of the second cistron. An IRES-dependent
stimulatory effect was strongly enhanced during co-expres-
sion of the FMDV Lb protease, mimicking the situation found
in infected cells. The pattern of RNA-binding proteins has
been analyzed regarding their involvement in IRES-dependent
stimulation.

MATERIALS AND METHODS

Construction of plasmids

Plasmids pDM and pTAG, described previously (21), are
based on a FMDV O1K infectious full-length cDNA clone
(30). Subcloning of the 3¢ end region present in pTAG yielded
the subTAG construct, bearing a unique NotI restriction site
downstream of the FMDV insert. Brie¯y, the 3¢-NCR and
poly(A) sequences were excised from pTAG by digestion with
AvrII and HpaI. The restriction fragment was gel puri®ed,
®lled-in with T4 DNA polymerase and ligated into Bluescript
II SK+ previously linearized with SacI, blunt ended and
dephosphorylated.

To prepare bicistronic constructs harboring the FMDV 3¢
end sequences, plasmid pBIC (31) was modi®ed to introduce
unique AvrII and NotI restriction sites, immediately down-
stream of the luciferase stop codon. Site-directed mutagenesis
was performed using a two-step PCR procedure, essentially as
described (32). The external primers ClaI-s (CCGCTG-
AATTGGAATCGATATTG) and HpaI-as (GCTGCAATA-
AACAAGTTAACAAC) were used in combination with the
mutagenic oligonucleotides AN-as (CGCGGCCGCTAC-
ATCCTAGGATTTGGAC) and AN-s (GGATGTAGC-
GGCCGCCAGCGATGACG) (complementary sequences
are underlined and NotI and AvrII restriction sites are in
bold). The puri®ed product from the double PCR, digested
with HpaI and ClaI, was ligated to pBIC, similarly treated.

This sequence modi®cation did not alter its translation
properties relative to the unmodi®ed pBIC (data not shown).

The bicistronic construct pBIC-3¢NCR-A58 contains the
FMDV 3¢ end present in pTAG (21). The subTAG plasmid
described above was used to amplify by PCR the 3¢ end
FMDV sequences with the oligonucleotides T7 and 3¢NCR-
Avr (GAACAAAAGCTGCCTAGGCCC; AvrII site in bold).
The PCR product, digested with AvrII, blunt ended and then
restricted with NotI, was ligated into the pBIC modi®ed
plasmid, similarly treated. Construct pBIC-3¢NCR was then
generated using oligonucleotides 3¢NCR-Avr and as-RVNot
(GACCCGCGGCCGCTGGATATCAAGGAAG; NotI and
EcoRV sites in bold) with pBIC-3¢NCR-A58 as template. The
PCR product treated with EcoRV and AvrII was ligated into
pBIC, similarly digested. To generate pBIC-A58, including the
58 adenines present in the pDM infectious clone (see Fig. 1),
the EcoRV±NotI insert from plasmid subTAG was ligated in
pBIC, digested with AvrII, blunt ended and then treated with
NotI.

Prior to expression analysis, the nucleotide sequence of the
entire length of each region under study was determined using
automatic sequencing (ABI PRISM dye terminator cycle
sequencing ready reaction kit, Perkin Elmer).

Infectivity assays

Cells were cultured in Dulbecco's modi®ed Eagle's medium
(DMEM) supplemented with 5% fetal bovine serum and 1 mM
HEPES, pH 7.4. Semi-con¯uent BHK-21 or IBRS-2 mono-
layers were transfected as described (21) using 3±5 mg of
transcripts obtained by transcribing HpaI-, EcoRV- or StuI-
linearized pDM with SP6 RNA polymerase (see Fig. 1).
Transfected cells were incubated at 37°C until an extensive
cytopathic effect was observed or longer, up to 48 h post-
transfection, for RNAs not inducing a cytopathic effect. In
previous assays, neither prolonged incubation of cells
transfected with the 3¢-NCR-deleted RNA nor three consecu-
tive blind passages of the transfection supernatant in suscep-
tible cells resulted in the formation of pseudorevertants (21).

In vitro translation

Following examination of transcripts generated as above for
RNA integrity in agarose gels, 100, 200 and 400 ng of each
transcript were translated in 10 ml of rabbit reticulocyte lysate
(Promega) in the presence of 10 mCi of [35S]methionine
(10 mCi/ml) essentially as described (32). Reaction mixtures
were incubated at 30°C for 1 h. Aliquots of the translation
products were loaded onto a 12% SDS±polyacrylamide gel.
The gels were then dried and exposed to X-ray ®lms.
Quanti®cation of data was performed using a phosphorimager.

In vivo IRES-dependent translation activity

Bicistronic plasmids carrying the FMDV IRES between the
chloramphenicol acetyltransferase (CAT) and luciferase
genes, and the FMDV 3¢ end sequences downstream of the
second cistron were assayed in BHK-21 cells. Transfection of
80±90% con¯uent monolayers was carried out using cationic
liposomes 1 h after infection with the vaccinia virus VTF7-3,
expressing T7 RNA polymerase (33). Extracts from 2 3 105

cells were prepared 20 h after transfection in 100 ml of 50 mM
Tris±HCl, pH 7.8, 120 mM NaCl, 0.5% NP-40. Luciferase and
CAT activities were measured as described (34). Plasmid pLb,
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encoding the FMDV Lb protease, was co-transfected in assays
designed to shut down cap-dependent translation (31). Assays
were performed at least three times.

Northern blot analysis

BHK-21 cells (~1 3 106) transfected with bicistronic
plasmids, co-transfected or not with pLb, were prepared at
12 h following transfection, as described above for IRES-
dependent translation activity assays. Infection with VTF7-3
was omitted to prepare a DNA control and mock-transfected
cells. The resulting lysates were then centrifuged at 12 000
r.p.m. for 5 min and total cytoplasmic RNA was extracted with
TRI Reagent (Roche) and resuspended in 20 ml of TE.
Aliquots (6 and 12 ml) of each RNA were loaded in a
formaldehyde±agarose gel and blotted onto a nylon Zeta probe
membrane (Bio-Rad). The probe was prepared by in vitro
transcription using SP6 RNA polymerase (Promega) in the
presence of 50 mCi of [a-32P]UTP (400 Ci/mmol; Amersham)
and 500 ng of a pGEM-IRES plasmid containing the full-
length IRES of FMDV C-S8 (35), linearized with EcoRI. The
probe was subsequently puri®ed using a microSpin G25
column (Amersham). The resulting probe is an RNA fragment
of 470 nt complementary to the FMDV IRES. Hybridization
was performed in 50% formamide, 0.12 M Na2HPO4, pH 7.2,
0.25 M NaCl, 7% SDS, containing 0.5 3 106 c.p.m./ml, and
incubated overnight at 42°C. The membrane was then washed
three times for 10 min each at room temperature with 23 SSC,
0.1% SDS, 0.53 SSC, 0.1% SDS and 0.13 SSC, 0.1% SDS
and exposed to X-ray ®lm.

RNA±protein interaction assays

S10 extracts from BHK-21 cells were prepared basically as
described (36). The probe corresponding to the FMDV 3¢ end
was prepared from construct subTAG linearized with NotI,
and the FMDV IRES probe was generated from a pGEM clone

containing the full-length IRES region (35). RNA transcripts
were labeled to a speci®c activity of ~107 c.p.m./pmol using
[a-32P]CTP (400 Ci/mmol) and incubated with RQ1 DNase
(1 U/mg RNA; Promega). Unincorporated [32P]CTP was
eliminated by exclusion chromatography on Sephadex G
50±80 (Sigma) columns equilibrated with 10 mM Tris±HCl
pH 8, 1 mM EDTA. RNAs were then phenol/chloroform
extracted and ethanol precipitated. RNA integrity was deter-
mined by 6% acrylamide±6 M urea denaturing gel electro-
phoresis. UV-crosslinking assays were performed as described
(13) using 40 mg of native proteins present in S10 extracts of
BHK-21 cells and the speci®c 32P-labeled RNA (0.03 pmol).
The RNA±protein crosslinked lysate was digested with an
excess of RNase A during 30 min at 37°C, followed by
addition of SDS loading buffer, heating for 2 min at 95°C and
electrophoresis in SDS±polyacrylamide gels. Then, dried
gels were used to visualize the 32P-labeled proteins by
autoradiography.

RESULTS

The poly(A) tract is essential for FMDV RNA infectivity

The 3¢ end region of FMDV consists of a 90 nt untranslated
region (3¢-NCR) and a poly(A) tract, genetically encoded. We
had previously shown that the 3¢-NCR is essential for viral
infectivity (21). Thus, we decided to analyze the role of the
poly(A) tract in the infectious cycle, alone or in combination
with the 3¢-NCR. To this end, we made use of an FMDV O1K
infectious clone, pDM, in which three unique restriction sites
¯ank the 3¢-NCR and poly(A) tract: StuI and EcoRV ¯ank the
3¢-NCR; HpaI is downstream of the poly(A) (Fig. 1). Using
these restriction sites, we synthesized in vitro RNAs which
selectively removed the poly(A) tract alone or both the 3¢-
NCR plus the poly(A) tract. The biological relevance of each

Figure 1. Effects of 3¢ end sequences on FMDV infectivity. Schematic representation of the cDNA present in pDM (21) including relevant restriction sites
(top panel). The broken line between P1 and 3Dpol is used for simplicity to represent the coding region. Infectivity of the different transcripts was measured
as the ability of an equal amount (4 mg) of the indicated transcripts, transfected into 1±2 3 106 BHK-21 cells, to induce cytopathic effect up to 48 h
post-transfection (lower panel). The positive control pDM induced a cytopathic effect 16±20 h post-transfection.
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viral element in the context of the full-length RNA was
assayed upon transfection of BHK-21 or IBRS-2 monolayers
and monitoring of the cytopathic effect. As expected, the full-
length transcript derived from linearized pDM was infectious
(Fig. 1). For full-length RNA-transfected cells, monolayer
detachment was clearly observed at 16±20 h post-transfection.
No symptoms of infectivity could be observed in monolayers
transfected with transcripts lacking the poly(A) tract or both
the 3¢-NCR and the poly(A) tract up to 48 h post-transfection
(Fig. 1). Thus, both the 3¢-NCR (21) and the poly(A) tract are
separate essential elements for FMDV infectivity.

Effect of the 3¢-NCR and poly(A) tract on the in vitro
translation ef®ciency of FMDV RNA

In common with all picornavirus genomes, the FMDV viral
RNA also acts as mRNA. The lack of infectivity observed for
the viral transcript in which the poly(A) tract had been deleted
prompted us to study if a translation defect was involved.
Hence, equal amounts of RNAs lacking the poly(A) tract, the
3¢-NCR or both were used to program in vitro translation
reactions. Figure 2 shows a representative example of the
translation products obtained with RNA concentrations
between 10 and 40 mg/ml. Measurement of the intensity of
the 2C viral protein at the lower RNA concentration showed a
2.5-fold reduction in the translation ef®ciency when both
elements were removed. Interestingly, a decrease of about 1.3-
to 1.9-fold was observed in the reactions loaded with RNAs
that lacked the 3¢-NCR or the poly(A) tract relative to the full-
length infectious RNA derived from pDM. Altogether these
results suggest that the simultaneous presence of these regions
have a relevant function in translation.

Enhancement of FMDV IRES-dependent translation in
bicistronic constructs depends on the presence of the
3¢-NCR and poly(A) sequences

To further analyze the involvement of the FMDV 3¢ end
sequences in translation, the effect of these RNA regions on
IRES-dependent translation was studied in living cells, in
the context of bicistronic constructs (Fig. 3A). The FMDV
3¢-NCR, poly(A) tract or both sequences were attached

downstream of the luciferase stop codon (Fig. 3B) such that
linearization of pBIC, pBIC-A58, pBIC-3¢NCR and pBIC-
3¢NCR-A58 with NotI allowed us to study the effect of the two
elements of FMDV 3¢ end sequences.

The ef®ciency of FMDV IRES-dependent translation in
living cells, measured by the levels of luciferase translation,
was stimulated by the presence of the poly(A) tract in pBIC-
A58 compared to the control pBIC lacking any 3¢ end viral
region (Fig. 4A). This result is in agreement with recent
reports on the effect of the poly(A) tract on the IRES of
encephalomyocarditis virus (EMCV), hepatitis A virus (HAV)
and poliovirus in cell-free assays (4,6). Interestingly, the
FMDV 3¢-NCR also stimulated in vivo IRES activity when
present alone (pBIC-3¢NCR) or in combination with the
poly(A) tract (pBIC-3¢NCR-A58), with stimulation values
above those obtained for the poly(A) tract alone.

To con®rm that the stimulation of expression of the second
cistron exerted by the viral 3¢ end sequences was IRES
dependent, we co-expressed the FMDV Lb protease together
with the bicistronic RNAs of interest. Stimulation of IRES
activity in the Lb-transfected monolayers was observed in
pBIC-A58, pBIC-3¢NCR and pBIC-3¢NCR-A58 (5-, 6- and
6.3-fold increase, respectively) (Fig. 4A). As expected, cap-
dependent translation was shut down to values below 10% of
those found in the cells transfected only with the bicistronic
constructs, which, on the other hand, remained fairly constant
between assays (Fig. 4B; note the different scales in Fig. 4A
and B). These results allowed us to conclude that two elements
present at the 3¢ end of the FMDV RNA, the 3¢-NCR and the
poly(A) tract, separately stimulate translation. Therefore,
IRES stimulation was strongly enhanced following eIF4G
cleavage induced by the FMDV Lb protease, as is the case
during viral infection. These results are in full agreement with
previous data that have demonstrated resistance of the FMDV
IRES-dependent translation to eIF4G cleavage (13,31).

In order to address whether the stimulation exerted by the 3¢
end FMDV sequences was mediated by an improved stability
of the transcripts, a northern blot analysis of the RNAs
extracted from transfected cells was carried out. A transcript
of the expected size (3, 3.1 or 3.2 kb) was detected in samples

Figure 2. Translation ef®ciency of FMDV transcripts harboring deleted 3¢ end sequences. Synthetic FMDV RNAs of ~8.5 kb, bearing the indicated deletions,
were used to program in vitro translation reactions. D3¢NCR transcripts were derived from the previously described pD74 construct (21). Numbers below each
RNA indicate the intensity of protein 2C in arbitrary units. Mobility of molecular weight markers is shown on the right of each gel autoradiograph. The upper
panel shows the ethidium bromide staining of an agarose gel loaded with aliquots of the RNAs (100, 200 and 400 ng each).
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extracted from cells transfected with each construct, in the
presence or absence of pLb. No signal at this position was
observed for the DNA control sample, in which no T7 RNA
polymerase was expressed, or in the mock-transfected cells
(Fig. 5). Samples from cells transfected with constructs
carrying 3¢ end sequences showed a similar amount of probe
retained in the 18S rRNA to the controls. A small variation in

RNA intensity was observed, likely due to changes in the
ef®ciency of transfection. Remarkably, the levels of RNA
present in cells 12 h after transfection did not correlate with
the stimulatory effects observed on IRES-dependent transla-
tion for each construct (Fig. 4A), strongly suggesting a
functional role for the 3¢ end sequences, unrelated to
differences in RNA stability.

Figure 4. Effects of FMDV 3¢ end sequences on cap- and IRES-dependent translation ef®ciency in living cells. (A) IRES-dependent translation was estimated
as the luciferase activity, measured in extracts from BHK-21 cells transfected with NotI-linearized plasmids, relative to the value obtained in pBIC, that was
set at 100%. Plus or minus symbols indicate whether or not cells were co-transfected with pLb plasmid. (B) Cap-dependent translation was estimated by CAT
activity, measured in the same extract as luciferase activity. Error bars correspond to the SEM, from three to six experiments.

Figure 3. Bicistronic constructs harboring FMDV 3¢ end sequences. (A) Diagram of the bicistronic RNA, CAT±FMDV IRES±luciferase. (B) Differences in
the 3¢ end sequences in the bicistronic constructs used in transfection assays. Sequences in pBIC generating unique AvrII and NotI restriction sites are under-
lined. The luciferase stop codon TAG is in bold. The 58 nt poly(A) present in some constructs is denoted as (A)58. A brace embracing residues in italic
denotes the FMDV 3¢ end sequences included in each bicistronic construct, pBIC-3¢NCR-A58, pBIC-3¢NCR and pBIC-A58. An arrowhead denotes the last
residue of transcripts obtained after NotI linearization of the respective constructs.
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IRES RNA±protein interaction in the presence of 3¢ end
FMDV sequences

We have previously shown that the FMDV IRES activity
depends upon eIF4G interaction with speci®c sequences in
domain 4 (13). Therefore, we hypothesized that the stimula-
tory effect of the 3¢ end sequences could be a consequence of
an increase in the binding ef®ciency of proteins known to
interact with the FMDV IRES. To test this possibility, we
carried out a UV-crosslink assay using as probes the FMDV
IRES alone or in conjunction with the 3¢ end sequences
(Fig. 6).

The probes including the 3¢ end interacted speci®cally with
four polypeptides of 110, 70, 32 and 29 kDa. The mobility of
p70 closely resembles that of PABP (37), suggesting that the
58 adenine residues encoded in the FMDV infectious
transcript have the potential to interact with PABP. Two
proteins of unknown identity, p29 and p32, bound with high
af®nity to the 3¢ end probe. The use of an unrelated probe did
not allow the detection of any of these proteins.

When the IRES and 3¢ end probes were co-incubated and
used to interact with the protein extract, the IRES-binding

proteins p220 (eIF4G), p116/p110 (eIF3), p80 (eIF4B) and
p57 (PTB) were readily detected. This pattern was super-
imposed on that seen with the 3¢ end probe alone, including
p70, p32 and p29 (Fig. 6). The simultaneous presence of the
IRES and 3¢ end probes did not induce a signi®cant change in
the pattern of the IRES-binding polypeptides. Only the
intensity of p32 and p29 was slightly stimulated.

The use of extracts prepared from cells that had been
transfected with pLb showed a lack of interaction of p220
(eIF4G), concomitant with the appearance of p110, corres-
ponding to the C-terminal fragment of eIF4G (13). This
polypeptide was detected as a doublet with p110, already
interacting with the 3¢ end probe alone (Fig. 6). Additionally, a
polypeptide of ~62 kDa appeared in the Lb-processed extracts.
Once again, the simultaneous presence of 3¢ end and IRES
sequences did not induce a signi®cant change in the IRES-
interacting protein pattern. Preincubation of the 3¢-NCR with
the IRES probe under permissive conditions for RNA±RNA
interaction (35) prior to addition of protein extracts led to a
small stimulation in p29 and p32 RNA binding (data not
shown). We conclude that the stimulation of IRES-dependent
translation observed in Lb-transfected cells is mediated by a
mechanism not requiring an enhanced interaction between
eIF4G and/or PABP with FMDV RNA. At present, a
functional RNA±protein bridge involving p32 or p29 cannot
be ruled out.

DISCUSSION

We have examined the role of the 3¢ end region on FMDV
translation, a picornavirus for which no information regarding
translation effects of the 3¢-NCR was available. Our results
show that RNAs lacking the poly(A) tract or both the 3¢-NCR
and poly(A) tract were not infectious when transfected into
susceptible cells, as no cytopathic effect could be observed
and we were unable to recover infectious virus after prolonged

Figure 6. Analysis of the interaction of the FMDV 3¢ end and FMDV IRES
sequences with cellular proteins. The radiolabeled transcripts (0.03 pmol)
were used in UV-crosslinking assays with native proteins present in S10
extracts from BHK-21 cells transfected or not with pLb plasmid. When
indicated, probes corresponding to the FMDV IRES and 3¢ end were co-
incubated. Following RNase A treatment, proteins were fractionated by
10% SDS±PAGE. The apparent molecular masses of the polypeptides cross-
linked to the 3¢ end probe are indicated on the left and those crosslinked to
the IRES probe on the right side of the autoradiograph. Identi®cation of
p220 as eIF4G, p80 as eIF4B, p110 as a component of eIF3, and p57 as
PTB is described in LoÂpez de Quinto (11) and references therein.

Figure 5. Northern blot analysis of RNAs extracted from BHK-21 cells at
12 h after transfection with bicistronic constructs. A ®lled triangle, as
opposed to an empty triangle, depicts RNA extracted from cells expressing
T7 RNA polymerase. For each construct two lanes were loaded, containing
in the right lane a double amount of RNA compared to the left lane. pBIC-
3¢NCR1 or pBIC-3¢NCR2 corresponds to two independent transfections car-
ried out with two plasmid samples of identical sequence. Below each lane is
indicated whether or not co-transfection with pLb was performed. The blot
was probed with a [a-32P]UTP-labeled RNA fragment complementary to
nucleotides 1±462 of the FMDV IRES. The positions of 28S and 18S rRNA
have been marked as migration and loading controls. The mobility of the
RNAs derived from the bicistronic plasmids is indicated with an arrow.
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incubation times after transfection. Thus, presence of both
elements appears to be a strict requirement for infectivity.

The impairment of viral growth was associated with a lower
translation capacity, as removal of the 3¢-NCR, the poly(A)
tract or both reduced the ef®ciency of FMDV RNA translation
in the context of full-length FMDV transcripts. This effect was
magni®ed in living cells when the 3¢ end sequences were
placed in a chimeric bicistronic construct, in which the FMDV
IRES promotes internal translation initiation of the second
cistron. Analysis of the levels of the bicistronic RNAs present
in transfected cells indicated that stimulation of relative IRES
activity was not the consequence of a higher stability of the
corresponding transcripts. Thus, the speci®c IRES stimulatory
effect exerted by the 3¢-NCR relative to that exerted by the
poly(A) tract alone indicates that different signals ensure
ef®cient translation initiation of the viral RNA. Moreover, the
fact that maximum stimulation of IRES-dependent translation
required the presence of the 3¢-NCR strongly suggests a
biological role in mediating a functional bridge with the IRES.

To our knowledge, this is the ®rst evidence of the role of the
3¢-NCR sequences on FMDV IRES stimulation. In contrast to
the poly(A) tract stimulation of cap-dependent translation, the
IRES-dependent stimulatory effect of the 3¢-NCR is not only
resistant, but enhanced during co-expression of the FMDV Lb
protease. Under this situation, eIF4G is cleaved (13) and the
FMDV IRES is fully active (31,38). Processing of the eIF4G
initiation factor by Lb leads to separation of the N-terminal
fragment that contains the PABP-binding site from the
C-terminal fragment required for IRES activity (2).
Therefore, stimulation of translation via PABP±eIF4G inter-
action is expected to be impaired in FMDV-infected cells or in
cells expressing the Lb protease. In agreement with this,
eIF4G cleavage induced by human rhinovirus 2A protease
abrogates poly(A) tract stimulation of the poliovirus or EMCV
IRES (7).

In recent reports, EMCV, HAV, poliovirus and hepatitis C
virus (HCV) IRES-dependent translation had been shown to
be stimulated by poly(A) sequences in cell-free extracts
(4,6,7). In these cases, a protein±protein bridge has been
proposed to mediate this stimulation by their mutual inter-
action with the poly(A) tail and IRES sequences, bringing
together the required signals present in both RNA ends. Our
®ndings indicate that interaction between eIF4G and PABP is
not the only explanation for RNA end communication during
IRES stimulation by the FMDV 3¢ end. The enhancing effects
on translation associated with the presence of the poly(A) tract
or with the 90 residues present in the 3¢-NCR strongly support
a redundant role in translation initiation. UV-crosslinking
experiments have shown that a 70 kDa protein, likely PABP,
binds to the 3¢ end region. In addition, three polypeptides of
110, 32 and 29 kDa interacted with this region. Co-incubation
of IRES and 3¢ end sequences yielded a combined pattern
without detectable changes in intensity of the 220, 110, 80, 72
and 57 kDa polypeptides bound to the probes. This result
opened the possibility of additional factors acting as a bridge
between the RNA-binding proteins interacting with the IRES
and the 3¢ end sequences. Preincubation of IRES and 3¢ end
RNAs under permissive conditions for RNA±RNA inter-
actions (35) prior to addition of the S10 extract led to a slight
stimulation of the intensity of p32 and p29. This result
suggests that 5¢±3¢ crosstalk may likely be mediated by protein

bridges involving RNA±RNA contacts. However, as the assay
carried out with separate IRES and 3¢ end probes involved
intermolecular interactions, it remains to be studied whether
placing both RNA ends in cis will lead to a stronger
modi®cation in the pattern of IRES±protein interaction.

In addition to the enhancing effect of 3¢ end sequences,
stimulation of FMDV IRES-dependent translation in Lb-
processed extracts could be associated with different causes.
On the one hand, the C-terminal fragment of eIF4G may
interact with higher af®nity with the FMDV IRES than intact
eIF4G. On the other hand, the absence of competitor mRNAs
due to cap-dependent translation shut down could lead to an
enrichment of the pool of available RNA-binding proteins,
including eIFs, when the majority of the mRNAs are not
engaged in the translation machinery.

Our data have underscored a new role for FMDV 3¢-NCR
sequences in the stimulation of IRES-dependent translation.
The X region of the 3¢-NCR of HCV has also been reported to
enhance HCV IRES translation (6,14,15). However, a down-
regulatory effect was observed when the entire 3¢-untranslated
region was present in full-length cDNA clones (39). Likewise,
suppression of translation has been reported in chimeric RNAs
that contain the 3¢ end of West Nile virus RNA (40), possibly
related to the interaction of translation factors with speci®c
sequences within the 3¢-untranslated region (41,42). In another
example, the interaction of hnRNP could potentially be
involved in communicating between the 3¢ and 5¢ ends of
mouse hepatitis virus RNA (43).

The interaction of the 5¢ and 3¢ RNA ends during translation
and replication in picornavirus is currently being investigated.
In poliovirus, inter-regulation of both processes seems to be
mediated by the formation of speci®c RNA±protein com-
plexes in the cloverleaf structure present at the 5¢ end (44,45).
We have previously reported a strict requirement for the 3¢-
NCR for the initial rounds of FMDV replication (21). The
effect on the ef®ciency of translation initiation described here
may contribute to the lack of dispensability of the 3¢-NCR.
However, involvement of other signals present in the 5¢ end
needs further investigation.
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