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Mutants of foot-and-mouth disease virus (FMDV) with altered biological properties can be selected during
the course of persistent infection of BHK-21 cells with FMDV C-S8cl (J. C. de la Torre, E. Martinez-Salas, J.
Diez, A. Villaverde, F. Gebauer, E. Rocha, M. Davila, and E. Domingo, J. Virol. 62:2050-2058, 1988). Two
nucleotide substitutions, U to C at position -376 and A to G at position -15, (counting as +1 the A of the first
functional AUG), were fixed within the internal ribosome entry site (IRES) of R100, the virus rescued after 100
passages of the carrier BHK-21 cells. IRES-directed cap-independent protein synthesis was quantitated by
using bicistronic constructs of the form chloramphenicol acetyltransferase gene-IRES-luciferase gene. The
IRES from R100 was 1.5- to 5-fold more active than that of C-S8cl in directing cap-independent luciferase
synthesis. This enhanced translational activity was observed when the RNAs were transcribed either in the
nucleus or in the cytoplasm by a weak or a strong promoter, respectively. C-S8cl and R100 IRES elements were
functional in both FMDV-sensitive and FMDV-resistant cells (including persistently infected R cells), indicating
that factors mediating cap-independent protein synthesis are not limited in any of the analyzed cell lines.
Constructs in which each of the two mutations in the R100 IRES were analyzed separately indicate that the
transition at position -376 is responsible for the enhanced activity of the R100 IRES. By estimating the effect
that an increase in the initial translation efficiency may have on subsequent RNA replication steps, we suggest
that the modifications in the IRES elements can account for the previously described hypervirulence of FMDV
R100 for BHK-21 cells. The results show that a single point mutation in an IRES element of a picornavirus can
cause an increase in translation efficiency.

40S ribosomes could interact with this region via either 18S
rRNA or trans-acting factors in a manner analogous to the
Shine-Dalgamo sequence interaction with the prokaryotic
ribosomes (42). Indeed, binding of cellular proteins to several regions of the IRES appears to be a prerequisite for
IRES function in EMCV, PV, and FMDV (27, 31, 35, 40).
Viral virulence can be affected by the IRES sequence.
Reduction in the efficiency of PV translation initiation resulted in lowered neurovirulence (20). A mutant of coxsackievirus Bi that lacks nucleotides 568 to 726 showed a
small-plaque morphology and decreased virulence for suckling mice compared with the wild-type virus (24). A hepatitis
A virus variant adapted to grow on BSC-1 monkey kidney
cells, which contained a U-to-G transversion at base 687
within the IRES, manifested reduced hepatovirulence for
susceptible primates (5).
Persistent infections of FMDV in BHK-21 cells lead to
gross phenotypic alterations both in the host cells and in the
resident virus (9-11). In particular, R100, the virus isolated
after 100 passages of persistently infected BHK-21 cells,
showed increased virulence for BHK-21 cells (11) but attenuation for cattle and mice (15). The hypervirulence for
BHK-21 cells is manifested in a shorter replication cycle and
the survival of a lower proportion of BHK-21 cells in
cytolytic infections in comparison with C-S8cl (15). R100
differs from the parental C-S8cl virus by an average of 1% of
the genomic residues (14, 19).
We considered the possibility that mutations within the

Picornavirus RNAs contain long 5' noncoding regions
with several unused AUG codons and a tight secondary
structure (reviewed in reference 25). Regions of about 450
bases from the 5' noncoding regions of foot-and-mouth
disease virus (FMDV) (3, 29), poliovirus (PV) (38), and
encephalomyocarditis virus (EMCV) (26, 27) direct internal
initiation of protein synthesis within artificial bicistronic
mRNAs in vivo and in vitro. The presence of an internal
ribosome entry site (IRES) immediately upstream of an open
reading frame also directs translation of the open reading
frame when cap-dependent translation is inhibited (3). Although the sequence homology is only 50% between EMCV
and FMDV and 35% between FMDV and hepatitis A virus,
the secondary structures predicted for these IRES elements
show conserved features (4, 41).
Mutant analyses of the IRES region of different picornaviruses have defined important elements within this region.
The boundaries of FMDV, EMCV, and PV IRES have been
defined by deletion analysis (27, 29, 37, 39). Site-directed
mutagenesis and internal deletions revealed the requirement
of secondary RNA structures to preserve IRES function
(42). A pyrimidine-rich stretch, apparently crucial for efficient translation, is found in the EMCV, FMDV, and PV
IRES elements. Complementarity between a polypyrimidine
box and the 18S rRNAs has been reported (29, 37). Thus,
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IRES of the persistent virus R100 could contribute to its
hypervirulence for BHK-21 cells (11). Here we report that
the IRES of R100, which differs from that of C-S8cl in two
point mutations, has evolved to show an increased activity in
directing cap-independent protein synthesis in a variety of
cells, including BHK-21 cells and persistently infected cells
either harboring FMDV or cured of infectious viral RNA. By
engineering the appropriate constructs, we show that this
effect is mediated by a pyrimidine transition at position
-376. Thus, this is the first report on a point mutation
causing an increase, rather than a decrease, in translation
initiation efficiency by a picornavirus.

mentary to the coding strand, corresponds to position +692
relative to the AUG initiation codon. The primer 5'GGAGC
TGCAGAAGCTAAATG, of the same polarity as the coding
strand, spans positions -18 to +3. The 710-bp PCR product
was digested with PstI, purified by agarose gel electrophoresis, and ligated to PstI-digested pIC or pIR upstream of the
IRES region, to produce constructs pBIC and pBIR, respectively, which express bicistronic mRNAs (Fig. 1A).
IRES elements including only one of the two substitutions
found in the IRES from R100 were constructed by exchanging the small and large NcoI-HindIII fragments (570 bp and
5.9 kb, respectively) of pBIR with those of pBIC; they have
been termed pR-15 and pR-376, in which the number indicates the position at which they differ from the IRES of
C-S8cl (Fig. 1). Plasmids pILC and pILR contain the IRES
and extend past the L-coding region up to the XbaI site in the
VP2-coding region (14) of C-S8cl and R100, respectively

(Fig. 1A).

Cells and viruses. FMDV C-S8cl and R100 have been
described previously (14, 16). FMDV persistently infected
(R) cells and ribavirin-cured (Rbv) cells have been described
by de la Torre et al. (7, 11). The R cells used in this study
correspond to passages 87 to 117, and their culture medium
contained 103 to 104 PFU/ml. BHK-21 cells were obtained
from the American Type Culture Collection, and BSC40
cells were kindly provided by A. Portela. Immunoprecipitation of L protein from extracts of BHK cells infected with
C-S8cl or of persistently infected R cells was carried out
essentially as described by Strebel et al. (45), using a rabbit
polyclonal anti-L serum kindly provided by E. Beck.
Transient expression assays. All cell lines were grown in
Dulbecco's modified Eagle's medium supplemented with 5%
fetal calf serum. When transcription from the T7 promoter
was desired, BSC40, BHK-21, or R-cell monolayers were
infected with the vaccinia virus (VV) recombinant vTF7-3
(21) 1 h before transfection with the relevant plasmids.
Lipofectin (Bethesda Research Laboratories)-mediated
transfection was carried out according to the directions of
the supplier. Usually, 1 ,ug of the appropriate plasmid(s)
DNA was used to transfect monolayers of about 106 cells.
Fetal calf serum (5%) was added to the monolayer 5 to 6 h
later. Cell extracts were prepared at the indicated times,
either in 200 ,ul of 0.5% Nonidet P-40-120 mM NaCI-50 mM
Tris-HCl (pH 7.8) or by freeze-thawing in 50 RI of 0.1 M
phosphate buffer (pH 7.8)-i mM dithiothreitol. Experiments
were performed on duplicate or triplicate plates, and each
experiment was repeated at least twice. The standard error
of the mean CAT and luciferase activities in experiments
done in triplicate varied between 3 and 20% of the mean.
Luciferase assays were performed as described by Martinez-Salas et al. (32), using a 2010 Luminometer (Analytical
Luminescence). The accuracy of the assay was determined
by repeated measurements of the same extract; the standard
error of the mean was 2% of the mean. CAT activity was
determined by the liquid scintillation assay as described by
Neumann et al. (36) except that the reaction mixture was
adjusted to 0.08 M sodium borate (pH 9)-4 M NaCl at the
end of the incubation period to decrease the background.
Appropriate dilutions of the extracts were chosen to be in
the linear range of the assay. The results are presented both
as absolute luciferase activities and as luciferase activities
relative to CAT activities measured in the same extract. In
the assay of expression from the tk promoter transcripts, the
enzyme activities were further normalized to the amount of
protein measured in the cell extracts by the Lowry method.
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MATERIALS AND METHODS
Plasmid constructions. Nucleic acid manipulations were
performed essentially according to Sambrook et al. (44).
Plasmid pTT1 (5,314 bp) was derived from pTKluc (32) by
transfer of the 2.7-kb BamHI fragment, which includes the
herpes simplex thymidine kinase gene (tk) promoter (33) and
the luciferase gene and polyadenylation signals (13), to the
BamHI site of the pGEM-2 vector (Promega). To keep the
PstI site in the tk promoter as a unique restriction site in the
plasmid, the PstI, HindIII, and AccI restriction sites in the
polylinker were removed by digestion withAccI and HindIII,
filling in of the ends with Klenow polymerase, and religation.
SacI and EcoRI sites of the polylinker were eliminated by
NaeI-plus-SmaI digestion and religation, so that the SacI site
in the tk-luciferase junction is unique in the plasmid. Luciferase can be expressed from plasmid pTTl from the T7 or
tk promoter (Fig. 1A).
The IRES regions of C-S8cl and R100 virus RNA were
subjected to reverse transcription followed by polymerase
chain reaction (PCR) amplification basically as described in
Rodriguez et al. (43), with oligonucleotides containing SacI
restriction sites at their ends. Briefly, 10 ng of purified
C-S8cl or R100 RNA was copied into cDNA by 30 min of
incubation at 42°C with 10 U of reverse transcriptase (Seikagaku) in PCR buffer (10 mM Tris-HCl [pH 8.3], 50 mM KCl,
1.5 mM MgCl2, 0.01% gelatin, 100 ,uM each deoxynucleotide). The cDNA was primed with the oligonucleotide
5'CCGAGGCTCAGGGTCATTAATTG, complementary to
positions -1 to -14 (relative to the adenosine of the first
functional AUG initiation codon in the C-S8cl nucleotide
sequence [19], which is assigned position +1). The primer
with the same polarity as the virus RNA, 5'CACGAGCT
CAGCAGG1TJTT7CC, spanning positions -470 to -450, was
added as the partner in the PCR, performed by using 30
cycles of 94°C for 1 min, 45°C for 1 min, and 72°C for 2 min,
with 2.5 U of AmpliTaq (Cetus). The PCR products were
treated with SacI, purified by agarose gel electrophoresis,
and ligated to the SacI-digested plasmid pTT1, upstream of
the luciferase gene, to produce the monocistronic pIC (including the IRES of C-S8cl) and pIR (including the IRES of
R100) constructs. The nucleotide sequence of the T7, tk, and
IRES regions were determined by primer extension and
dideoxy-chain termination sequencing using T7 DNA polymerase (28). All constructs expressing the luciferase gene
initiate protein synthesis at the AUG provided by the vector
pT117, 26 nucleotides downstream of the SacI site, since no
other functional AUG is present (1, 2).
The chloramphenicol acetyltransferase (CAT) gene from
pSV2CAT (22) was amplified by PCR with oligonucleotides
containing PstI restriction sites generated by substitution of
three nucleotides in the pSV2CAT sequence. The 5' end of
the primer 5'CGT'lTAACTGCAGCAATAACTG, comple-
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FIG. 1. (A) Diagram of the plasmids constructed in this work. Names and relevant features of the plasmids are indicated. Transcription
start sites (ri--), C-S8c1 sequences ( I ), and R100 sequences (z) are shown. The rectangle between CAT and luciferase depicts the IRES
element; bold letters in the IRES indicate nucleotide differences between the C-S8c1 and R100 IRES. The steps followed in the construction
of each plasmid are detailed in Materials and Methods. (B) Scheme of the secondary structure of the IRES of FMDV, showing the locations
of the two mutations which distinguish the C-S8cl IRES from that of R100. The secondary structure prediction and loop numbering are from
Pilipenko et al. (41). Shaded areas correspond to p57 binding sites (31). The polypyrimidine motif is located on the striped area.

In no case did such a normalization alter the relative enzyme
activities reported here.

RESULTS

Differences in sequence between the C-S8cl and R100
FMDV IRES elements. A region of 470 nucleotides preceding

the initiator AUG from the parental C-S8cl and the persistent R100 FMDVs was subjected to reverse transcriptionPCR amplification and cloned into the expression vector
pTJl as described in Materials and Methods. Sequence
comparison of both cloned IRES elements revealed only two
point mutations in R100 compared with C-S8c1 (Fig. 1A).
One of the mutations (an A-to-G transition at position -15)
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is close to the polypyrimidine box, a region which was
identified as important for IRES function by Kuhn et al. (29)
(Fig. 1B). A second mutation (a U-to-C transition at position
-376) is located at the beginning of stem 3 defined by
Pilipenko et al. (41) (Fig. 1B). In addition to these two
mutations, Escarmis et al. (19) reported a third substitution
in the IRES in the consensus RNA population from R100
RNA. The sequence difference between the consensus RNA
and a cDNA clone probably reflects the genetic heterogeneity inherent to the quasispecies nature of FMDV (17).
The IRES elements from cytolytic and persistent FMDVs
are functional in a heterologous system. To assess the activity
of the IRES elements from C-S8c1 and R100 cDNAs, these
elements were inserted as the intergenic spacer between the
two reporter genes, CAT and luciferase, to produce plasmids
pBIC and pBIR, respectively (Fig. 1A). Bicistronic RNAs
transcribed within cells, either by the cellular RNA polymerase II from the tk promoter or by the T7 RNA polymerase, using a recombinant VV from the T7 promoter,
were translated, and the luciferase and CAT activities were
measured in cell extracts (Fig. 2). Expression from the T7
promoter was 103- to 104-fold higher for both luciferase and
CAT activities than expression from the tk promoter. As
expected, luciferase but not CAT activity was expressed
from plasmid pTT1. The levels of expression of luciferase
activity in the bicistronic constructs were similar to the
cap-dependent translation activity observed with the vector
pTT1.
To ensure that the luciferase activity induced by the pBIC
and pBIR constructs was the result of internal initiation and
not read-through from cap-dependent initiation, cap-dependent initiation of protein synthesis was inhibited by the L
protease of FMDV (3, 12, 30). A plasmid (pLb) which
expresses the Lb protease of C-S8cl from RNA transcribed
from the T7 promoter (34) was cotransfected with either
pBIC or pBIR in BHK-21 cells previously infected with the
VV recombinant VTF7-3 to provide T7 RNA polymerase
(21). The luciferase and CAT activities were compared with

+

pLb

pBIC pBIC pBIR pBIR
+

+

pLb

pLb

FIG. 3. Luciferase and CAT expression modified by the Lb
protease. BHK-21 cells infected with VTF7-3 were transfected with
the plasmids indicated at the bottom (depicted in Fig. 1). Luciferase
in cell extracts
(_) and CAT ( ) activities were determined
prepared 24 h after serum addition. Values are relative to the
activity expressed in the absence of pLb, which was taken as 100%
in each case.

those produced by the bicistronic plasmid pBIC or pBIR
alone. As shown in Fig. 3, translation of a cap-dependent
RNA is sensitive to the inhibition mediated by Lb, as
evidenced by the decrease in luciferase activity in the
control vector pTT1 or of CAT activity in the bicistronic
constructs including the IRES from either C-S8cl or R100.
In contrast, translation of luciferase in the bicistronic construct pBIC or pBIR was not affected by the presence of Lb.
R100 differs from C-S8cl in approximately 1% of the
genomic residues, including the region encoding the L
protease (14a). To determine whether differences in L sequence were influencing L activity, constructions containing
the original C-S8cl and R100 IRES-L protease combinations, pILC and pILR, were used to determine luciferase
cap-independent translation. Results were similar to those

100
1S 80-

6040)

0-

pILC pILC pILC pILR pILR pILR
+
+
+
+
+
+
pTT1 pBIC pBIR pTT1 pBIC pBIR
FIG. 4. Relative translational activity of cap-dependent versus
cap-independent luciferase activity modified by the expression of
the C-S8cl or R100 L protease directed by its homologous IRES
sequence. Cells were transfected with the plasmids indicated at the
bottom (depicted in Fig. 1). Luciferase activity was measured 24 h
posttransfection in BHK-21 (_) or R cells ( ) infected with
VTF7-3. For BHK-21 cells, values are relative to the activity
expressed by pBIC and pILC, which was taken as 100%. For R
cells, values are relative to the activity expressed by pBIR and
pILR, which was taken as 100%.
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FIG. 2. Expression of luciferase and CAT by FMDV constructs
from the T7 or tk promoter in BHK-21 cells. Plasmids indicated at
the bottom (depicted in Fig. 1) were transfected into BHK-21 cells,
which were infected with VTF7-3 when T7 promoter activity was
desired; cell extracts were prepared in buffer containing Nonidet
P-40 24 h after serum addition. The luciferase (_) and CAT ( 1 )
activities produced by 1 x 104 to 2 x 104 cells are represented. To
determine activities from tk promoter transcription, cell extracts
were prepared 42 h after serum addition by freeze-thawing of cells
transfected with the indicated plasmids. The luciferase (El) and
CAT (rfl) activities produced by 0.5 x 106 to 1 x 106 cells are
represented.

pTT1 pTT1
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TABLE 1. Relative translational activities of the bicistronic mRNAs produced from the T7

promoter'

Determination (mean + SEM)

Cell line

pBIR/pBIC
l.u.

BSC40
BHK-21
R
Rbv

2.35
2.61
2.13
1.41

±
±
±
±

0.63
0.71
0.38
0.25

pR-376/pR-15
l.u./cpm

(4)
(6)

(9)
(6)

5.20
1.67
1.15
2.29

±
±
±
±

0.08 (4)
0.53 (6)
0.41 (4)
0.44 (6)

l.u.

l.u./cpm

1.58 ± 0.28 (8)
1.84 ± 0.24 (13)
1.51 ± 0.23 (14)
ND

1.79 ± 0.6 (4)
1.56 ± 0.4 (6)

2.09 ± 0.4 (6)
ND

a The indicated cell lines, infected with VTF7-3, were transfected with plasmids carrying the R100 (pBIR) or C-S8cI (pBIC) IRES or the individual mutations
pR-15 and pR-376 and harvested 24 h posttransfection. The number of determinations is indicated in parentheses. l.u., light units; cpm, counts per minute in the
CAT assay (see Materials and Methods); ND, not done.

shows a small but reproducibly higher translation activity
than does the IRES from FMDV C-S8cl, irrespective of the
cellular localization of RNA synthesis.
Protein synthesis induced by the R100 IRES is not thermosensitive. The viruses shed by BHK-21 cells during persistence are thermosensitive (8). To determine whether
translation from the R100 IRES was thermosensitive, we
carried out transfection experiments at 39°C on BSC40 cells,
a cell line isolated specifically to detect thermosensitive VV
mutants (6). The enhanced activity of R100 IRES over
C-S8cl IRES is observed also at 39°C. An analysis of the
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obtained for plasmid pLb (Fig. 4). However, when we
compared the relative luciferase activities in BHK-21 and R
cells, we observed that BHK-21 cells gave a larger difference
between cap-dependent and cap-independent translation
(Fig. 4), presumably because R cells are producing FMDV
and therefore contain endogenous L protease. Indeed, the L
protein could be immunoprecipitated from [35S]methioninelabeled R-cell extracts with a polyclonal anti-L serum,
although the signal was weaker than that of BHK cells
lytically infected either with C-S8cl or R100 (data not
shown).
The IRES from C-S8cl and R100 differ in the ability to
direct cap-independent protein synthesis in bicistronic
mRNAs. The relative activities of the IRES from C-S8c1 and
R100 in directing expression of luciferase relative to CAT
were measured in several cell lines, some sensitive and
others resistant to infection by FMDV. In BSC40 cells, an
efficient host for VV (23), pBIR induced an average 2.3-foldhigher luciferase activity than did pBIC (Table 1). Correction
of luciferase activity with that of CAT in the same extract
corroborates the conclusion, pBIR being 5.2-fold more active than pBIC in BSC40 cells. In BHK-21 or R cells, the
ratio of IRES activities (pBIR/pBIC) was 1.5 to 2.6 (Table 1)
except when the activities in R cells were normalized for
CAT activity. CAT activities in R cells are depressed,
probably because of endogenous L expression in cells actively producing viral particles, and this may cause inaccurate normalization.
To explore whether the enhanced activity of pBIR over
pBIC was observed at different times after transfection, the
time course of luciferase and CAT expression was determined by using BSC40 cells (Fig. 5). At all time points
examined, the R100 IRES-directed activity was larger than
that directed by the C-S8cl IRES, as shown in the plot of the
ratio pBIR/pBIC versus time (Fig. SC). Similar analysis of
the time course of luciferase expression from pBIR or pBIC
in BHK-21 and R cells also consistently indicated a higher
efficiency of the R100 IRES over the C-S8c1 IRES (Fig. 6).
In contrast to the transcripts from the T7 promoter that are
synthesized in the cytoplasm, which may resemble replicating FMDV RNA, tk promoter transcripts are produced in the
nucleus by RNA polymerase II, processed, and transported
to the cytoplasm as cellular mRNAs. The ratio of pBIR- to
pBIC-directed (pBIR/pBIC) luciferase activity of RNA transcribed from the tk promoter ranged between 1.6 and 4.4
(Table 2). An analysis of the time course of luciferase
expression in BHK-21 and R cells indicated that the increased activity of the R100 IRES over the C-S8cl IRES was
also observed during 42 h after transfection (data not
shown). We conclude that the IRES of FMDV R100, which
differs from that of FMDV C-S8cl in two point mutations,
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pBIR or pBIC, and cell extracts were prepared at the times
indicated. Open symbols, R cells; closed symbols, BHK-21 cells.
(A) Luciferase activity, expressed as light units, corresponding to 1
X 104 to 2 x 104 cells; (B) CAT activity, expressed as counts per
minute, in the same extracts diluted 10-fold; (C) pBIR/pBIC luciferase activity corrected by the CAT activity ratio.

relative pBIR/pBIC efficiency at expressing luciferase activity in the same experiment showed that at early times after
transfection, the R100 IRES was 8 to 10 times more active
than the C-S8cl IRES. A pBIR/pBIC ratio of 1.1 to 4.4 was
obtained in transfections of BHK-21 and R cells at 39°C.
TABLE 2. Relative translational activities of bicistronic mRNAs
transcribed from the tk promoterA
Mean pBIR/pBIC ratio + SEM

l.u./cpm

l.u.

BSC40
BHK-21
R
Rbv

3.34
2.02
1.93
1.63

±
±
±
±

0.58
0.25
0.44
0.20

(3)
(22)
(9)
(8)

,,
R-1
5
/
'.

-R

-----

30

Time post-transfection (hours)

Cell line

.1

2

ND
4.49 ± 0.95 (4)
3.03 + 1.46 (4)
ND

a The indicated cell lines were transfected with plasmids carrying the
persistent (pBIR) or parental (pBIC) IRES and harvested 42 h posttransfection. The number of determinations is indicated in parentheses. l.u., light
units; cpm, counts per minute in the CAT assay (see Materials and Methods);
ND, not done.
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FIG. 7. Analysis of the effect of the individual point mutations of
the R100 IRES in the time course of translation of bicistronic
mRNAs in BSC40, BHK-21, and R cells. VTF7-3-infected cells
transfected with pR-15 or pR-376 (depicted in Fig. 1) were assayed
at the indicated times as described in Materials and Methods.
Luciferase activity is given as light units produced by 1 x 103 to 2 x
103 cells. Broken lines represent the luciferase activity of pBIC and
pBIR obtained in parallel experiments.

Therefore, induction of protein synthesis by R100 IRES is
not temperature sensitive.
Independent analysis of the mutations implicated in the
increased activity of the R100 IRES compared with the C-S8cl
element. The two nucleotide substitutions between the
C-S8c1 and R100 elements could be conveniently separated
from each other by exchanging DNA fragments at either side
of the HindIII site at position -60 (see Materials and
Methods). The nucleotide substitutions observed in the R100
IRES were analyzed independently in transfections with
plasmids pR-15 and pR-376, each harboring one of the
mutations present in the R100 IRES. The luciferase activities
produced by these plasmids were compared in BSC40,
BHK-21, and R cells (Fig. 7). In all cases, pR-376 behaved
very similarly to pBIR, while pR-15 was comparable to
pBIC. The ratios of pR-376 to pR-15, both as luciferase
activity alone and as luciferase activity corrected by CAT
activity, have been included in Table 1 for comparison with
the values obtained with pBIC and pBIR. The result suggests
that the mutation at position -376 is the main contributor to
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the increased R100 IRES efficiency over C-S8cl IRES
efficiency. The substitution at position -15 alone had no
effect that could be detected in this assay. We conclude that
a single nucleotide transition is able to increase the IRES
activity of a FMDV rescued after prolonged persistence in
cell culture.
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DISCUSSION
In this report, we have shown that a point mutation in the
IRES element of FMDV R100 isolated from cells persistently infected with FMDV C-S8cl (7, 9-11, 14, 15, 19)
induced an enhanced cap-independent expression of a reporter gene (Fig. 3 and 4) in bicistronic mRNAs expressed in
the nucleus or the cytoplasm of mammalian cells (Tables 1
and 2). We chose to analyze cap-independent translation of
RNA transcripts produced by a weak (tk) and a strong (T7)
promoter to detect differences in IRES activity which may
have been missed if saturating levels of transcripts had been
present. In both cases, an increase of 1.5- to 5-fold of the
activity of the modified IRES from FMDV R100 relative to
the IRES of C-S8cl was consistently found in assays carried
out at 37°C (Tables 1 and 2; Fig. 5 and 6), and a larger
increase (up to 10-fold) was detected at 39°C (data not
shown). This finding suggest that the temperature-sensitive
phenotype of R100 is unrelated to IRES activity at least in
our bicistronic constructs in which the IRES has been
isolated from other genomic RNA sequences. Of the two
mutations which distinguish the IRES of R100 from that of
C-S8cl, the enhanced IRES activity was associated with a
pyrimidine transition (U to C) at position -376, at the base
of loop 3 proposed by Pilipenko et al. (41) (Fig. 1B and 7). It
could be thought that an increase of about twofold in IRES
activity at 37°C is not significant enough to account for the
differences in the replication cycle previously noted between
FMDV R100 and C-S8cl (11, 15), consisting of an advance of
about 2 h both in the appearance of progeny RNA and in the
time at which the maximum level of progeny RNA is
attained. However, an estimate of the effect of a twofold
difference in translation efficiency on the level of progeny
FMDV RNA at early and middle times after infection
suggests that the observed difference in IRES activity may
be highly significant. Under the simplest possible assumptions that (i) at a given multiplicity of infection (m), viral
RNA is translated with the efficiency E, (ii) one molecule of
protein produces only one molecule of RNA, and (iii) RNA
and protein molecules are used only once per translation or
replication round and then disappear from the active population, the extent of amplification of viral RNA (Y) is given
by the expression Y = [m x E]N, where N is the number of
translation-replication rounds per infectious cycle. Thus,
after four rounds of translation at m = 1, a minimum of
16-fold more RNA molecules would be produced when the
translational efficiency differs by a factor of 2, and a 625-fold
difference will be observed if the translational efficiency
differs by a factor of 5. Under other less simple but perhaps
more realistic assumptions (i.e., one molecule of protein is
involved in the synthesis of several RNA molecules, RNA
and proteins molecules are used severalfold, etc.), the influence of an increase in translation efficiency would be even
more dramatic. According to studies of the coupling of RNA
replication and mRNA translation in the life cycle of RNA
phages (18), substantial increases in the rate of either genome replication or translation necessitate compensatory
control elements that avoid exhaustion of environmental
factors (ribosomes, host cell proteins, etc.) needed for

successful replication. Thus, IRES elements endowed with
biological activity much higher than that of the wild type
may be selected against in vivo or in cell culture (18). Indeed
in the analysis of IRES function by site-directed mutagenesis, most modifications resulted in a decrease rather than an
increase of activity (27, 29, 37, 39, 42).
The molecular basis of the increase in IRES activity
mediated by the transition U (-376) to C is not known, but
this residue is within the 5' binding site of protein p57
identified by Luz and Beck (31), suggesting that this mutation might facilitate the interaction of the IRES with cellular
proteins needed for initiation of translation (27, 31, 35, 40).
Our results rule out the possibility that such proteins were
missing or inactive in R cells since they fully support IRES
activity, in agreement with previous results on cell fusion
experiments which suggested that the resistance of R cells to
FMDV was due to trans-acting cellular inhibitors rather than
to the alteration or absence of cellular factors needed for
viral replication (9). No effect of the substitution at position
-15 could be detected in our assays (Fig. 7). However, the
amounts of the two forms of L proteins synthesized by R100
were altered relative to the amounts synthesized by C-S8cl
in BHK cells (data not shown) and in in vitro translation
assays (14a). A possible effect of the substitution at -15 on
altering the use of the two functional AUGs is under study.
Finally, although the enhanced IRES activity of R100 can
explain the hypervirulence of this virus for BHK-21 cells, it
is clear that other genetic alterations could also contribute to
this phenotypic trait (i.e., through a modification of other
steps in the viral replication cycle). Also, a number of
different combinations of genetic lesions, not necessarily
involving the IRES element, may lead to the hypervirulence
phenotype.
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