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The nucleoside analogue ribavirin (R) is mutagenic for foot-and-mouth disease virus (FMDV). Passage of
FMDV in the presence of increasing concentrations of R resulted in the selection of FMDV with the amino acid
substitution M296I in the viral polymerase (3D). Measurements of progeny production and viral fitness with
chimeric viruses in the presence and absence of R documented that the 3D substitution M296I conferred on
FMDV a selective replicative advantage in the presence of R but not in the absence of R. In polymerization
assays, a purified mutant polymerase with I296 showed a decreased capacity to use ribavirin triphosphate as
a substrate in the place of GTP and ATP, compared with the wild-type enzyme. The results suggest that M296I
has been selected because it attenuates the mutagenic activity of R with FMDV. Replacement M296I is located
within a highly conserved stretch in picornaviral polymerases which includes residues that interact with the
template-primer complex and probably also with the incoming nucleotide, according to the three-dimensional
structure of FMDV 3D. Given that a 3D substitution, distant from M296I, was associated with resistance to R
in poliovirus, the results indicate that picornaviral polymerases include different domains that can alter the
interaction of the enzyme with mutagenic nucleoside analogues. Implications for lethal mutagenesis are
discussed.

RNA viruses do not replicate as informationally defined
genomes but as complex and dynamic mutant spectra termed
viral quasispecies (11, 24, 25, 29, 30). Several relevant biolog-
ical properties of RNA viruses as infectious agents depend on
aspects of their mutant spectra: (i) the association of disease
outcome with the complexity (quantitated by average mutation
frequencies and genetic distances) of the mutant spectra (33,
34, 59–61, 63, 64, 75), (ii) complementation among compo-
nents of a mutant spectrum that can mediate virus spread and
pathogenesis (53, 76), and (iii) suppression of specific variants
by the surrounding mutant spectrum (23, 41, 42, 47), which can
attenuate the disease potential of a virus (14, 73; for general
reviews on implications of quasispecies, see references 24, 25,
27, and 38).

An application of quasispecies dynamics has been the devel-
opment of a new antiviral strategy termed virus entry into error
catastrophe or lethal mutagenesis (2, 10, 28, 29, 51, 71). Firmly
rooted in theoretical studies (reviewed in references 10 and
28), the concept of virus extinction through error catastrophe
has been amply supported by experimental studies with RNA
viruses (reviewed in references 2 and 27). Stated in general
terms, for any replication system there is a maximum error rate

above which the genetic information carried by the system can
no longer be maintained (2, 27, 28). Several recent observa-
tions have strengthened error catastrophe as a feasible new
antiviral strategy. (i) The mutagenic nucleoside analogue riba-
virin (1-�-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) (R),
an antiviral agent licensed for clinical practice (58, 69), is
mutagenic for a number of RNA viruses (16, 18, 19, 21, 50, 67),
including foot-and-mouth disease virus (FMDV) (1, 56). Re-
cent evidence suggests that R can act as a mutagen for hepatitis
C virus in the course of treatment of chronically infected pa-
tients (9). Therefore, in some viral infections, R may exert its
antiviral effect, in part, via its mutagenic activity (44, 45, 58).
(ii) The mutagenic base analogue 5-fluorouracil prevented the
establishment of a persistent infection of mice with lympho-
cytic choriomeningitis virus (65). This experiment constitutes a
proof of the principle of the feasibility of an error catastrophe-
based antiviral approach in vivo. (iii) Mutagenesis—not merely
inhibition of viral replication—drives viruses to extinction (55).

The mutagenic activity of R with poliovirus is exerted after
its intracellular conversion to the triphosphate form (RTP),
which is incorporated by the poliovirus RNA-dependent RNA
polymerase (RdRp), termed 3D, and acts as a mutagenic pu-
rine analogue (17–19). By growing poliovirus in the presence of
R, a poliovirus mutant with the replacement G64S in 3D was
selected (62, 76). This mutant (3D G64S) shows a decreased
capacity to use RTP as a substrate and an increased template
copying fidelity, as measured by genetic and biochemical meth-
ods (8, 12, 62, 75). Poliovirus mutant 3D G64S has been in-
strumental on several grounds. (i) RdRps are the major viral
gene products responsible of the error-prone replication and
quasispecies dynamics of RNA viruses. Therefore, fidelity mu-
tants are essential for studying the molecular basis of template-
copying fidelity, designing fidelity-lowering drugs, and explor-
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ing the influence of mutation rates on virus behavior. (ii)
Poliovirus mutant 3D G64S has documented that enhanced
fidelity need not entail a decreased replication rate, that a
broad mutant spectrum is essential for virus adaptation to a
complex environment (in this case represented by susceptible
mice [61, 75]), and that an individual mutant unable to reach a
target organ can do so when complemented by a population
displaying a broad mutant spectrum (61, 76). These are essen-
tial features of quasispecies behavior which have now become
amenable to direct experimental analysis in vivo. (iii) The
poliovirus mutant 3D G64S has revealed that viruses with
increased resistance to nucleoside analogues can be isolated
and, therefore, that such mutants could contribute to failures
of lethal mutagenesis as an antiviral strategy.

The fact that two groups working independently selected the
same R-resistant poliovirus mutant, 3D G64S (62, 76), suggests
that picornaviral polymerases may have very limited possibili-
ties for circumventing the selective disadvantage associated
with the mutagenic activity of R. Because of the new avenues
for understanding RNA genetics that have been opened by the
R-resistant poliovirus mutant, and since R acts also as a mu-
tagenic agent for FMDV (1, 56), we designed experiments to
select FMDV mutants with decreased sensitivity to R. Here we
describe the isolation of a new class of picornavirus mutants
displaying decreased sensitivity to R. The FMDV mutant har-
bors the M296I substitution in 3D and was selected in the
course of passage of FMDV in BHK-21 cells in the presence of
increasing concentrations of R. We document that the M296I
replacement confers on FMDV a selective advantage during
replication in the presence of R and that the purified mutant
3D has an impaired capacity, relative to that of the wild-type
enzyme, to incorporate RTP in the place of GTP opposite to a
C and in the place of ATP opposite to a U in the template. In
the three-dimensional structure of FMDV 3D, M296 is located
far from position G62 (the amino acid equivalent of G64 in
poliovirus 3D) but lies within a conserved amino acid stretch
that establishes contacts with the template-primer RNA and
probably also with the incoming nucleotide substrate (35–37).
The implications of the isolation of the FMDV mutant 3D
M296I for selection of extinction escape mutants and a possi-
ble failure of an error catastrophe-based antiviral approach are
discussed.

MATERIALS AND METHODS

Cells, viruses, and infections. The origin of BHK-21 cells and procedures for
cell growth and infection of cell monolayers with FMDV in liquid medium and
in semisolid agar medium for plaque assays have previously been described (26,
70). FMDV C-S8c1 is a plaque-purified derivative of natural isolate C1 Santa-
Pau Spain 70 (70), a representative of European serotype C FMDV. FMDV
MARLS is a monoclonal antibody escape mutant selected from the C-S8c1
population passaged 213 times in BHK-21 cells (13). The fitness of MARLS
relative to that of C-S8c1 has been estimated at 25 from previous data (39, 57).

Treatment with ribavirin. A solution of R in phosphate-buffered saline was
prepared at a concentration of 200 mM, sterilized by filtration, and stored at
�20°C. Prior to use, the stock solution was diluted in Dulbecco’s modification of
Eagle’s medium to reach the desired concentrations. Cell monolayers were
incubated for 7 h with R prior to infection. Infected cells in the absence of R and
mock-infected cells were maintained in parallel; no evidence of contamination of
cells with virus was observed at any time. FMDV MARLS was passaged serially
in the presence and absence of increasing concentrations (200 �M to 800 �M) of
R (Fig. 1); virus rescued from infectious transcripts of pMT28 and pMT28-
3D(M296I) (described below) were passaged serially five times in the absence or
in the presence of ribavirin (800 �M). For each passage, 4 � 106 BHK-21 cells

were infected with 1 � 106 to 4 � 106 PFU of virus from the previous passage
until cytopathology was complete (about 30 h in the presence of R and 16 h in
the absence of R).

Extraction of RNA, cDNA synthesis, PCR amplification, and nucleotide se-
quencing. RNA was extracted from the supernatants of infected cells by treat-
ment with Trizol (Invitrogen) as previously described (68). Reverse transcription
(RT) was carried out using avian myeloblastosis virus reverse transcriptase (Pro-
mega), and PCR amplification was performed using AmpliTaq polymerase
(Perkin-Elmer) as specified by the manufacturer. RT-PCR amplifications in-
tended for the cloning of individual cDNA molecules were carried out using Pfu
DNA polymerase (Promega) because of its high copying fidelity (15), using
primers and procedures that have been described previously (1, 39, 55, 57, 68);
experimental details will be provided upon request. Nucleotide sequencing was
carried out using the Big Dye Terminator cycle sequencing kit (ABI Prism;
Perkin-Elmer) and an automated ABI 373 sequencer; all sequences were deter-
mined at least in duplicate from independent sequencing reaction mixtures. The
nucleotide sequences of the genomes of FMDV C-S8c1 and MARLS are avail-
able in GenBank, with accession numbers AJ133357 and AF274010, respectively.

Quantification of viral RNA. FMDV RNA was quantified by real-time RT-
PCR amplification using the Light Cycler instrument (Roche) and the RNA
Master SYBR green I kit (Roche) according to the instructions of the manufac-
turer. Quantification was relative to a standard curve obtained with known
amounts of FMDV C-S8c1 RNA. This procedure has been described previously
(40, 41).

Molecular cloning, expression, and purification of FMDV 3D. Molecular clon-
ing of the FMDV genomic region encoding the viral polymerase (3D) in plasmid
pET-28a, IPTG (isopropyl-�-D-thiogalactopyranoside) induction of Escherichia
coli, cell lysis, and enzyme purification by affinity chromatography through Ni-
nitrilotriacetic acid were carried out as previously described (37). The expression
vector pET-28a including the wild-type FMDV 3D (with the 3D sequence of our
standard FMDV C-S8c1) is termed pET-28a3D, and it has been described
previously (3, 37). To clone and express 3D of MARLS and 3D of MARLS with
the M296I replacement, cDNA from the corresponding FMDV genomes was
amplified with EHF polymerase (Roche) and primers A2SacI ([CAGAGCTCG
ACCCTGAACCGCACCACGA in the sense orientation; the 5� nucleotide is at
position 6581; FMDV residue numbering is as described in reference 31) and
C-not-pol (CCAATTGTGATGTTTGGCGGCCGCTGCGTCGCCGCACACG
GCGTTC in the antisense orientation; the 5� nucleotide is at FMDV C-S8c1
genomic position 8043). The product was digested with HindIII (genomic posi-
tion 6667) and NotI (position 8020) (the restriction site generated with the

FIG. 1. Scheme of passages of FMDV MARLS in the presence or
absence of R. The initial biological clone MARLS (filled square) was
subjected to four parallel passage series; empty circles indicate the
uncloned progeny FMDV populations. Thin arrows indicate passages
in the presence of R (with duplicate lineages R-A and R-B; passages
1 to 5 were with 200 �M R, passages 6 to 25 were with 400 �M R, and
passages 25 to 35 were with 800 �M R). Large arrows indicate passages
in the absence of R (duplicate lineages MARLS-A and MARLS-B);
“p” followed by a number refers to passage number. The origin of
FMDV MARLS and conditions for the infection of BHK-21 cell
monolayers in the presence or absence of R are described in Materials
and Methods.
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nucleotides is in boldface in primer C-not-pol) and ligated to plasmid pET-
28a3D, which had been previously digested with the same enzymes and treated
with shrimp alkaline phosphatase (66). The expression plasmid encoding 3D of
FMDV MARLS is termed pET-28a3D(M). 3D of MARLS differs from 3D of
C-S8c1 in having H instead of Q at position 232. The presence of H or Q at
position 232 of 3D did not have any detectable effect either in the progeny
production capacity of FMDV or in standard enzymological activities with pu-
rified 3D [polymerization with poly(A)-oligo(dT15), VPg uridylylation, and RNA
binding measured by gel mobility shift assay (3, 35, 37)]. The plasmid encoding
3D with the M296I substitution in the context of 3D of the MARLS (with
Q232H) plasmid is termed pET-28a3D(M-M296I). The sequence of the 3D-
coding region was confirmed for all constructs. The expressed 3D proteins are
termed 3D(M) and 3D(M-M296I). The 3Ds were purified as previously de-
scribed (37).

Preparation of FMDVs with mutations in 3D. Plasmid pMT28 encodes an
infectious transcript of FMDV C-S8c1 (40). Chimeric plasmids encoding mutant
3Ds of the FMDV C-S8c1 genome were constructed by replacing part of the
3D-coding region of pMT28 with the corresponding 3D-coding region of the
mutant of interest. Specifically, to construct pMT28-3D(M) (an infectious clone
expressing 3D of MARLS in the context of the C-S8c1 genome), pMT28 was
amplified with primer CR3DIL (GCGACAAAGGTTTTGTTCTTGG; the 5�
nucleotide is at position 7718) and T7 (described in reference 3), and viral RNA
encoding MARLS polymerase was subjected to RT-PCR amplification with
avian myeloblastosis virus reverse transcriptase and Pfu DNA polymerase, using
primers A2SacI and Av2New (TGTGGAAGTGTCTTTTGAGGAAAG; the 5�
nucleotide is at position 7783). The two amplicons were shuffled and digested
with ClaI (position 7004) and NdeI [the site of the restriction enzyme was
engineered at the 3� side of the viral poly(A) (40)]. The digest was ligated to
pMT28 DNA previously digested with the same enzymes. To construct pMT28-
3D(M-M296I), RNA encoding M296I was subjected to the same procedure,
except that the shuffled DNA product was digested with SalI (position 7150) and
NdeI and the digestion product was ligated to pMT28 DNA that had been
digested previously with SalI and NdeI. To construct pMT28-3D(M296I), the
codon encoding Met 296 of the FMDV 3D polymerase was changed to Ile in
wild-type pMT28. We replaced codon 296, ATG, with an alternative Ile codon,
ATA, by site-directed mutagenesis during PCR amplification using the primer
pair A2SacI and MKRES (GGAACAGCCAGATGGTAT; the 5� nucleotide is
at position 7512; the underlined residue corresponds to the mutation site) and
primer Forward ResA (GAAGGCGGGATACCATCTGGCTGTTCCG; the 5�
nucleotide is at position 7486) with the T7 primer. The amplicons were shuffled,
digested with NdeI and ClaI, and ligated to pMT28 DNA that had previously
been digested with ClaI and NdeI.

Ligation, transformation of E. coli DH5�, and colony screening with PCR
amplification, nucleotide sequencing, and preparation of infectious RNA tran-
scripts were carried out as previously described (3, 66). RNA concentrations of
infectious transcripts were estimated by agarose gel electrophoresis and ethidium
bromide staining, with known amounts of E. coli rRNA as the standard. About
1 �g of FMDV RNA transcript were transfected into BHK-21 cells using lipo-
fectin (Gibco), and cells were cultured until cytopathology was complete. Then
the virus obtained was passaged twice in BHK-21 cells, and aliquots for further
studies were prepared and stored at �70°C. The entire 3D-coding regions of the
resulting clonal populations were sequenced to confirm that their nucleotide
sequences were identical to those of the corresponding parental plasmids.

Characterization of mutant spectra. The complexity of mutant spectra was
determined by quantifying the mutation frequency, expressed as the number of
different mutations divided by the total number of nucleotides sequenced, and by
the normalized Shannon entropy, which is a measure of the proportion of
identical sequences in a distribution (1, 55, 68). For populations Ap35 and Bp35
(Fig. 1), the residues of 3D that were analyzed spanned residues 7150 to 8020 and
7004 to 8020, respectively. For pMT28 and pMT28-3D(M296I) populations, the
entire 3D- and VP1-coding regions were sequenced.

Fitness assays. Relative fitness was measured by growth competition experi-
ments in the presence or absence of R, as previously described (4, 49). The
proportion of the two competing genomes at different passages was determined
by real-time RT-PCR, employing primers specifically designed to discriminate
the two RNAs. The discriminatory forward primers were MKWT (GGAACAG
CCAGATGGCAT) for pMT28-3D(M) and MKRES for pMT28-3D(M-M296I)
(the 5� nucleotide is at position 7512 for both primers); the G7497A mutation
(underlined nucleotide) is present only in the R-resistant genomes and corre-
sponds to the M296I replacement in 3D. The reverse primer was 3DR4 (ACT
CGCATTGTCGACGTTTT; the 5� nucleotide is at position 7141) in both cases.
The hybridization temperature for real time RT-PCR assays was 68°C for wild-
type and 72°C for mutant RNA. Under these conditions, amplification of the two

competing RNAs was accurately discriminated (4). To determine the relative
fitness value, the logarithm of the ratio of the two competing RNAs was
plotted against passage number to obtain the fitness vector; the antilogarithm
of the vector slope is the fitness of the virus tested, relative to that of the
reference virus (49).

3D polymerization assays. Polymerization assays were carried out using
poly(rC) or poly(rU) (300 residues on average; Amersham Pharmacia) as tem-
plates and oligo(dG)15 (Life Technologies) or oligo(rA)6 (Dharmacon Re-
search), respectively, as primers. The assay was performed with MOPS (mor-
pholinepropanesulfonic acid; 30 mM, pH 7.0; Sigma), NaCl (33 mM), and
Mg(CH3COO)2 (15 mM) or MnCl2 (10 mM) with poly(rC) or poly(rU) (40
ng/�l), oligo(dG)15 or oligo(rA)6 (2.4 �M), [�-32P]GTP or [�-32P]ATP (20
mCi/mmol, 0.01 mCi/ml; Amersham), RTP (Moravek Biochemicals, Inc.), and
3D (3 �M) (in Tris-HCl [250 mM, pH 7.5], NaCl [250 mM], EDTA [1 mM],
glycerol [10%, vol/vol]). A 22.5-�l mixture of all components except 3D was
prewarmed for 2 min at 37°C, and the reaction was started by adding 2.5 �l of
3D; the reaction was carried out for 10 or 30 min [for assays with poly(rC) or
poly(rU), respectively] at 37°C and stopped by the addition of 5 �l of 500 mM
EDTA. Deviations from the basic protocol and specific concentrations of sub-
strate and templates-primers are indicated in the corresponding figure legend.
Reaction products were subjected to nucleotide analysis. To this aim, the reac-
tion products were separated from unincorporated nucleotides using G25
Sephadex chromatography (Mini Quick Spin Oligo columns; Roche), equili-
brated with Tris-HCl (10 mM, pH 8.0), EDTA (1 mM); the RNA was precipi-
tated with ethanol, dissolved in water, and digested with a mixture of RNase A
(500 ng/�l) (Boehringer Manheim) and RNase T2 (0.1 U/�l) (Sigma) for 15 min
at 37°C in NH4(CH3COO)2 (50 mM, pH 5.0). Mononucleotides were separated
by polyethylenimine-cellulose thin-layer chromatography, using as the solvent
0.5% formic acid for the products with poly(rC) as the template or 0.75% formic
acid for the products with poly(rU) as the template and Li-formate (0.15 M)
adjusted to pH 3.0 with formic acid (77). The membranes were air dried and the
reaction products analyzed and quantitated using a phosphorimager (model
BAS-1500; Fuji).

3D polymerization assays with heteropolymeric templates were used to study
the incorporation of nucleotides at a defined position. To this aim, symmetrical-
and substrate-RNA (sym/sub-RNA) oligonucleotides (Dharmacon Research) (5)
were purified, end labeled with [�-32P]ATP and polynucleotide kinase (NEB),
and annealed using standard protocols (5, 66). 3D (3 �M) and sym/sub-C (5�-
GUACGGGCCC-3�) or sym/sub-U (5�-GCAUGGGCCC-3�) were incubated in
MOPS (30 mM, pH 7.0), NaCl (33 mM), and Mg(CH3COO)2 (15 mM) for 10
min at 37°C and then mixed with nucleoside triphosphate substrates (different
ratios of RTP and GTP) to initiate the reaction (final volume, 25 �l). Deviations
from this basic protocol and specific concentrations of substrate and templates-
primers are indicated in the figure legends. After 5 min, or at fixed times after the
addition of the substrate, the reaction was stopped by the addition of EDTA to
a final concentration of 83 mM. Reaction products were resolved by electro-
phoresis on a denaturing 23% polyacrylamide and 7 M urea gel in Tris base (90
mM), boric acid (90 mM), EDTA (2 mM) (pH 8.0). Proteins in gels were
visualized and quantitated with a phosphorimager (model BAS-1500; Fuji).

Other assays with 3D. Poly(rU) synthesis using poly(A)-oligo(dT)15 as the
template-primer, VPg uridylylation, and RNA binding assays were carried out as
previously described (3).

RESULTS

Selection of an FMDV mutant with decreased sensitivity to
ribavirin. R can eliminate FMDV from persistently infected
BHK-21 cells (22), and its activity is, at least in part, exerted by
lethal mutagenesis (1). To test whether FMDV with decreased
sensitivity to R could be selected, FMDV MARLS (13) was
passaged cytolytically in the presence of increasing concentra-
tions of R. MARLS was chosen due to its high fitness (39) to
favor a broad mutant spectrum on which selection could act.
The passage protocol was designed to generate two parallel
lineages of virus replicating in the presence of R and two
ensuing bifurcations to continue replication in both the pres-
ence and absence of R; a control passage series was also used
(Fig. 1). To test whether passage in the presence of increasing
concentrations of R resulted in FMDV populations with de-
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creased sensitivities to R, the capacity of several viral popula-
tions to produce progeny in the presence and absence of R was
tested. The ratios of titers produced in the absence relative to
the titers produced in the presence of R were 25 to 28 for the
lineages passaged in the absence of R and 2 to 22 for those
passaged in the presence of R, including in the latter the
populations that underwent 30 serial passages in infected cells
with R and then five additional passages without R (Fig. 2).
The lower average ratios for the R-B series than for the par-
allel R-A series (Fig. 2B) were confirmed in an independent
virus production experiment with the same viral populations.
Thus, the results suggest an increase in the capacity to produce
progeny in the presence of R for those FMDV populations that
had been passaged in the presence of R compared with those
passaged in its absence.

A new mutation in 3D associated with ribavirin resistance.
To study whether serial passage of FMDV MARLS in the
presence of increasing concentrations of R resulted in any
alteration of the viral RdRp (3D), RNA from the MARLS-
Ap25, MARLS-Ap30, MARLS-Ap35, R-Ap25, R-Ap30, R-
Ap35, Ap35, MARLS-Bp25, MARLS-Bp30, MARLS-Bp35
R-Bp25, R-Bp30, R-Bp35, and Bp35 populations (the re-
lationships among these viral populations are depicted in Fig.
1) was subjected to RT-PCR amplification, and the consensus
nucleotide sequences for the 3D-coding regions were deter-
mined and compared with the sequence of parental MARLS
3D. Several points of heterogeneity (mixtures of two nucleo-
tides at the same genomic position) were observed among the
populations analyzed (data not shown), and some of the mu-
tations could contribute to the differences between R-A and
R-B populations with regard to the capacity to produce prog-
eny in the presence of R; this possibility could also apply to the
differences between Ap35, Bp35, and those populations pas-
saged always in the presence of R. This point was not further
investigated (see Discussion). However, the G7497A mutation
was the only one found to be established in each of the viral
populations subjected to multiple passages in the presence of

R and was absent in each of the populations passaged in the
absence of R. The G7497A mutation leads to the amino acid
substitution M296I in 3D, suggesting that this replacement was
selected in the course of viral replication in the presence of R.

FMDV 3D with the M296I replacement confers decreased
sensitivity to ribavirin. The increased capacity of FMDV to
produce progeny in the presence of R could be associated with
replacement M296I in 3D but also (i) with other genetic mod-
ifications of the virus that could interfere with the intracellular
activation of R or could decrease the effective concentration of
active R derivatives in the replication complex or (ii) with
other indirect mechanisms that could compensate for the effect
of R. To investigate the possible implication of the 3D substi-
tution M296I in the tdecreased sensibility to R, plasmids
pMT28-3D(M) and pMT28-3D(M-M296I) were constructed
and their infectious transcripts were used to transfect BHK-21
cells to rescue FMDV encoding either 3D(M) or 3D(M-
M296I) in the same genetic background. The two viruses were
compared with regard to progeny production in the absence
and presence of R. The results show a modest but significant
increase in the progeny production of the virus with 3D(M-
M296I) in the presence of R compared with that of the virus
encoding 3D(M) in an infection at a low multiplicity of infec-
tion (MOI) (Fig. 3A and B). To confirm that pMT28-3D(M-
M296I) had a selective replicative advantage over pMT28-
3D(M) in the presence of R, the relative fitness of the two
viruses was calculated by direct growth competition in BHK-21
cells, in the presence and absence of R. The results (Fig. 4)
show a fitness of pMT28-3D(M-M296I) relative to that of
pMT28-3D(M) of 3.8 in the presence of 800 �M R but of 0.5
in the absence of R. These values indicate a clear replicative
advantage of FMDV harboring 3D M296I only in the presence
of R, in agreement with the results of progeny production in
the presence and absence of R by the two viruses indepen-
dently (Fig. 2).

Amino acid 232 of 3D is H in FMDV MARLS but Q in
FMDV C-S8c1. To investigate whether 3D replacement M296I

FIG. 2. FMDV titer produced in the presence or absence of R. (A) BHK-21 cell monolayers were infected at an MOI of 0.05 PFU/cell with
the viral populations indicated in the abscissa (the passage history of the viruses is described in the legend to Fig. 1) either in the absence (empty
bars) or presence (filled bars) of R (800 �M). Virus was titrated when cytopathology was complete (16 to 30 h postinfection). Titrations were
carried out in triplicate, and standard deviations are given. Procedures are described in Materials and Methods. (B) Ratios of titers of progeny virus
produced in the absence to those produced in the presence of R, calculated from the results shown in panel A. Note the differences in the ratios
between parallel passage series A and B (compare with Fig. 1). Procedures are described in Materials and Methods.
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conferred a selective advantage in the presence of R and also
in the sequence context of C-S8c1 3D (in the absence of 3D
replacement Q232H), viruses pMT28 and pMT28-3D(M296I)
were rescued from infectious transcripts as described in Ma-
terials and Methods. Again, 3D replacement M296I conferred
on FMDV C-S8c1 a selective advantage in the presence of R,
as evidenced by the results of an infection carried out at a high
MOI (2 PFU/cell). The infectious titer produced by the virus
rescued from pMT28-3D(M296I) in the presence and absence
of R was (1.5 	 0.4) � 106 PFU/ml and (2.2 	 0.4) � 107

PFU/ml. The corresponding values for virus rescued from
pMT28-3D were (5.6 	 1.1) � 105 PFU/ml and (2.7 	 0,4) �
107 PFU/ml. Thus, the ratio of the level of production of
infectious progeny in the presence of R to that in the absence

of R was threefold higher for the virus expressing mutant 3D
than for the virus expressing standard 3D.

Biased mutation types in mutant spectra of ribavirin-
treated FMDV. Previous analyses of clonal populations of
FMDV passaged in BHK-21 cells in the absence of mutagens
indicated a mutation frequency among components of the mu-
tant spectrum (calculated relative to the consensus sequence of
the corresponding populations) of 0.7 � 10�4 up to 5.9 � 10�4

substitutions per nucleotide (1, 57, 68), with a modest domi-
nance of the C3A, C3U, and U3C mutations (Table 1).
When persistently infected BHK-21 cells were treated with R,
mutation frequencies among components of the mutant spec-
tra in the resident FMDV reached from 5.7 � 10�4 up to
2.1 � 10�3 substitutions per nucleotide (1). The mutation
types were highly biased in favor of C3U and G3A (32 out of
40 mutations [1]). To investigate whether a similar mutation
type bias was observed in FMDV passaged cytolytically in the
presence of R, molecular clones representing the 3D-coding
region of the Ap35 and Bp35 populations were sequenced and
the mutation types analyzed. The mutation frequency for the
two populations was 1.7 � 10�3 substitutions per nucleotide, in
agreement with previous determinations from persistent R-
treated FMDV infections (1). Again, the results (Table 1)
show a dominance of C3U and G3A transitions (96 out of
117 mutations), a statistically significant bias relative to the
transitions shown by populations passaged in the absence of R
(0.005 
 P 
 0.001; �2 test). The results indicate that the
process of the cytolytic replication of FMDV in the presence of
R results in the systematic selection of virus harboring the
M296I substitution in 3D, accompanied by an increase in mu-
tant spectrum complexity and the dominance of the C3U and
G3A transitions.

Similar mutant spectrum complexities of viruses expressing
3D and 3D(M296I). To investigate whether the 3D M296I
replacement could alter the complexity of the mutant spectrum
of the FMDV quasispecies, virus expressing either standard 3D
or 3D(M296I) was rescued from infectious transcripts of

FIG. 3. Infectivity of progeny virus in infections of BHK-21 cells
with FMDV encoding either wild-type 3D or 3D with the M296I
mutation. Shown are the kinetics of progeny production after infection
of BHK-21 cells (MOI of 0.05 PFU/cell) with pMT28-3D(M) or
pMT28-3D(M-M296I) in the absence or presence of 800 �M R (�R).
Procedures are described in Materials and Methods.

FIG. 4. Relative levels of fitness of FMDVs including either wild-type 3D or 3D(M296I) in the presence or absence of R. (A) BHK-21 cells
were infected with a mixture of the clone with wild-type 3D [clone pMT28-3D(M)] and the clone with the M296I mutation in 3D [pMT28-3D(M-
M296I)] at a MOI of 0.1 PFU/cell in the presence of 800 �M R. The progeny of the first infection was used to infect cells under the same conditions,
and the process was repeated a total of four times. (B) Experiments were the same as those whose results are shown in panel A, except that the
infections were carried out in the absence of R. The ratio of pMT28-3D(M) to pMT28-3D(M-M296I) was determined for each population by real
time RT-PCR using discriminatory primers and control RNAs as detailed in Materials and Methods. Straight lines were fitted to the experimental
points; the equations obtained were y � 0.0283 � e1.3395x and R2 � 0.8488 (in the presence of R) and y � 1.3305 � e�0.6524x and R2 � 0.8916 (in
the absence of R). The antilogarithm of the vector slope gives the relative levels of fitness of the two competing viruses (49). A second, independent
fitness determination gave similar results. Procedures are detailed in Materials and Methods.
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pMT28 or pMT28-3D(M296I), respectively, and passaged five
times in BHK-21 cells as described in Materials and Methods.
The mutation frequencies of the mutant spectra generated by
the viruses expressing the mutant and standard 3Ds were 4.6 �
10�4 and 3 � 10�4 substitutions per nucleotide, respectively.
The Shannon entropies of the mutant spectra of the pMT28-
3D(M296I) and pMT28 populations were 0.56 and 0.45, re-
spectively. Thus, the results for the complexity of the mutant
spectrum do not provide evidence that the M296I replacement
enhanced the template copying of FMDV 3D. In parallel pas-
sages of the same viruses in the presence of 800 �M R, the
mutation frequencies in the mutagenized mutant spectra at
passage 5 were 11.5 � 10�4 and 12.1 � 10�4 substitutions per
nucleotide for the mutant and standard FMDVs, respectively.
The Shannon entropies of the mutant spectra generated by the
viruses expressing 3D(M296I) and standard 3D in the presence
of R were 0.65 and 0.75, respectively. A comparison of muta-
tion frequencies attained in the presence and absence of R
indicates that, while the presence of R resulted in a 2.5-fold
increase in mutation frequency for the mutant FMDV, the
increase for the standard virus was 4-fold. The distribution of
mutation types observed (Table 1) does not differ significantly
from those recorded for other FMDV populations passaged
either in the presence or in the absence of R.

Mutant polymerase 3D M296I is deficient in the incorpora-
tion of ribavirin triphosphate. The bias toward C3U and
G3A (rather than U3C and A3G) transitions in the mutant
spectra of FMDV populations passaged in the presence of R
suggests a preference for ribavirin monophosphate (RMP) to
be incorporated in the place of GMP rather than in the place
of AMP during FMDV RNA replication. This preference

could be influenced by the decrease in intracellular GTP levels
due to the inhibition of IMP dehydrogenase by RMP (1, 58, 69)
or by an intrinsic substrate incorporation bias by the viral
polymerase. To test whether 3D(M-M296I) differed from
3D(M) with regard to the capacity to use RTP as a substrate,
the two enzymes were expressed in E. coli, purified, and tested
in several polymerization assays, as detailed in Materials and
Methods. The two enzymes were 
95% pure as judged by
polyacrylamide gel electrophoresis analysis and Coomassie
brilliant blue staining and were equally active in our standard
poly(rU) synthesis assay (3, 37) [the specific activities for
3D(M) and 3D(M-M296I) were 172.91 	 22.71 pmol �g�1

min�1 and 177.3 	 29.12 pmol �g�1 min�1, respectively, with
an average of 10 determinations for each enzyme)]. They were
also equally active in the VPg uridylylation assay (35) [0.429 	
0.082 pmol �g�1 min�1 and 0.476 	 0.104 pmol �g�1 min�1

for 3D(M) and 3D(M-M296I), respectively], and both enzymes
bound RNA with the same efficiency as determined by an RNA
binding assay (3) [33.2 	 4.9% and 32.5 	 7.1% of RNA
molecules were retarded, respectively, using 1800 nM 3D(M)
and 3D(M-M296I)]. We evaluated the relative capacities of
3D(M) and 3D(M-M296I) to incorporate ribavirin in the pres-
ence of a low concentration of either GTP or ATP. Using
poly(rC)-oligo(dG)15 as the template-primer and [�-32P]GTP
and increasing concentrations of RTP as substrates, 3D(M-
M296I) showed a significantly decreased capacity to incorpo-
rate RTP in the place of GTP, compared with 3D(M), mainly
at a high RTP concentration (Fig. 5A and B). In contrast, in
polymerization reactions with poly(rU)-poly(rA)6 as the tem-
plate-primer carried out in the presence of Mn2�, 3D(M-
M296I) showed only a modest decreased capacity to incorpo-

TABLE 1. Types of mutations in mutant spectra of FMDV populations passaged in the presence or absence of R

Mutation type

Presence of R Absence of R

Persistent
C-S8c1a Ap35b Bp35c pMT28

p5d
pMT28-3D
(M296I)p5e

Persistent
C-S8c1a

Cytolytic
C-S8c1f

Cytolytic
C-S8c1g

pMT28
p5h

pMT28-3D
(M296I)p5i

A3C 1 0 0 0 0 1 1 0 0 0
A3G 2 1 5 8 0 1 1 0 6 12
A3U 0 1 0 1 1 1 0 0 0 1
C3A 0 1 1 0 0 4 6 0 0 1
C3U 21 20 38 12 4 3 3 3 2 2
G3A 11 10 28 2 6 2 1 0 1 4
G3C 0 1 0 0 0 0 0 0 0 0
G3U 1 0 4 0 0 1 1 0 0 0
U3C 4 3 4 1 3 1 3 0 9 6
U3G 0 0 0 0 0 0 0 0 0 2

a Data are from reference 1.
b Ap35 is the population described in Results and the legend to Fig. 1. Mutations are based on the analysis of 23 clones (20,010 nucleotides) of genomic residues

7150 to 8020 (3D-coding region).
c Bp35 is the population described in Results and the legend to Fig. 1. Mutations are based in the analysis of 47 clones (47,752 nucleotides) of genomic residues 7004

to 8020 (3D-coding region).
d Virus expressed from plasmid pMT28 (standard C-S8c1 sequence) passaged five times in BHK-21 cells in the presence of ribavirin (800 �M) as described in

Materials and Methods. Mutations are based on the sequencing of 32 clones (19,840 nucleotides) of genomic residues 3210 to 3830 (VP1-coding region).
e Virus expressed from plasmid pMT28-3D(M296I) (with 3D substitution M296I in the sequence context of C-S8c1) passaged five times in BHK-21 cells in the

presence of 800 �M R as described in Materials and Methods. Mutations are based on the sequencing of 20 clones (12,200 nucleotides) of genomic residues 3210 to
3830 (VP1-coding region).

f Data are from reference 57.
g Data are from reference 68.
h Virus expressed from plasmid pMT28 (standard C-S8c1 sequence) passaged five times in BHK-21 as described in Materials and Methods. Mutations are based on

the sequencing of 29 clones (40,600 nucleotides) of genomic residues 6620 to 8020 (3D-coding region) and 29 clones (17,980 nucleotides) of genomic residues 3210
to 3830 (VP1-coding region).

i Virus expressed from plasmid pMT28-3D(M296I) (with 3D substitution M296I in the sequence context of C-S8c1) passaged five times in BHK-21 cells as described
in Materials and Methods. Mutations are based on the sequencing of 29 clones (40,600 nucleotides) of genomic residues 6620 to 8020 (3D-coding region) and 29 clones
(17,980 nucleotides) of genomic residues 3210 to 3830 (VP1-coding region).
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FIG. 5. Incorporation of RMP relative to that of GMP or AMP by purified FMDV 3D(M) or FMDV 3D(M-M296I) using homopolymeric
templates-primers. (A) Incorporation of RMP and GMP using poly(rC)-oligo(dG)15 as the template-primer. The reaction was performed in
Mg(CH3COO)2 (15 mM), [�-32P]GTP (1 nM), and increasing concentrations of RTP (50, 100, 250, and 500 �M). Results of thin-layer
chromatography of RNase-digested products are shown; the black vertical arrow shows the direction of the migration, and the horizontal arrow indicates
the sample application point. The positions of ribavirin monophosphate (R) and GMP (G) are indicated. Ribavirin monophosphate control migration
is the product of RMP incorporation at position �1 (from the primer 3� end) into sym/sub-RNA 5�-GUACGGGCCC-3�, with [�-32P]UTP incorporated
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rate RMP in the place of AMP, compared with 3D(M) (Fig. 5C
and D). A similar difference was quantitated in experiments
with poly(rC)-oligo(dG)15 or poly(rU)-poly(rA)6, with increas-
ing concentrations of GTP or ATP, respectively, and with a
constant concentration of RTP (Fig. 5E to H). In this assay,

under identical Mn ion and template concentrations, RMP is
preferentially incorporated in place of GMP (over AMP).

To investigate whether the decreased capacity to incorpo-
rate RTP relative to GTP was maintained with a heteropoly-
meric template, the incorporation of RTP versus GTP was

at position �2. RNase digestion and nucleotide (nearest-neighbor) analysis were performed as detailed in Materials and Methods. (B) Incorporation of
RMP as a function of RTP concentration [E, 3D(M); F, 3D(M-M296I)]. Shown are averages of results from four experiments performed like that whose
results are shown in panel A. (C) Incorporation of RMP and AMP using poly(rU)-poly(rA)6 as the template-primer, MnCl2 (10 mM), [�-32P] ATP
(1 nM), and increasing concentrations of RTP (62.5, 125, 250, and 500 �M). The results of thin-layer chromatography of RNase-digested products are
shown. The positions of ribavirin monophosphate (R) and AMP (A) are indicated; other symbols are as described for panel A. (D) Incorporation of RMP
as a function of RTP concentration [E, 3D(M); F, 3D(M-M296I)]. Averages of results from three experiments performed like that whose results are
shown in panel C (note the different scales in the ordinates between panels B and D). (E) Incorporation of RMP and GMP using poly(rC)-oligo(dG)15
as the template-primer, MnCl2 (10 mM), RTP (400 �M), and increasing concentrations of [�-32P]GTP (0.5, 5, 10, and 50 �M). The results of hin-layer
chromatography of RNase-digested products are shown. The positions of ribavirin monophosphate (R) and GMP (G) are indicated. The N lane shows
the position of nucleoside monophosphates. Other symbols are as described for panel A. (F) Incorporation of RMP as a function of GTP concentration
[E, 3D(M); F, 3D(M-M296I)]. Shown are averages of results of three experiments performed like that whose results are shown in panel E. (G)
Incorporation of RMP and AMP using poly(rU)-poly(rA)6 as the template-primer, MnCl2 (10 mM), RTP (400 �M), and increasing concentrations of
[�-32P]ATP (0.05, 0.5, 1, and 5 �M). Results of thin-layer chromatography of RNase-digested products are shown. The positions of ribavirin mono-
phosphate (R) and AMP (A) are indicated. Other symbols are as described for panel A. (H) Incorporation of RMP as a function of ATP concentration
[E, 3D(M); F, 3D(M-M296I)]. Shown are averages of results from three experiments performed like that whose results are shown in panel G (note the
different scales in the ordinates between panels F and H). Standard deviations of densitometry values are given. Procedures are detailed in Materials and
Methods.

FIG. 6. Relative levels of incorporation of RMP and GMP using a heteropolymeric template-primer. (A) Incorporation of GMP and RMP
using the sym/sub-RNA 5�-GUACGGGCCC-3� (2 nM), Mg(CH3COO)2 (15 mM), GTP (10 nM), and RTP (15, 31.25, 62.5, 125, 250, and 500 �M).
Results of denaturing polyacrylamide gel electrophoresis (PAGE) of the 32P-labeled products from 3D(M) and 3D(M-M296I) polymerase-
catalyzed GMP and RMP incorporation are shown. The �1 incorporation position of G and R is indicated. (B) Incorporation of RMP as a function
of RTP concentration [E, 3D(M); F, 3D(M-M296I)]. Averages of results from three experiments performed like that whose result are shown in
panel A are shown. (C) Incorporation of GMP and RMP using sym/sub-RNA (0.2 nM), Mg(CH3COO)2 (15 mM), GTP (1 nM), and RTP (7.5,
15, 31.25, 62.5, 125, 250, and 500 �M). The results of denaturing PAGE of the 32P-labeled products from 3D(M) and 3D(M-M296I) polymerase-
catalyzed GMP and RMP incorporation are shown. (D) Incorporation of RMP as a function of RTP concentration [E, 3D(M); F, 3D(M-M296I)].
Averages of results of three experiments performed like that shown in panel C (note the different scales in the ordinates between panels B and
D) are shown. Standard deviations of densitometry values are given. Procedures are detailed in Materials and Methods.
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tested with a sym/sub-RNA template-primer at a defined (�1)
template position (Fig. 6A to D). Under two different reaction
conditions, 3D(M-M296I) showed a significantly lower capac-
ity than wild-type 3D(M) to incorporate RMP in the place of
GMP, in agreement with results using homopolymeric tem-
plates-primers. To examine how efficiently FMDV polymerase
incorporates RMP when mimicking GTP or ATP, we mea-
sured the incorporation of RMP into sym/sub-C and sym/
sub-U in the absence of standard nucleotides. The results (Fig.
7) show again that RMP was more efficiently incorporated with
C as a template than with U. With the two templates, mutant
3D(M-M296I) incorporated RMP less efficiently than wild-
type 3D(M), in agreement with the results of a competitive
incorporation of RMP relative to GMP and AMP. Thus, the
enzymological measurements agree with the virological studies
and support the conclusion that FMDV polymerase with de-
creased sensitivity to R was selected upon passage of the virus
in the presence of R.

DISCUSSION

New picornaviral RdRp with decreased sensitivity to riba-
virin. Previous results indicated that R is mutagenic for FMDV
(1). Here we have reported that serial infections in the pres-
ence of increasing concentrations of R resulted in the selection
of FMDV with a decreased sensitivity to R. The mutant spec-

tra of FMDV populations passaged in the presence of R
showed elevated mutation frequencies, which reflected a con-
tinued mutagenic action of R, with a highly significant increase
in the proportion of the transitions C3U and G3A relative to
other mutation types (Table 1). This suggests a preference for
RTP to be incorporated in place of GTP rather than in place
of ATP by FMDV 3D or that UTP is incorporated more
frequently than CTP when R is present in template RNA (1).
Since R treatment of BHK-21 cells results in sustained intra-
cellular levels of about 5 fmol/cell, while GTP levels are de-
creased to about 1 fmol/cell (1), an environmental pressure to
misincorporate RTP instead of GTP is likely to be a selective
force acting on FMDV while it replicates in the presence of R.
This selective force may have contributed to the establishment
of FMDV with substitution M296I in 3D. That this replace-
ment was the result of selection by the presence of R is indi-
cated by its dominance only in the FMDV MARLS quasispe-
cies that replicated in the presence of R and not in the two
MARLS quasispecies passaged in parallel in the absence of R
(Fig. 1). M296I was not found in several mutant spectra of
other FMDV lineages (large population passages or plaque-
to-plaque transfers) in which replication occurred either in the
absence of mutagens or in the presence of 5-fluorouracil or
5-azacytidine (31, 32, 55, 57, 68). Furthermore, substitution
M296I in 3D conferred a selective advantage on FMDV—in
the sequence context of either C-S8c1 or MARLS—in the

FIG. 7. Incorporation of RMP into sym/sub-C and sym/sub-U by wild-type 3D(M) and mutant 3D(M-M296I). (A) Denaturing PAGE of the
32P-labeled products of the polymerase-catalyzed RMP incorporation into sym/sub-C. 3D (3 �M) was mixed with sym/sub-C RNA (0.5 �M duplex)
for 10 min for annealing, and then RTP (50 �M) was added to the reaction mixture. Reactions were stopped at the indicated times by the addition
of EDTA. (B) Kinetics (0, 20, 120, 300, and 1,200 s) of RMP incorporation into sym/sub-C by 3D(M) (E) and 3D(M-M296I) (F). Shown are
averages of results from three experiments performed like that whose results are shown in panel A. Standard deviations of densitometry values
are given. (C and D) Experiments were performed and symbols are the same as those described for panels A and B, respectively, except that
sym/sub-U was used as the template-primer. Procedures are detailed in Materials and Methods.
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presence of R but not in its absence (Fig. 3). The differences in
levels of sensitivity to R observed for the viral populations
Ap35 and Bp35 (Fig. 1) despite similar high mutation frequen-
cies could be due to differences in the mutant spectrum com-
positions of the two populations or to mutation frequencies
approaching a plateau level compatible with continuing viral
replication.

The fitness value of FMDV expressing 3D(M-M296I) rela-
tive to FMDV expressing 3D(M) was increased 7.6-fold in the
presence of R, with respect to the value in the absence of R.
The fitness cost of 3D replacement M296I was moderated
(about twofold) (Fig. 4) and permitted the dominance of
FMDV with 3D replacement M296I after five passages in the
absence of R (populations Ap35 and Bp35 in Fig. 1).

The evolutionary behavior of FMDV in response to R is in
agreement with biochemical data. Polymerization assays with
3D(M) and 3D(M-M296I) using homopolymeric and hetero-
polymeric templates-primers in the presence of Mg2� or Mn2�

(3, 5, 37) suggest that at least part of the phenotypic behavior
of FMDV associated with 3D substitution M296I is due to a

decreased capacity to incorporate RTP during RNA synthesis
(Fig. 5 and 6). In polymerization assays with poly(rC)-
poly(dG)15 in the presence of Mn2�, we observed the maxi-
mum capacity to incorporate RMP, in agreement with previ-
ously documented decreases in the copying fidelity of RdRps
in the presence of Mn2� (6, 7, 12). In the presence of Mg2�,
there was no polymerization activity with poly(rU)-poly(rA)6,
and therefore we have not been able to compare the effects of
a divalent ion in this system. In the incorporation assays used,
either with RTP in competition with GTP or ATP, which
resembles the physiological situation (Fig. 5 and 6), or with
RTP alone (Fig. 7), RMP was incorporated in the place of
GMP more preferentially than in the place of AMP. The max-
imum difference between 3D(M) and 3D(M-M296I) was seen
in their relative capacities to use RTP instead of GTP as a
substrate with homopolymeric templates (Fig. 5); technical
problems impeded measurements of incorporation of RMP in
the place of AMP using a heteropolymeric template. However,
a difference between the two enzymes was also seen in the
kinetics of incorporation of RMP with sym/sub-C and sym/

FIG. 8. Stereoviews of the location of M296 in the polymerase (3D) of FMDV. (A) Ribbon diagram of the structure of FMDV 3D that shows
the location of M296 (the representation of CPK is in black) and an incoming nucleoside triphosphate (NTP) (white sticks). The structure
corresponds to a complex with a template-primer; the incoming nucleotide is modeled as previously reported (35, 37). M296 is located in a loop
connecting strand �9 and the �11 helix (37). The sequence of this loop is highly conserved in picornaviral polymerases. (B) Diagram showing the
amino acids that are in direct contact with M296. The modeled NTP is also shown as a reference. M296 does not have direct interactions with the
template-primer RNA or with the incoming NTP. However, this residue is in close contact (distance, lower than 3.5 Å) with amino acids D245 and
N307, both of which play an important role in the positioning of the incoming nucleotide substrate by direct hydrogen bonding of their side chains
to the ribose 2� hydroxyl group (35, 37). M296 is also close to residues S298, C300, and T303, which might contact the NTP base (37). Diagrams
are courtesy of N. Verdaguer (IBM-CSIC, Barcelona, Spain).
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sub-U as templates-primers (Fig. 7). Additional studies are nec-
essary to investigate the behavior of FMDV 3D when R is present
in template RNA. Determinations of kinetic parameters are re-
quired to try to define the step in nucleotide incorporation af-
fected by replacement M296I and to further evaluate whether the
decreased incorporation of RMP by 3D(M-M296I) reflects a gen-
eral alteration in the copying fidelity (decreased misincorporation
of a standard nucleotide) by this enzyme. Also, phenotypic assays
are in progress to evaluate whether 3D replacement M296I alters
the adaptability of FMDV quasispecies in the face of other se-
lective constraints.

An effect of M296I in nucleotide incorporation is not sur-
prising in view of the location of M296I within an amino acid
stretch (3D residues 295 to 299) which is highly conserved
among picornaviral 3Ds and other RdRps (37). This conserved
stretch includes S298, which interacts with template-primer
RNA and is predicted to interact with the incoming nucleotide
(37). Moreover, 3D residues 300 to 307 (which are part of helix
�11) include amino acids which either establish contacts with
RNA or, again, are predicted to interact with the incoming
nucleotide substrate (37) (Fig. 8). Therefore, M296 may exert
some influence on the discrimination of standard nucleotides
or nucleotide analogues, and structural and enzymological
studies to explore this possibility are in progress.

At least two domains of picornavirus 3D can affect RMP
incorporation, with implications for error catastrophe as an
antiviral strategy. Viral extinction through error catastrophe
or lethal mutagenesis has been supported by many experimen-
tal results and by theoretical studies when the latter are based
on realistic assumptions such as the coexistence of genomes
with different fitness levels in the mutant spectrum (10, 11, 17,
18, 28, 29, 43, 54, 71; see reviews in references 2 and 27). The
transition toward viral extinction occurs with a decrease of
specific infectivity, an increase in the complexity of the mutant
spectrum, and an invariant consensus sequence of the viral
genome (18, 19, 42, 46, 55, 56, 68), a set of properties that
distinguish extinction associated with error catastrophe from
extinction due solely to the inhibition of viral replication. Fur-
thermore, direct experimental evidence indicates that mu-
tagenesis is required to produce viral extinction (55, 57). Re-
cent developments include evidence of the mutagenic activity
of ribavirin in the course of a successful treatment of patients
chronically infected with hepatitis C virus (9, 78) and the ini-
tiation of a clinical trial with AIDS patients involving the ad-
ministration of a nucleoside analogue (48).

A poliovirus mutant with replacement G64S in 3D showing
decreased sensitivity to R was isolated, and its RdRp has been
characterized (8, 62). The mutant enzyme showed an increased
template-copying fidelity, produced poliovirus populations
with a less complex mutant spectrum than the wild-type en-
zyme, and rendered the viral quasispecies less adaptable to a
complex environment (61, 76). Enzyme catalysis studies sug-
gest that replacement G64S may induce a conformational
change in 3D that precedes the phosphoryl transfer during
nucleotide incorporation (8). Unlike replacement M296I in
FMDV 3D, replacement G64S in poliovirus 3D lies far from
residues involved directly in template recognition and nucleo-
tide binding (8, 36, 37, 74). It has been suggested that G64,
located in the finger domain of poliovirus 3D, is hydrogen
bonded to residues which in turn are hydrogen bonded to 3D

motif A, which includes residues that bind metal ions or inter-
act with the ribose moiety of the incoming nucleotide. The
perturbation of motif A as a result of G64S may alter the
equilibrium position of the triphosphate and the fidelity prop-
erties of the enzyme (8).

Two groups independently isolated the same G64S 3D po-
liovirus mutation, affecting a residue that does not interact
directly with the incoming nucleotide (62, 75). The isolation of
the M296I mutation in FMDV 3D, however, suggests that the
occurrence of picornavirus mutants with a decreased capacity
to incorporate RTP (and perhaps other nucleotide analogues)
may not be as restricted as suggested by the results with po-
liovirus. Substitutions at different enzyme domains may lead to
related mutagen-resistant phenotypes, which could contribute
to failures in the event of an application of lethal mutagenesis
as an antiviral strategy. RdRp mutations that confer a de-
creased sensitivity of hepatitis C virus to R in vivo have been
reported (78). One possibility is that, when the intensity of the
mutagenic activity is sufficient, no extinction escape mutants
will be selected (55, 57, 72). Noticeably, the isolation of FMDV
with decreased sensitivity to R was achieved by passaging the
virus in the presence of increasing concentrations of R (Fig. 1).
Genomes encoding 3D replacement M296I were not detected
in the mutant spectra of FMDV treated directly with high R
concentrations on the way to extinction (1). In this view, the
situation would have a parallel in the isolation of inhibitor
escape viral variants, which is favored by suboptimal inhibitory
concentrations (52). Weighing against selection of extinction
escape mutants in lethal mutagenesis is the interfering effect of
mutagenized mutant spectra (20, 41, 47). More work is needed
to clarify the tolerance of viral polymerases to accept replace-
ments that enhance viral resistance to mutagenic agents and to
evaluate to what extent such replacements can affect the effi-
cacy of lethal mutagenesis. Interestingly, mutagen-resistant
polymerase mutants may offer a tool for understanding the
molecular basis of template-copying fidelity and to design new
fidelity-lowering drugs to become components of formulations
for lethal mutagenesis (2, 27, 48, 51).
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