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ABSTRACT 27 

Viral RNA-dependent RNA polymerases (RdRps) are major determinants of high 28 

mutation ratesand generation of mutant spectra that mediate RNA virus adaptability. 29 

The RdRp of the picornavirus foot-and-mouth disease virus (FMDV), termed 3D, is a 30 

multifunctional protein that includes a nuclear localization signal (NLS) in its N-31 

terminal region. Previous studies documented that some amino acid substitutions within 32 

the NLSaltered nucleotide recognition and enhanced the incorporation of the mutagenic 33 

purine analogue ribavirin in viral RNA, but the mutants tested were not viable and their 34 

response to lethal mutagenesis could not be studied. Here we describe that NLS amino 35 

acid substitution M16Aof FMDV serotype C does not affect infectious virus production 36 

but acceleratesribavirin-mediated virus extinction. The mutant 3D displays similar 37 

polymerase, RNA binding and copying processivity than the wild type enzyme, but 38 

increased ribavirin-triphosphate incorporation. Crystalsof the mutant 3D in isolation and 39 

bound to RNA evidence an expansion of the template entry channel due to the 40 

replacement of the bulky Met by Ala.  This isa major difference with other 3D mutants 41 

with altered nucleotide analogue recognition. Remarkably,two distinct loop β9-α11 42 

conformations distinguish 3Ds that exhibit higher or lower ribavirin incorporation than 43 

the wild type enzyme. This difference identifies a specific molecular determinant of 44 

ribavirin sensitivity of FMDV.Comparison of several polymerase mutants indicates 45 

thatdifferentdomains of the molecule can modify nucleotide recognition and response to 46 

lethal mutagenesis.The connection of this observation with current views on 47 

quasispecies adaptability, and implications for antiviral designs are discussed. 48 

IMPORTANCE 49 

The nuclear localization signal (NLS) of the foot-and-mouth disease virus (FMDV) 50 

polymerase includes residues that modulate the sensitivity to mutagenic agents. Here we 51 

have described a viable NLS mutant with an amino acid replacement that facilitates 52 

virus extinction by ribavirin. The corresponding polymerase shows increased 53 

incorporation of ribavirin-triphosphate, and local structural modifications that implicate 54 

the template entry channel. Specifically, comparison of the structureof ribavirin-55 

sensitive and ribavirin-resistant FMDV polymeraseshas identified loop β9-α11 56 

conformation as determinant of sensitivity to ribavirin mutagenesis. 57 

 58 
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INTRODUCTION 59 

Foot-and-mouth disease virus (FMDV) is the economically most important 60 

animal pathogen, affecting cattle and other domestic animals in many areas of the world 61 

[review in (1)]. There is a new trend in the control of FMD towards considering the use 62 

of antiviral agents as a complement to vaccination or as a first line of protection in the 63 

event of an outbreak, avoiding massive slaughter of animals(2). Mutagenic and non-64 

mutagenic base and nucleoside analogues–which are intracellularly converted into their 65 

corresponding active nucleotides–are among the most effective antiviral agents to 66 

control RNA viral diseases. Since the discovery that ribavirin (1-β-D-ribofuranosyl-1-67 

H-1,2,4-triazole-3-carboxamide) is mutagenic for poliovirus (3), ribavirin and other 68 

purine analogues [such as favipiravir (T-705) (6-fluoro-3-hydroxy-2-69 

pirazinecarboxamide) and its derivatives] have proven mutagenic for several RNA 70 

viruses, and can lead to virus extinction(4-12). 71 

We are interested in finding vulnerability points of RNA viruses, based on their 72 

replication through complex mutant spectra that poise the viral systems close to an 73 

extinction threshold (13-15). The threshold for maintenance of infectivity can be 74 

crossed when mutation rates are increased due to incorporation of mutagenic nucleotide 75 

analogues into viral RNA during chain elongation[(13, 14, 16-25). Biochemical and 76 

structural studies with the FMDV RdRp(termed 3D) of FMDV serotype C1 [biological 77 

clone CS8-c1 (26)] have provided insight into template-copying fidelity, and its 78 

consequences for nucleotide analogue incorporation into viral RNA (27, 28). Passage of 79 

FMDV CS8-c1 in the presence of increasing (initially sub-inhibitory)concentrations of 80 

ribavirin or 5-fluorouracil (FU) resulted in selection of FMDV mutants that display 81 

resistance to the analogues(29-31).The three-dimensional structure of 3Dof these 82 

mutants was globally very similar to the wild type enzyme, as evidenced by root mean 83 

square deviations (RMSD) in the range of 0.22Å to 0.46Å(30, 32, 33). However, the 84 

mutant enzymes displayed as a shared feature local alterations at the polymerase N-85 

terminus (residues 14 to 18) and loop β9-α11 at polymerase motif B.The N-terminal 86 

region of FMDV 3D includes a nuclear localization signal (NLS) (MRKTKLAPT, 87 

amino acid residues 16 to 24) (34). Amino acid substitutions K18E and K20E 88 

diminished thetransport to the nucleus of 3D and its precursor 3CD, and impaired viral 89 

infectivity; only true revertants were isolated upon transfection of BHK-21 cells with 90 
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the mutant RNAs (34). Purified 3Dswith replacement K18E or K20E were active in 91 

vitro and displayed enhanced ribavirin incorporationdespite poor RNA binding (32).  92 

Based on previous structural results(28), we hypothesized that M16 of FMDV 93 

3D (the N-most residue of the NLS) should be relevant for nucleotide recognition, and 94 

that a replacement by a smaller amino acid might not compromise viral infectivity, yet 95 

maintain at least partly the nucleotide incorporation alteration of previous NLS mutants. 96 

Here we show that our hypothesis was correct, and describe the preparation of a viable 97 

FMDV mutant with M16A in its 3D, examine its response to ribavirin mutagenesis, and 98 

compare its 3D biochemically and structurally with wild type 3D and other previously 99 

studied FMDV 3D mutants. The results have identified the conformation of loop β9-100 

α11 as a molecular determinant for ribavirin incorporation.Comparison of several 101 

ribavirin and 5-fluorouracil-resistant FMDV mutants suggests that multiple sites in the 102 

polymerase can affect the conformation of loop β9-α11 and modulate nucleotide 103 

analogue recognition. This multiple site effect on a phenotype is in line with increasing 104 

evidence that RNA viruses can often use alternative molecular pathways to respond to 105 

the same selective constraint. 106 

 107 

RESULTS 108 

Construction of a viable NLS mutant of FMDV.  To test if a minimal change within 109 

the NLS domain of FMDV could yield a viable virus with altered response to ribavirin, 110 

a FMDV that includes M16A in its 3D was engineered in molecular clone pMT28, and 111 

infectious FMDV-3D(M16A) was rescued by RNA transfection of BHK-21c2 cells, as 112 

described in Materials and Methods. The mutant FMDV-3D(M16A) and its parental 113 

FMDV CS8-c1 produced similar amounts of infectious and viral RNA progeny that 114 

resulted in indistinguishable specific infectivities over at least 15 serial passages in 115 

BHK-21c2 cells (p>0.05; two-way ANOVA test in both replicas) (Fig 1A, B, C, E, F, 116 

G). Thus, FMDV-3D(M16A) provides a viable NLS mutant for biological studies. 117 

Effect of replacement M16A in 3D on FMDV replication in the presence of 118 

ribavirin. Passages in presence of 5mM ribavirin showed that FMDV-3D(M16A) 119 

infectivity was lost at earlier passages than FMDV C-S8c1(Fig. 1A and 1E)(p<0.05; 120 

two-way ANOVA test). Extinction was confirmed by the failure to detect intracellular 121 

viral RNA using a highly sensitive RT-PCR amplification protocol (19, 20, 35); viral 122 



5 
 

RNA was negative by passage 9 and 12 in the infections with FMDV C-S8c1, and by 123 

passage 6 and 8 in the infections with FMDV-3D(M16A) (Fig. 1D and 1H).The drug 124 

evoked a decrease of specific infectivity (viral titer/viral RNA), indicative of lethal 125 

mutagenesis (16, 21, 24)(Fig. 1B,C and 1F,G). Thus, amino acid substitution M16A in 126 

3D enhances FMDV sensitivity to lethal mutagenesis by ribavirin. 127 

 128 

The effect of 3D substitution M16A on the mutant spectrum complexity and the 129 

mutation repertoire. Minimum mutation frequencies (Mfmin)(counting repeated 130 

mutations only once)were calculated for the mutant spectrum of the 3D-coding regions 131 

of FMDV C-S8c1 and FMDV-3D(M16A)populations subjected to 1 and 4 passages in 132 

absence and presence of ribavirin. Both viruses displayed significant increases as a 133 

result of replication in the presence of ribavirin (Table 1). The ribavirin-mediated 134 

increase of Mfminand Mfmax (maximum mutation frequency, counting all mutations 135 

scored) was higher for FMDV C-S8c1 (average 6.5-fold; range 5.2-8.6) than for 136 

FMDV-3D(M16A) (average 3.8-fold; range 2.2-4.6). Thus, despite FMDV-3D(M16A) 137 

being more vulnerable to ribavirin mutagenesis, the expansion of its mutant spectrum 138 

attributable to ribavirin mutagenesis was more limited than the expansion of FMDV C-139 

S8c1 (see Discussion).  140 

In absence of ribavirin,FMDV-3D(M16A) tends to produce a larger proportion 141 

of A→G transitions relative to other mutation types than FMDV C-S8c1 (p=0.03; 142 

χ
2
test) [2.2-fold higher ratio of A→G transitions to other mutation types (Table S1 143 

(http://babia.cbm.uam.es/~lab121/SupplMatDelahiguera.pdf)]. This difference was lost 144 

in the mutations scored in the presence of ribavirin [1.2-fold (Table S1 145 

(http://babia.cbm.uam.es/~lab121/SupplMatDelahiguera.pdf)]. The latter populations 146 

exhibited the expected increase of the ratio [(G→A) + (C→U)] /[(A→G) + (U→C)] 147 

[p=0.003 and p=0.005 for the comparison of presence versus absence of ribavirinat 148 

passage 1 for FMDV C-S8c1 and FMDV-3D(M16A), respectively; the corresponding 149 

values for passage 4 are p=0.0001 and p=0.001, respectively; χ
2
test]. 150 

RNA binding and ribavirin monophosphate incorporation by 3D(M16A). Purified 151 

wild type (3D-wt) and mutant [3D(M16A)] polymerases were studied enzymologically 152 

and structurally. Both enzymes exhibited similarpoly(A)/oligo(dT)-dependent poly-U 153 

synthesis(p=0.33; T-student test), RNA binding (p=0.35 for sym/sub-AC and p=0.89 for 154 

sym/sub-AU; twoway ANOVA), and template copying processivity (p=0.83; T-student 155 

http://babia.cbm.uam.es/~lab121/SupplMatDelahiguera.pdf)
http://babia.cbm.uam.es/~lab121/SupplMatDelahiguera.pdf)
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test) (Fig. 2). The results are in contrast to those obtained with previous NLS K→D 156 

mutants at 3D positions 18 and 20 that exhibited impaired RNA binding and 157 

processivity (32). 158 

Ribavirin-triphosphate incorporation assays were performed using purified 3D-159 

wt and 3D(M16A) whose activities were normalized to the standard polymerization 160 

assay.First, the kinetics of incorporation of the complementary nucleotide and of 161 

ribavirin-monophosphate (RMP) was calculated at position +1 of sym/sub primers UA 162 

and CA (Fig. 3A).For RMP incorporation onto sym/sub-UA, the kobs values were 6.3 ± 163 

0.9 (x 10
-4

 s
-1

) for 3D-wt and 6.5 ± 0.7 (x 10
-4

 s
-1

) for 3D(M16A). For RMP 164 

incorporation onto sym/sub-CA, the kobs values were 4.4 ± 0.8 (x 10
-4

 s
-1

) for 3Dwt and 165 

8.6 ± 1.8 (x 10
-4

 s
-1

) for 3D(M16A). Second, the incorporation of RMP at template 166 

position +2 using sym/sub- AU and sym/sub-AC confirmed the increased incorporation 167 

of RMP by 3D(M16A) (Fig. 3B). The results indicate that 3D(M16A) is more efficient 168 

in RMP incorporation than 3D-wt, supporting at the enzymatic level the enhanced 169 

vulnerability of FMDV-3D(M16A) to ribavirin-driven lethal mutagenesis. 170 

Kinetic parameters for 3D-wt and 3D(M16A). To investigate if the increased 171 

incorporation of RMP by 3D(M16A) relative to 3D-wt reflected a difference in 172 

recognition of the standard nucleotides, pre-steady state kinetic parameters were 173 

determined using sym/sub AU, UG, UA, and AC. The results [Fig. S1 to 174 

S4(http://babia.cbm.uam.es/~lab121/SupplMatDelahiguera.pdf)] did not reveal major 175 

differences in nucleotide incorporation capacity of the two enzymes. The only minor 176 

deviation was in the catalytic efficiency for purine nucleotide incorporation [ratio of 177 

values for 3D(M16A) to 3D-wt of 1.50 for AMP incorporation and 1.28 for GMP 178 

incorporation] that was not observed for pyrimidine nucleotide incorporation (1.05 for 179 

UMP incorporation and 0.87 for CMP incorporation) (Table 2). Thus, minimal 180 

alterations of kinetic parameters for nucleotide incorporation in FMDV 3D may suffice 181 

to increase RTP incorporation, and facilitate virus extinction. 182 

Structure of the 3D(M16A) mutant, in isolation and in complex with RNA. To 183 

analyze possible structural changes associated with replacement M16A in 3D, and how 184 

could they favor RMP incorporation, 3D(M16A) was crystallized in the absence and 185 

presence of the oligonucleotide 5‟CUCCCGGG3‟, and the structures compared with 186 

those of 3D-wt (36). Two different 3D(M16A) crystal forms, space groups P41212 and 187 

P3221, were obtained but only in the trigonal form the RNA was incorporated (Tables 3 188 

http://babia.cbm.uam.es/~lab121/SupplMatDelahiguera.pdf)
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and S2). Attempts to obtain ternary complexes by soaking 3Dpol(M16A)-RNA crystals 189 

in a solution that contained RTP were unsuccessful, despite the use of different 190 

substrate concentrations and incubation times. 191 

The X-ray structure of the unbound 3D(M16A) was solved to 2.4Å. The quality 192 

of the electron density maps allowed unequivocal tracing of the substituted and 193 

surrounding residues that were omitted from the initial models to eliminate model bias. 194 

Structural comparisons showed that 3D-wt and 3D(M16A) were similar; super 195 

imposition of all 476 amino acids of3D(M16A) onto 3D-wt yielded a root mean square 196 

deviation (RMSD) of 0.85Å. Detailed comparison of polymerase domains revealed an 197 

important distortion at the N-terminal region where residuesR8 to K18 moved 8Å 198 

towards outside the polymerase, compared with the wild type enzyme (Fig.4A). This 199 

movement results in the formation of a wider template channel entry, and brings R12 200 

close to the D368 of a neighboring molecule in the crystal packing that stabilizes this 201 

peculiar conformation. This alteration was associated with a subtle conformational 202 

change in the neighboring region A284- R289 that moves its main chain by ~2Å, 203 

leaving room to accommodate the side chain in its new position (Fig.4B). 204 

The 3D(M16A)-RNA crystals, showed the presence of the template-primer RNA 205 

duplex in the front channel of the polymerase (Fig.4C). However, the 5' overhang 206 

regions appeared totally disordered in the electron density and were not modeled. The 207 

RMSD of the superimposition of all polymerase residues was only 0.5Å, with the 208 

largest deviations concentrated mainly in the solvent-exposed loops that participate in 209 

crystal-packing interactions and particularly, in the template channel entry, around 210 

residues A16 to K18 (Fig.4C, D). This region, together with residues of motifs F and G, 211 

binds the 5' end of the template interacting near the single-strand/double strand junction 212 

(27, 36). Structural comparisons between wild type 3D-RNA complexes and those of 213 

different 3D mutants showing either an increase or decrease in RTP incorporation show 214 

that in all wild-type complexes R17 interacts with nucleotide t+2, which is stacked with 215 

the t+1 nucleotide, and both nucleotides are oriented towards the active site cavity 216 

(Fig.4D). In contrast, in all 3D mutant complexes studied [M296I (33); M296I-P44S-217 

P169S (30); K18E-K20E (32), V173I (31), and M16A (this work)], R17 was totally 218 

reoriented, pointing to the polymerase interior, eluding the interaction with the template 219 

t+2 nucleotide (Figs 4C, 4D). In its new position R17 interacts with residues S40 and 220 

N41 (α1-α2 loop), D53 (within α2), and Y285, E286 (30-32). The main structural 221 

difference of 3D(M16A) is that the absence of the bulky M16 side chain together with 222 
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the reoriented R17 creates an extremely large cavity at the channel entry (Fig.4C) where 223 

the single stranded RNA can bind in many different conformations. In fact, in the 3D 224 

M16A-RNA complex the t+1 and t+2 overhang nucleotides were disordered and not 225 

visible in the electron density.  226 

Besides the conformational changes in the template channel entry, structural 227 

comparisons also show rearrangements of the  loop 9-11 that appear to be linked to 228 

the different types of mutations.This loop, located at the N-terminus of the -helix 229 

containing the motif B is known to play a central role in template and incoming 230 

nucleotide binding and is able to adopt different conformations when it binds to 231 

different templates and incoming nucleotides, being one the most flexible elements of 232 

the active site of RdRPsin different viruses[reviewed in(37)]. Comparisons evidenced 233 

large movements of the B-loop, ranging from a conformation in which the loop is 234 

packed against the fingers domain leaving the active site cavity fully accessible for 235 

template entry, to a configuration where the loop protrudes towards the catalytic cavity 236 

and clashes with the template RNA [Fig. 237 

S5(http://babia.cbm.uam.es/~lab121/SupplMatDelahiguera.pdf)]. The key residue of 238 

this flexible region is a strictly conserved glycine, which acts as a hinge for the 239 

movement. Furthermore, the pattern of interactions established between the B-loop and 240 

the RNA phosphodiester backbone of the upstream duplex, between the -1 and -2 241 

nucleotides, suggested the involvement of the B-loop in translocation (27, 37, 38). A 242 

systematic structural and functional analysis with poliovirus evidenced the direct 243 

involvement of the conserved B-loop sequence S-G-C in polymerase translocation (39). 244 

These studies identified two different movements for the B-loop:  in/out: when the loop 245 

is packed against the fingers ('in') or when the loop is protruding into the active site 246 

('out'), and up/down („up’ whenresidue C is buried into a hydrophobic pocket or „down’ 247 

when C is exposed to the solvent). On the basis of these movements, the B-loop can 248 

adopt three conformations: in/up, in/down, out/down [Fig. S5 249 

(http://babia.cbm.uam.es/~lab121/SupplMatDelahiguera.pdf)]. These authors also 250 

associated the different loop positions to the different steps of catalysis of nucleotide 251 

incorporation (39). Interestingly, structural comparisons of all FMDV polymerase 252 

complexes solved to date (Fig. 5 and Table S2) show two preferred conformations of 253 

the  loop 9-11 that appear directly associated with the two different types of 254 

mutations studied. Hence, in all mutant polymerases showing a decrease of RTP 255 

http://babia.cbm.uam.es/~lab121/SupplMatDelahiguera.pdf)
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incorporation the 9-11loop adopts an in/up conformation. In contrast in wt 3D as 256 

well as in mutant polymerases showing an increase in RTP incorporation, including the 257 

M16A mutation studied in this work,  the 9-11 loop mainly adopts an in/down 258 

conformation. 259 

DISCUSSION 260 

The mutant spectrum complexity of RNA viruses has consequences for viral 261 

fitness, virulence, adaptability, and response to enhanced mutagenesis (40-50).Lethal 262 

mutagenesis has been developed as an antiviral strategy based on increasing the 263 

mutation rate by base and nucleoside analogues to drive viruses across an extinction 264 

threshold (4-6, 8, 9, 13, 14, 17, 18, 51), with a contribution of FMDV polymerase in 265 

these studies(19, 25, 27, 29, 33, 52). In ribavirin-resistant mutants of FMDV of serotype 266 

C, the conformation of the N-terminal region of 3D was altered as a result of 267 

replacements located elsewhere in the molecule [P44S in loop β2-α2; P169S, within β6 268 

in motif F; M296I in loop β9-α11 (29, 30, 36)]. The N-terminal region of FMDV 3D is 269 

particularly relevant not only because of its influence on the catalytic site where 270 

nucleotide recognition and incorporation take place, but also because it includes a NLS 271 

sequence with functional implications apparently unrelated to nucleotide incorporation 272 

(34).  273 

Here we have documented that replacement M16A in 3D does not inflict a 274 

significant fitness cost during virus replication in cell culture, and that the mutant virus 275 

displays enhanced susceptibility to ribavirin mutagenesis, paralleled by an increase of 276 

incorporation of RMP by the mutant polymerase. Despite FMDV-3D(M16A) being 277 

extinguished earlier than FMDV C-S8c1 by ribavirin, its mutant spectrum remained less 278 

complex than that of the wild type virus. This difference suggests either some limitation 279 

of FMDV-3D(M16A) to accept mutations relative to the wild type virus (a lower ratio 280 

of mutation frequency to mutation rate), or that mutant spectrum compression (loss of 281 

the most heavily mutated genomes) occurred as a consequence of the mutational load 282 

inflicted by ribavirin, as previously observed with prolonged  ribavirin mutagenesis of 283 

FMDV (53). A mutant spectrum compression is suggested by the average 200-fold 284 

lower infectivity of viable clones retrieved from a FMDV population subjected to 285 

ribavirin mutagenesis versus clones from a control population (54). 286 

 The virological results are supported by biochemical and structural studies with 287 

purified polymerase. The mutant polymerase incorporated RMP more efficiently than 288 
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the wild type enzyme, with minimal effects on the basal kinetic parameters for standard 289 

nucleotide incorporation. The enhanced ribavirin incorporation is also supported by the 290 

change of the three-dimensional structure of 3D(M16A) relative to 3D-wt, in isolation 291 

and bound to RNA. Although substitution M16A does not induce large domain 292 

movements, it evokes a huge flexibility and rearrangements at the N-terminal region 293 

(from residues 16 to 20) where the replacement is located. In the case of the 3D(M16A)-294 

RNA complex, the absence of a side chain at residue 16, and the conformational change 295 

of R17(that now does no longer interact with the template), results in the formation of a 296 

wider pocket that could facilitate the entrance and displacement of the nucleotide at 297 

positions t+2, allowing a different alignment of the template strand that might result in 298 

important effects in copying fidelity, including RMP incorporation. In agreement with 299 

movements on the B-loop of wild type poliovirus in polymerase translocation (39), the 300 

β9-α11 loop of FMDV 3D is in/up conformation in the mutants that display decreased 301 

RTP incorporation,  and an in/down conformation in polymerases that show increased 302 

RTP incorporation, a distinction which is also valid for 5-fluorouridine-triphosphate 303 

incorporation(27)(Fig.6). This identifies a structural signature of nucleotide analogue 304 

incorporation and thus of the molecular basis of lethal mutagenesis of FMDV. 305 

Single amino acid replacements at the N-terminal region of FMDV 3D may 306 

yield not only viruses with increased incorporation of nucleotide analogues but also 307 

viruses with higher copying fidelity. D5N at 3D was selected upon passage of FMDV 308 

Asia 1 in BHK-21c2 cells in the presence of ribavirin, and the mutant virus exhibited 309 

high polymerase fidelity according to the mutation frequency of the population (55). 310 

Modeled on the structural elements of the polymerase of FMDV of serotype C (36), at 311 

least 18 different amino acid replacements at 9 separate structural elements in 3D of 312 

FMDV serotypes C, A or Asia 1 have been  involved in significant alterations of 313 

copying fidelity: D5N, K18E and K20E (at the N-terminal region of the enzyme, with 314 

K20 within β1); A38V (immediately following β2); P44S (loop β2-α2); G62S (loop α2-315 

α3); R84H (within α3); D165E (loop β5-β6); P169S (within β6), K172R, and V173I 316 

(within α6) (the three substitutions in motif F); M194I (within α7); M296V and M296I 317 

(loop β9-α11); W237F, W237I and W237L (within β8, in motif A); G361S (loop α12-318 

β12) (29-33, 55-58)(Fig.6). It should be considered, however, that the amino acid 319 

sequence context, and possible structural differences among 3Ds of different FMDV 320 

serotypes, could affect the phenotype determined by a given amino acid substitution. 321 

Significant examples are the different effect of polymerase replacement G64S on 322 
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poliovirus versus its equivalent G62S onFMDV(33, 40, 41), and the fact that some 323 

polymerase substitutions that increase fidelity in FMDV Asia1 decreases it in FMDV O 324 

(59).  325 

The accumulated observations with mutagen-resistant FMDVs suggest a 326 

remarkable flexibility of the virus to counteract mutagenic activities of nucleotide 327 

analogues through replacements not only in 3D but also other proteins such as 2C (60). 328 

The 3D replacements that have been selected in FMDV passaged in the presence of  329 

mutagenic analogues show high acceptability scores (61). The fact that single, 330 

conservative amino acid substitutions at multiple enzyme sites can alter copying 331 

fidelity, suggests that FMDV has the potential to find alternative mutational pathways to 332 

respond to mutagenic agents while maintaining replicative competence with variable 333 

fitness losses. These observations reinforce the need of strong antiviral interventions 334 

based on sequential or combined administration of non-mutagenic inhibitors and base or 335 

nucleoside analogues for effective virus suppression (25).  336 

MATERIALS AND METHODS.  337 

Cells, viruses and infections. A clone of BHK-21 cells termed BHK-21c2, isolated by 338 

end-point dilution of a BHK-21 cell suspension (62), was used for all experiments. Cells 339 

were grown in Dulbecco‟s modified Eagle‟s medium (DMEM) supplemented with 5% 340 

fetal calf serum (FCS). The parental FMDV used was biological clone C-S8c1 obtained 341 

by three successive plaque isolations of a sample of natural isolate C-Santa Pau Sp/70 342 

(subtype C1), after treating the virus suspensions with 0.5% deoxycholate for 5 min at 343 

25ºC to minimize particle aggregation (26). The average genomic nucleotide sequence 344 

of FMDV C-S8c1 is identical to that of plasmid pMT28 which was constructed with 345 

cDNA copied from FMDV C-S8c1 RNA, as previously described (63, 64). 346 

Procedures for lytic infection of BHK-21c2 cell monolayers in liquid medium, 347 

and plaque assays in semisolid agar medium for titration of infectivity were described 348 

previously (26, 62). For serial virus passages, the initial infection was carried out at 349 

multiplicity of infection (MOI) of 0.3 PFU/cell (2.6x10
6
BHK-21c2cells infected with 350 

8x10
5
 PFU of virus). For the following passages, 2.6x10

6
 cells were infected with 0.2 351 

ml of supernatant from the previous passage, and infections were allowed to proceed for 352 

24h; the MOI for each passage can be calculated from the infectivity values given for 353 

each experiment in Results. Mock-infected cells were maintained in parallel; no 354 

evidence of contamination of cells with virus was observed at any time. 355 
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FMDV passages in the presence of ribavirin. A stock solution of 200 mM ribavirin 356 

(Sigma) was prepared in phosphate-buffered saline, sterilized by filtration, and stored at 357 

-70ºC. For use, the ribavirin solution was diluted in DMEM, and cells were 358 

preincubated with 5 mM ribavirin for 7h; infections were allowed to proceed for 24h in 359 

the presence of the same drug concentration.The ribavirin concentration was the same 360 

used to select high level ribavirin-resistant FMDV mutants(30). Evidence that 361 

cytotoxicity by ribavirin does not contribute significantly to FMDV extinction has been 362 

previously described (30). 363 

Preparation of infectious FMDV with 3D substitution M16A. A FMDV molecular 364 

clone with mutations A6655G, U6656C and G6657C [genome residue numbering 365 

according to (65)] that give rise to replacement M16A in 3D,was constructed using 366 

plasmid pMT28 that encodes an infectious transcript of FMDV C-S8c1 (64). The 367 

mutations were introduced into DNA by two PCRs with mutagenic oligonucleotide 368 

primers pairs M16Aplus (GCGCGTCCATGTAGCCCGCAAAACCAAGC, sense 369 

orientation; the 5‟ nucleotide corresponds to genomic residue 6642) and 370 

M16Aminus(GCTTGGTTTTGCGGGCTACATGGACGCGC, antisense orientation; 5‟ 371 

position 6670; residues responsible of substitution M16A are represented as bold 372 

letters), and Pfu polymerase (Stratagene). The introduction of three mutations 373 

diminishes by about two logarithms the probability of reversion of amino acid A16 to 374 

M16. The two amplicons were shuffled using 3AR3 (5‟-375 

GATGACGTGAACTCTGAGCCCGC-3'; sense orientation; the 5‟ nucleotide 376 

corresponds to genomic residue 5704)and AV3 (5‟-TTCATGGCATCGCTGCAGTGG-377 

3'; antisense orientation; the 5‟ nucleotide corresponds to genomic residue 7370)as 378 

external primers, and an Expand High Fidelity polymerase system (Roche). The product 379 

was cloned into pGEM-T (Promega) and the cloned DNA was sequenced to confirm 380 

that no unwanted mutations had been introduced. To construct the mutant molecular 381 

clone, the DNA was digested with RsrII and ClaI, and the mutated genome fragment 382 

was ligatedto pMT28 DNA digested with the same enzymes.The plasmidencoding 383 

FMDV-3D(M16A) was linearized at the NdeI site, and transcribed by SP6 polymerase, 384 

as previously described (66).To rescue infectious virus, 70% confluent BHK-21c2 cells 385 

were transfected with 0.1 mg of RNA using lipofectin (Invitrogen), and at 72h post-386 

transfection the culture supernatant was used to infect a BHK-21c2 cell monolayer to 387 

produce the initial virus preparation. RNA from the cell culture supernatant was 388 
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extracted, viral RNA amplified by RT-PCR, and sequenced to ascertain the presence of 389 

the triple mutation that encodes M16A.  390 

Extraction of viral RNA. Extracellular viral RNA was extracted from 150 µl of the 391 

supernatant of infected cells by mixing with 2 volumes of TRIzol (Invitrogen), and 392 

incubation for 5 min at room temperature;then chloroform (100 µl per 150 µl 393 

supernatant) was added, and the mixture was incubated for 10 min at room temperature, 394 

and centrifuged for 15 min at 14,800 g. Nucleic acids were recovered from the aqueous 395 

phase by ethanol precipitation. 396 

Quantification of FMDV RNA. FMDV RNA was quantified by real-time RT-PCR 397 

amplification using the LightCycler instrument (Roche) and the RNA Master SYBR 398 

green I kit (Roche), according to the instructions of the manufacturer, using Tth 399 

polymerase and 3 mM Mn
2+

. The 2B-2C genomic region was amplified using 400 

oligonucleotides 2BR2 (5'-GAAGACCTTGAGAGAGCAGAG; sense orientation; 5‟ 401 

position 4318) and 2CD3 (5‟- CGCTCACGTCGATGTCAAAGTG; antisense 402 

orientation; 5‟ position 5047) as primers. Quantification was relative to a standard curve 403 

obtained with known amounts of FMDV RNA, synthesized by in vitro transcription of 404 

DNA plasmid pMT28 (64). The specificity of the reaction was monitored by 405 

determining the denaturation curve of the amplified DNA and the size of the amplified 406 

DNA by agarose gel electrophoresis. The limit of detection was about 50 genomic RNA 407 

copies(67).Negative controls (without template RNA) were run in parallel with each 408 

amplification reaction. 409 

Quasispecies analysis. Viral RNA from the populations of interest was retrotranscribed 410 

using Transcriptor reverse transcriptase (Roche), and amplified by PCR using an 411 

Expand High Fidelity polymerase system (Roche), andprimers 3DR4 412 

(ACTCGCATTGTCGACGTTTT; sense orientation; 5‟ position 7141) and Rend 413 

(GGATTAAGGAAGCGGGAAAAGCCC; antisense orientation; 5' position 8115) for 414 

passage 1, and primers A2SacI (5‟- CAGAGCTCGACCCTGAACCGCACCACGA; 415 

sense orientation; 5‟ position 6581), and AV4 (5‟- TTCTCTTTTCTCCATGAGCTT; 416 

antisense orientation;  5‟ position 7071) and 3DR4 (ACTCGCATTGTCGACGTTTT; 417 

sense orientation; 5‟ position 7141) and Rend 418 

(GGATTAAGGAAGCGGGAAAAGCCC; antisense orientation; 5' position 8115) for 419 

passage 4.The cDNAs were cloned into pGEM-T (Promega). To minimize redundant 420 
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cloning of the same RNA molecules, only RNA samples from which a 1/100 dilution 421 

produced a visible DNA band as the product of RT-PCR amplification were used for 422 

cloning(11).E.coliDH5 cells were transformed with the ligation products, and DNA 423 

from individual positive colonies was amplified with Templiphi (GE Healthcare), and 424 

sequenced (Macrogen, Inc.). Each sequence was determined at least twice in 425 

independent reactions. Oligonucleotide primers used for molecular cloning and 426 

nucleotide sequencing, and controls of the basal error rate during the amplification 427 

protocol have been described(64, 68, 69). 428 

Assessment of FMDV extinction. The criteria for FMDV extinction are those used in 429 

our previous studies of lethal mutagenesis of FMDV [(10) and references therein]. 430 

FMDV was considered extinct when no virus infectivity and no viral RNA could be 431 

amplified from cell culture supernatant using a highly sensitive RT-PCR of 3D-coding 432 

region using as primers oligonucleotide A2SacI (5‟- 433 

CAGAGCTCGACCCTGAACCGCACCACGA; sense orientation;  5‟ position 6581), 434 

and oligonucleotide AV4 (5‟- TTCTCTTTTCTCCATGAGCTT; antisense orientation;  435 

5‟ position 7071); this amplification yields a 490 bp DNA within the 3C-3D-coding 436 

region, and is more sensitive to detect FMDV RNA than the real time RT-PCR used to 437 

quantify FMDV RNA (described above) which has a limit of detection of 5000 viral 438 

RNA molecules per µl (10, 35). Extinction was also ascertained by absence of 439 

infectivity and viral RNA following three blind passages of the cell culture supernatant 440 

(from which no infectivity or viral RNA could be detected) in absence of any drug.  441 

Molecular cloning, expression and purification of FMDV polymerase 3D-wt and 442 

3D(M16A). Genomic mutations A6655G, U6656C and G6657C(that give rise to 443 

substitution M16A) were introduced in pET-28a3Dpol [the expression vector encoding 444 

the FMDV polymerase (70)] using Quickchange Site-Directed Mutagenesis Kit 445 

(Stratagene), by amplification with the mutagenic primers M16Aplus and M16Aminus, 446 

as described under “Preparation of infectious FMDV with 3D substitution M16A” 447 

(above). The PCR product was treated with DpnI for 1 hour at 37ºC to cleave the 448 

parental plasmid, and then used to transform E. coli DH5α cells. Plasmids from 449 

kanamycin-resistant colonies were sequenced to confirm that the desired substitution 450 

was introduced in the expression vector. 3D-wt and 3D(M16A) were expressed in E. 451 

coli BL-21, and purified as previously described (36, 70). Proteins were >95% pure 452 

according to analytical SDS-PAGE and Coomassie brilliant blue staining. 453 
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Labeling and annealing of RNA (sym/sub) template-primers. Sym/sub-RNA 454 

oligonucleotides (Dharmacon Research) (71)were incubated with [γ-
32

P]ATP 455 

(Amersham) and T4 polynucleotide kinase (New England Biolabs) for 45 minutes at 456 

37ºC to obtain  5'-
32

P-labeled RNA. The reaction products were fractionated through a 457 

G25 Sephadex column (Mini Quick Spin Oligo Columns, Roche) to eliminate free [γ-458 

32
P]ATP, and annealed using described protocols(71). 459 

3D polymerization assays with heteromeric template-primers. Polymerization 460 

assays were carried out usingsym/sub RNAs (71), as previously described (30, 32, 72). 461 

Briefly, 1 µM 3D(concentration as active site equivalents, measured by rapid quench 462 

flow, as described under “Other assays with 3D”, below)was mixed with 0.5 µM 463 

sym/sub RNA, in the presence of 15 mMMg(CH3COO)2, 30 mM MOPS (pH 7.0), 33 464 

mMNaCl and 1 U/µl RNasin (Promega);10 µM of unlabeled sym/sub was added prior 465 

to the addition of the NTP or RTP substrates, to trap the enzymes not bound to the 466 

labeled RNA and to avoid 3D recycling. Reactions were quenchedat different time 467 

points by addition of EDTA to a final concentration of 83 mM.Polymerization products 468 

were analyzed bypolyacrylamide gel electrophoresis (PAGE) (23%), 7M urea in Tris 469 

base-boric acid-EDTA buffer (90 mM-90 mM-2 mM; pH 8.0). The reaction products 470 

were visualized with Phosphorimager (BAS-1500; Fuji), andthe percentage of elongated 471 

RNA was quantified with Tina 20 (2.08, Ray test Isotopenmessgeräte, GmbH). 472 

Rapid quench-flow assays. Incorporation of cognate nucleotides under pre-steady-state 473 

polymerization conditions was tested using a rapid chemical quench flow instrument 474 

(RQF-3, KinTek Co. College Park, PA), as previously described (31, 32). To this aim, 475 

0.5 µM 3D (concentration as active sites) was pre-incubated with the corresponding 476 

sym/sub and 10 µM of the NTP for incorporation at the first position of the 3D-sym/sub 477 

elongation complex. Incorporation of nucleotide at the second position was performedat 478 

37ºC in the presence of 50 mM HEPES pH 7.5, 5 mM MgCl2 and 10 mM 2-479 

mercaptoethanol, and stopped by addition of 0.5 M EDTA. To obtain the 480 

polymerization rate constant (kpol) and the NTP binding affinity (KD,NTP), different 481 

concentrations of NTP were tested at times ranging from 0.01 to 2 seconds. 482 

Polymerization products and percentage of elongated RNA were analyzed and 483 

quantified,as indicted for the standard 3D polymerization assays.The percentage of 484 

elongated RNA was plotted against the reaction time for each NTP concentration tested, 485 



16 
 

and fit to a single exponential equation (a) using non-linear regression by GraphPad 486 

Prism 4 (GraphPad Inc.). 487 

 (a)  488 

where P is the amount of product, A is the amplitude of the burst phase, kobs is the 489 

observed burst rate constant for NTP incorporation and t is the reaction time. The 490 

kobsvalues were plotted against NTP concentration and fit to a hyperbolic equation using 491 

non-linear regression (b).  492 

 (b)  493 

Other assays with 3D. Binding of 3D to sym/sub-AC (sequence 5'-UGCAGGGCCC-494 

3'), and 3D processivity assays were carried out as previously described (32, 70).Poly 495 

(rU) synthesis using poly (A)-oligo (dT)15 as template-primer was used to determine the 496 

specific activity of 3D, as previously described(70, 73). 497 

To determine the proportion of active enzyme in the 3D preparations, 1 µM of 498 

the 3D solution was incubated with sym/sub-UG(sequence 5‟-ACGUGGGCCC-3‟), and 499 

2 mM ATP at 37ºC in the presence of 50 mM HEPES pH 7.5, 5 mM MgCl2 and 10 mM 500 

2-mercaptoethanol, and quenched by addition of 0.5 M EDTA in a rapid chemical 501 

quench flow apparatus (RQF-3, KinTek Co. College Park, PA). Incorporation rates at 502 

different RNA concentrations (0.1, 0.2, 0.5, 1 and 2 µM) were plotted, and adjusted to a 503 

quadratic equation to obtain the concentration of active enzyme, as previously described 504 

(31). 505 

Crystallization of FMDV polymerase and data collection. Purified 3D(M16A) was 506 

stored in a buffer containing Tris-HCl (40mM pH 7.5), NaCl (500mM), DTT (0.8mM), 507 

EDTA (0.8mM), and glycerol (8%), at a concentration of 5 mg/ml. The 508 

octanucleotide5‟CUCCCGGG3‟ (Sigma) was annealed (36), and then 3D(M16A) was 509 

added slowly to reach an equimolar proportion in presence of 2mM MgCl2.  510 

Crystals of both unbound and RNA-bound 3Dpol(M16A) were obtained by 511 

hanging-drop vapor-diffusion at 293 K with a precipitant/well solution containing 30% 512 

PEG 4000, 0.2M magnesium acetate, 0.1M MES[2-(N-morpholino) ethanesulfonic 513 

acid] pH 6.0 and 4% γ-butyrolactone. Crystals suitable for X-ray analysis appeared 514 

between 2-3 days. These crystals were then transferred to a cryo-protecting solution, 515 
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containing 20% glycerol in the crystallization buffer prior to cooling by immersion in 516 

liquid nitrogen. 517 

Attempts to obtain the ternary complexes either by co-crystallization or by 518 

soaking with RTP were unsuccessful; the analogue was not incorporated into the 519 

crystals, even when high nucleotide concentrations (up to 25 mM) or long incubation 520 

times (a few days) were used.  521 

X-ray data for both unbound and RNA-bound 3D(M16A) were collected at 522 

100K using synchrotron radiation (Table 3). Data for unbound crystals was collected to 523 

2.4 Å on ID29 beamline at ESRF (Grenoble, France), and the diffraction data of 524 

3Dpol(M16A)-RNA complex was collected to 2.1 Å on a Pilatus detector at the ALBA 525 

beamline XALOC (Cerdanyola del Vallès, Spain). Diffraction images were indexed and 526 

integrated using program XDS(74)and scaled, merged and reduced with SCALA 527 

[ccp4i;(75)]. Data collection statistics are given in  Table 3. 528 

Structure determination and refinement. Two different space groups were obtained; 529 

unbound 3D(M16A) crystallized in the space group P41212, and the 3D(M16A)-530 

5‟CUCCCGGG3‟ complex belonged to the trigonal space group P3221 (Table 3). The 531 

initial maps for the tetragonal crystal structure were obtained after rigid-body fitting of 532 

the coordinates of isolated wild type polymerase that was crystallized in the tetragonal 533 

P41212 [PDB id. 1U09; (36)] to the new unit cells, using the program Refmac5 534 

[CCP4i;(76)]. Maps for the trigonal crystal form were obtained following the same 535 

procedure but using the P3221 coordinates of wild type 3Dpol- RNA complex 536 

(PDB:1WNE) (36)as starting model. The weighted 2|Fo|-|Fc| and |Fo|-|Fc| difference 537 

maps clearly allowed to re-build the mutated residue and other local conformational 538 

changes that occurred as a consequence of replacement M16A. Moreover, in trigonal 539 

crystals, these initial maps clearly showed extra densities corresponding to the RNA 540 

template- primer octanucleotide. 541 

Several cycles of automatic refinement, performed with Refmac5, were 542 

alternated with manual model rebuilding using Coot(77). The refinement statistics and 543 

model validation parameters of the two crystal structures are given in Table 3. Figures 544 

were prepared using Pymol(78).  545 

Statistical analyses. The statistical significance of differences between mutation 546 

frequencies was calculated by the chi-square test. Differences in infectivity and RNA 547 

levels were evaluated by one way analysis of variance (ANOVA). Procedures were 548 
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performed using Prism 6 software (GraphPad). For differences in the case of serial 549 

passages, two-way ANOVA was used, and the Bonferroni‟s correction was applied for 550 

multiple comparisons (10, 79). 551 
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FIGURE LEGENDS 820 

Figure 1. Passage of FMDV C-S8c1 and FMDV-3D(M16A) in the absence or 821 

presence of ribavirin. The two blocks (A to D, and E to H) correspond to duplicate 822 

experiments carried out independently under identical conditions. (A, E) Viral titers of 823 

FMDVC-S8c1and FMDV-3D(M16A) determined by plaque assays using the cell 824 

culture supernatant collected at 24 hours post-infection of BHK-21c2 cells (initial MOI 825 

0.3 PFU/cell) in the absence or the presence (+R) of 5mMribavirin (R). The progeny 826 

from each infection was used to infect fresh cells; discontinuous arrows point at the 827 

passage number at which FMDV C-S8c1 and FMDV-3D (M16A) are considered extinct 828 

(Extinction WT and Extinction M16A, respectively), according to the criteria described 829 

in Materials and Methods (compare with panels D, H).(B, F)Viral RNA in the cell 830 

culture supernatant at 24 hours post-infection, measured by quantitative RT-PCR. (C, 831 

G) Specific infectivity(viral titer divided by viral RNA molecules), calculated from the 832 

data in A, B and E, F, respectively.(D, H) RT-PCR amplification bands using a highly 833 

sensitive FMDV-specific amplification protocol that yields a 490 bp fragment; the total 834 

extracellular RNA from the corresponding passages was used as template. At the top of 835 

each gel, the virus (abbreviated WT and M16A), and passage number are indicated;C- 836 

(negative control in the absence of the template); +, - below the gels indicates presence 837 

or absence of amplification band; the position of DNA size markers in bp is indicated 838 

on the left. The discontinuous horizontal line in A, B, E and F marks the limit of 839 

detection. Procedures are further detailed in Materials and Methods. 840 

Figure 2. RNA synthesis, RNA binding and processivity of 3Dwt and 3D(M16A). 841 

(A) 3D was incubated at 37ºC for 5 minutes with poly(A)/oligo(dT) and [α-
32

P]-UTP 842 

for synthesis of poly-U. The amount of [α-
32

P]-UTP incorporated, determined as 843 

previously described (70), is expressed as a percentage of the activity of 3Dwt. Values 844 

are the average of at least seven determinations, and standard deviations are given. 845 

(B)RNA binding measured by gel-shift analysis. The indicated concentrations of 3D 846 

were incubated with labeled sym/sub-AC (UGCAGGGCCC) RNA, and the retardation 847 

of bound RNA by 5% PAGE was determined as described in Materials and Methods. 848 

The values are the average of three determinations, and standard deviations are given. 849 

Similar results were obtained with sym/sub-AU (data not shown). (C) 3D processivity. 850 

Top: Sequence of the annealed RNA template-primer (M13) used in the assay; the RNA 851 

8-nucleotide fragment to be copied by 3D in the presence of ATP, CTP and UTP 852 
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(absence of GTP) is underlined; the 10-nucleotide radiolabeled at the 5' end is indicated. 853 

Bottom left: Denaturing PAGE of the 
32

P-labeled RNA elongation products of 3Dwt 854 

and 3D(M16A). Protein 3D was preincubated with M13 at 37ºC for 30 minutes. Excess 855 

of unlabelled RNA was added, and then the reactions were started by addition of ATP, 856 

CTP and UTP (50 µM each). Reactions were allowed to proceed for 5 minutes before 857 

addition of EDTA. Bottom right: The bars correspond to the percentage of maximum 858 

extended RNA (18-mer) relative to the total amount of extended RNA (>10-mer), 859 

calculated from the gel shown on the left. The values are the average of three 860 

determinations, and standard deviations are given.Statistical analyses for A, B and C 861 

show no significant differences between 3Dwt and 3D(M16A). 862 

Figure 3. Incorporation of ribavirin-monophosphate into sym/sub template 863 

primersby 3Dwt and 3D(M16A).(A)Top: Nucleotide sequence of sym/sub-UA and 864 

sym/sub-CA, with indication of ribavirin-monophosphate icorporation at template 865 

position +1 (circled R and arrow). Middle:Denaturing PAGE of the 
32

P-labeled products 866 

of the polymerase-catalyzed RMP incorporation intosym/sub-UA and sym/sub-CA by 867 

3Dwt and 3D(M16A) (indicated at the left of each panel). 3D was preincubated with the 868 

corresponding sym/sub and UTP for 900 seconds. Following the addition of an excess 869 

of unlabelled RNA, reactions were started by addition of 20 µM RTP, and stopped at 870 

the times indicated below the triangle by addition of EDTA. Bottom: Incorporation of 871 

RMP as a function of time by 3Dwt and 3D(M16A). Incorporation kinetics was fit to an 872 

exponential curve to obtain the observed rate constant (kobs). (B) Nucleotide sequence of 873 

sym/sub-AU and sym/sub-AC, with indication of the UMP to be incorporated at the 874 

first position (U and dashed arrow), and RMP to be incorporated at the second position 875 

(circled R). Middle: Denaturing PAGE of the 
32

P-labeled products of the polymerase-876 

catalyzed RMP incorporation into sym/sub-AU and sym/sub-AC by 3Dwt and 877 

3D(M16A) (indicated at the left of each panel). Nucleotide incorporation was performed 878 

as described in (A).Bottom: Incorporation of RMP as a function of time by 3Dwt and 879 

3D(M16A). Incorporation kinetics was fit to an exponential curve to obtain the 880 

observed rate constant (kobs). For (A) and (B), values are the average from three 881 

experiments and standard deviations are shown. Procedures are further detailed in 882 

Materials and Methods. 883 

Figure 4. Structure of the FMDV 3D M16A. (A) Superimposition of the 3D wild-type 884 

(blue) and mutant 3D M16A (olive) structures, seen in a front view.The polymerase 885 
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residue showing the largest distance (dashed line) V13 is shown in sticks and explicitly 886 

labeled. (B) Close up of the superimposition of the polymerase N-terminal regions. The 887 

side chains of residues from R7 to R17 are shown in atom type representation with 888 

carbons colored as in A. The side chain of the neighboring residue in the crystal packing 889 

D368 which forms a salt bridge with R12 has been shown withcarbons in white. (D-890 

E)Comparisons of thepolymerase template binding channel and active site.Panels D to 891 

E show the distinct interactions established between the RNA template and residues 892 

from V15 to K20. The polymerase is represented as a white semitransparent surface 893 

with RNA-contacting residues depicted as atom-type sticks (white carbons), the RNA is 894 

shown as a green cartoon and the active- site is marked as red spheres. (A) 3D(M16A)-895 

RNA complex (This work; PDB id. 6GVY); (B) wild type 3D-RNA complex (PDB id 896 

1WNE) and (C) 3D-(K18E)-RNA complex (PDB id. 4WZQ).  897 

 898 

Figure 5.The FMDV 3Dactive site.Detailed views of the two stable conformations of 899 

the loop β9-α11.  Motifs A, B and C are depicted as red, green and yellow cartoons, 900 

respectively;  the side chains of  residues involved in the interactions are represented as 901 

sticks and properly labeled and; finally, the RNA primer- template is shown as a cyan 902 

cartoon. (A) In/up conformation represented by the SSI 3D
pol

 in dark green 903 

[P44S/P169S/M296I FMDV 3D
pol

-RNA complex, PDB id 4IQX (30)] and M296I 904 

3Dpol in light green [M296I 3D
pol

-RNA complex PDB id 3KNA (33)], with the 905 

Cys300buried on the hydrophobic pocked formed by V181, V183, L184, V186, H188, 906 

I189, I274, L275 and L278, represented as semi-transparent white sticks. (B) 907 

In/downconformation, where the Ser is pointing to the active site, represented by wild 908 

type 3D
pol-

RNA complexin green [PDB id 1WNE (36)], M16A 3Dpol - RNA complex 909 

colored in dark green (this work; PDB id. 6GVY), and K20E 3Dpol- RNA complex 910 

colored in light green [PDB id 4WZQ (32)]. 911 

 912 

Figure 6.Main conformational changes in FMDV 3D in response to nucleoside 913 

analogueincorporation. The central panel shows a cartoon representation of 3D (grey) 914 

with the protein surface displayed in semi-transparent. Mutations involved in decrease 915 

or increase of RTP or FU incorporation are drawn as red and slate blue spheres, 916 

respectively. The template- primer RNA bound to the central cavity of the enzyme is 917 

depicted in yellow. Left and right panels show close ups of the main conformational 918 

changes seen in the polymerase, associated to an increase or decrease in nucleoside 919 
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analogue incorporation and compared with the wild type enzyme. Two main regions are 920 

affected: the template channel entry (right panels) and the β9-α11 loop (left 921 

panels).Structural comparisons show that in all wild-type 3D-RNA complexes, residue 922 

R17 interacts with nucleotide t+2, which is stacked with the t+1 nucleotide, and both 923 

nucleotides are oriented towards the active site cavity (upper right panel). In contrast, in 924 

all 3D mutant complexes studied, R17 was totally reoriented, pointing to the 925 

polymerase interior, creating a cavity for t+1 RNA nucleotide binding (lower right 926 

panel). The left close-ups show the conformational changes in the loop β9-α11. The 927 

wild type and mutant polymerases that increase the RTP or FU incorporation adopt an 928 

in-down conformation in which the side chain of S298 is pointing to the active site 929 

(upper left panel), while the mutants that decrease the incorporation of nucleoside 930 

analogues show an in-up conformation, where S298 flips the side chain pointing now up 931 

and away from the active site (lower left panel). 932 
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Table 1. Mutant spectrum analysis of FMVD-CS8c1 and FMDV-3D(M16A) passaged in absence and presence of ribavirin (+R)a 

 

 
 

 

 
 

 

 

 

 

 

 

aThe region analyzed comprises residues 7160 to 8019 of 3D-coding region for passage 1 and residues 6610 to 7051 and 7160 to 8019 of 3D-

coding region for passage 4. 
bThe origin of FMDV CS8-c1, FMDV-3D(M16A), passage conditions in absence or presence of ribavirin (+ R) are described in Figure 1, and 

Materials and Methods.  
cValues in parenthesis indicate the number of molecular clones analyzed followed by the number of haplotypes (the number of different RNA 

sequences).  
dThe number of different and total mutations were counted relative to the consensus sequence of the corresponding population.  
eMfmin and Mfmax were calculated with the number of different and total mutations, respectively. Only the differences that are statistically significant 

are indicated: ***, p < 0.0005; **, p = 0.0079. Other differences for Mfmin gave the following values: CS8-c1, p1/3D(M16A), p1, p = 0.9103; CS8-

c1 + R, p1/3D(M16A) + R, p1, p = 0.7948; CS8-c1, p4/3D(M16A), p4, p = 0.0502; CS8-c1 + R, p4/3D(M16A) + R, p4, p = 0.2774. 

 

 

 

 

 

FMDV Passage 

no. (p)b 

No. of nucleotides analyzed 

(clones/haplotypes)c 

No. of different (total) 

mutationsd 

Mutation frequency (Mf)e 

Minimum ( Mfmin) Maximum ( Mfmax) 

CS8-c1, p1 24,080 (28/6) 5 (5) 2.1 x 10-4 2.1 x 10-4 

CS8-c1 + R, p1 25,800 (30/17) 28 (28) 1.1 x 10-3 1.1 x 10-3 

3D(M16A), p1 26,660 (31/8) 7 (7) 2.6 x 10-4 2.6 x 10-4 

3D(M16A) + R, p1 26,660 (31/25) 32 (32) 1.2 x 10-3 1.2 x 10-3 

CS8-c1, p4 45,762 (78/9) 7 (7) 1.5 x 10-4 1.5 x 10-4 

CS8-c1 + R, p4 43,552 (73/34) 49 (58) 1.1 x 10-3 1.3 x 10-3 

3D(M16A), p4 43,552 (73/16) 17 (17) 3.9 x 10-4 3.9 x 10-4 

3D(M16A) + R, p4 42,692 (72/33) 37 (67) 8.6 x 10-4 1.6 x 10-3 



 

 

Table 2. Kinetic constants for nucleotide incorporation by FMDV 3Dwt, and 3D(M16A). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kinetic parameters obtained from Figure 4, following the procedures detailed in Materials and Methods. 

 
aKd,app: Dissociation constant for NTP-binding. 
bkpol: Optimal polymerization rate constant. 
ckpol/Kd,app: Catalytic efficiency. 

 

 

 

 

    3Dwt  3D(M16A) 

sym/sub  
NT

P 
 

Kd,app
a  

(µM) 

kpol
b  

(s-1) 

kpol/Kd,app
c  

(µM-1s-1) 
 

Kd,app
a 

 (µM) 

kpol
b  

(s-1) 

kpol/Kd,app
c  

(µM-1s-1) 

sym/sub-AU  A  45 250 5.6  15 55 3.7 

sym/sub-UG  C  15 300 20.0  10 230 23.0 

sym/sub-UA  U  56 220 3.9  54 200 3.7 

sym/sub-AC  G  12 250 12.8  15 150 10.0 



Table 3. Data collection and refinement statistics. 

 

Data collection 3Dpol(M16A) 3Dpol(M16A)+RNA 

Beamline ID29 (ESRF) XALOC (ALBA) 

Resolution (Å) 50.0- 2.35 (2.48- 2.35) 47.02- 2.2 (2.32-2.2) 

Space Group P41212 P3221 

Cell dimensions   

a, b, c (Å) 93.12 93.12 121.05 94.07 94.07 99.81 

α, β, γ (º) 90  90  90 90 90 120 

Rmerge 0.094 (0.427) 0.052 (0.917) 

I/σI 11.4 (3.6) 11.8 (1.8) 

Completeness (%) 98.1 (88.9) 100 (100) 

Multiplicity  4.4 (4.6) 

 

Refinement 
 

 

Resolution (Å) 50- 2.35 50-2.2 

No. reflections 

(total/unique) 

178585/ 22406 117060/ 26375 

Rwork† / Rfree‡  22.61/ 25.71 23.80/ 27.04 

No. Atoms/Residues   

  Protein 3742/ 477 3725/ 475 

  RNA - 278/ 13 

  Waters 53/ 53 56/ 56 

B-factors (Å2)   

All atoms 32.88 48.92 

  Protein 32.56 47.21 

  RNA - 68.01 

R.m.s. deviations   

 Bond lengths (Å) 0.007 0.007 

 Bond angles () 1.067 1.080 

Ramachandran plot   

 Residues in preferred 

regions  

456 (96%) 461 (97.5%) 

 Residues in allowed 

regions  

12 (2.5%) 9 (1.9%) 

 

† Rwork = ∑hkl ||Fobs(hkl)| - |Fcalc(hkl)|| / ∑hkl |Fobs(hkl)|, where Fobs and Fcalc are the 

structure factors, deduced from measured intensities and calculated from the model, respectively. 

‡ Rfree = as for Rwork but for 5% of the total reflections chosen at random and omitted 

from refinement. 
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Figure S1. Pre-steady-state kinetics of ATP incorporation of ATP into position t+2 of

sym/sub-AU. (A) Sequence of 5’-end-labeled, annealed sym/sub-AU. 3D (0.5 µM active

sites) was preincubated at 37ºC with sym/sub-AU (0.5 µM duplex) and UTP (10 µM) for

900 seconds to allow the formation of 3D-RNA product complex, with UMP incorporated

at the first position. The 3D-RNA product was then mixed with the indicated

concentration of ATP or GTP using a rapid chemical quench-flow apparatus, and

reactions were quenched by the addition of EDTA (0.3 M). Time courses at fixed

nucleotide concentrations were fit to an exponential curve to obtain the observed rate

constant for nucleotide incorporation at the second position, kobs. The observed rate

constants were then plotted as a function of nucleotide concentration, and the data were

fit to a hyperbola to obtain kpol and Kd,app, given in Table 4 of the main text.
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Figure S2. Pre-steady-state kinetics of incorporation of CTP into position t+2 of sym/sub-

UG. Panels and procedures are those described in Fig. S1. kpol and Kd,app, are given in

Table 4 of the main text.
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Figure S3. Pre-steady-state kinetics of incorporation of CTP into position t+2 of sym/sub-

UA. Panels and procedures are those described in Fig. S1. kpol and Kd,app, are given in

Table 4 of the main text.
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Figure S4. Pre-steady-state kinetics of incorporation of GTP into position t+2 of

sym/sub-AC. Panels and procedures are those described in Fig. S1. kpol and Kd,app, are

given in Table 4 of the main text.
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Table S1. Transition types in FMVD-CS8c1 and FMDV-3D(M16A) passaged in absence and presence of ribavirina 

 
 

 

 

 

 

 

 

 

 

 

 

 

aMutation types are based on those scored at the 3D-coding region at passage 1 and 4. The FMDV populations are those described in Fig. 1 

and Table 1. + R in the first column indicates the presence of 5 mM ribavirin during virus passage. Infection conditions are described in 

Materials and Methods.     

 

 

 

 

 

 

 

 

 

 

FMDV 

Number of mutations (ratio to total mutations) 

Transitions  Transversions 

A → G G → A U → C C → U  A → C C → A U → G G → U 

CS8-c1   2 (0.17)   2 (0.17)   5 (0.42)   2 (0.17)  - - 1 (0.08) - 

CS8-c1 + R 15 (0.19) 17 (0.22) 16 (0.21) 27 (0.35)  - - 2 (0.02) - 

3D(M16A)   9 (0.37)   4 (0.17)   8 (0.33)   1 (0.04)  1 (0.04) 1 (0.04) - - 

3D(M16A) + R 16 (0.23) 14 (0.20) 18 (0.26) 18 (0.26)  - 1 (0.01) 1 (0.01) 1 (0.01) 



Table S2. Summary of loop9-11 conformation in connection with RTP incorporation. 

 

 

 

aFurther details and references are given in the text 

 

Referencesa PDB id. MUTATION 
Loop β9-α11 

conformation 

RTP 

incorporation 

Ferrer-Orta et al., 2004 
1U09 3Dpol WT  

 

 

IN- DOWN 

WT 
1WNE 3Dpol WT+ RNA 

This work 
6GVV M16A  

 

Increase  

 

6GVY M16A+ RNA 

Ferrer-Orta et al., 2015 

4WYW K20E 

4WZQ K20E+RNA 

4X2B K20A +RNA Disordered 

4WYL K18E OUT- DOWN 

4WZM K18E +RNA IN -UP 

Agudo et al., 2010 

3NKY P44S  

 

 

IN- UP 

 

 

 

 

Decrease  

 

3NL0 P44S/M296I+RNA 

3NMA P169S+RNA 

4IQX P44S/P169S/M296I+RNA 

Ferrer-Orta et al., 2010 

3KMS/ 3KMQ G62S+RNA  

3KNA M296I+RNA 

3KOA M296I+RNA+GTP 

3KLV M296I/ G62S +RNA Disordered 


	Figure 1
	Figure 2
	Figure 3
	Figure 5
	Portada material suplementario
	Figure S1 con leyenda
	Figure S2 con leyenda
	Figure S3 con leyenda
	Figure S4 con leyenda
	Figure S5 con leyenda
	Table S1
	Table S2 (25.06.2018)

