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Abstract

The conserved structural motif D is an important determinant of the speed and fidelity of viral 

RNA-dependent RNA polymerases (RdRps). Structural and computational studies have suggested 

that conformational changes in the motif-D loop that help to reposition the catalytic lysine 

represent critical steps in nucleotide selection and incorporation. Conformations of the motif-D 

loop in the poliovirus RdRp are likely controlled in part by noncovalent interactions involving the 

motif-D residue Glu364. This residue swivels between making interactions with Lys228 and 

Asn370 to stabilize the open and closed loop conformations, respectively. We show here that we 

can rationally control the motif-D loop conformation by breaking these interactions. The K228A 

variant favors a more active closed conformation, leading to increased nucleotide incorporation 

rates and decreased nucleotide selectivity, and the N370A variant favors a less active open 

conformation, leading to decreased nucleotide incorporation rates and increased nucleotide 

selectivity. Similar competing interactions likely control nucleotide incorporation rates and fidelity 

in other viral RdRps. Rational engineering of these interactions may be important in the generation 

of live, attenuated vaccine strains, considering the established relationships between RdRp 

function and viral pathogenesis.
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INTRODUCTION

Global health systems continue to be challenged by new and reemerging viruses, including 

prominent RNA viruses such as Zika virus1, chikungunya2, West Nile virus3, and related 

viruses4–6. It has been suggested that a key determinant of RNA virus virulence is the 

accuracy with which they replicate their RNA genomes7–21. Genetic diversity within a 

population of viruses may be one way to surmount environmental obstacles and escape 

immune system challenges22–24. As such, viruses must balance genetic diversity with overall 

genome integrity. This constraint provides the impetus for the rational engineering of the 

enzyme responsible for RNA virus replication, the RNA-dependent RNA polymerase 

(RdRp)10, 18, 19, 25, 26. Targeting amino acid residues involved in key structural changes 

necessary for RdRp function can result in RdRp variants with altered nucleotide 

incorporation rates and error frequencies10, 18, 19; viruses with altered mutation frequencies 

are attenuated in the host and can provide immunoprotection against lethal challenges from 

‘wild-type’ virus15, 25–27. A better understanding of the molecular determinants of RdRp 

fidelity can thus potentially aid in the generation of live-attenuated vaccine strains. Here, we 

have rationally generated poliovirus (PV) RdRp variants with higher and lower fidelity by 

engineering the structural dynamics of an important active site loop, known as the motif-D 

loop.

The RdRp is structurally similar to DNA polymerases and reverse transcriptases (RTs), 

which have been described as having a cupped right hand structure with fingers, palm and 

thumb subdomains28–31. Most of the catalytic machinery lies in the palm subdomain that 

contains seven conserved structural motifs (A-G)32–35. The motif-D loop has been of special 

interest, because it contains the conserved catalytic lysine that has been proposed to act as a 

general acid to protonate the pyrophosphate leaving group and facilitate bond cleavage36–39. 

The motif-D lysine is unique to RdRps and RTs as this function is carried out by other 

structural elements in DNA polymerases37, 40–44. Modification of the motif-D lysine slows 

nucleotide incorporation and increases polymerase fidelity37, 38. In PV RdRp, the motif-D 

lysine is Lys359. Virus encoding the K359R variant are attenuated, but mice preinnoculated 

with this strain are immunoprotected from wild-type challenge, almost to the same extent as 

the clinically-used Sabin vaccine26. Considering the conservation of the motif-D lysine, it 

was proposed that modification of this residue may offer a universal, mechanism-based 

strategy for the development of vaccine strains for other RNA viruses26, 45.
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Other amino acid substitutions on motif D have also been shown to change RdRp nucleotide 

incorporation rates and fidelity19, 46, 47. For example, the T362I substitution is one of the 

four RdRp amino acid substitutions encoded by the Sabin strain48, 49, and we have 

previously shown that the T362I substitution lowers RdRp fidelity46. PV encoding the T362I 

substitution also has reduced virulence in a transgenic PV-receptor mouse model46. 

Molecular dynamics (MD) simulations of wild-type (WT) and T362I RdRp suggested that 

the motif-D loop exchanges between an “open” conformation in which Lys359 is not in a 

catalytic position, and a “closed” conformation in which Lys359 can perform its catalytic 

function46. The T362I variant favors the “closed” conformation, consistent with solution-

state NMR studies that suggested that T362I more readily fluctuates into the active 

conformation even in the presence of incorrect nucleotide46. Studies on the Coxsackievirus 

B3 (CVB3) RdRp have likewise indicated that modifications in motif D that affect active site 

closure can change RdRp fidelity and processivity, leading to attenuated virus growth and 

pathogenesis19.

The PV RdRp MD simulations indicated interesting sets of interactions between the motif-D 

residue Glu364, Lys228 and Asn37046, 50. According to the MD simulations, Glu364 

swivels between making interactions with Lys228 in the “open” state and with Asn370 in the 

“closed” state (Figure 1). Based on our MD-derived model, we proposed that substitutions at 

these residues would result in a change in the dynamic equilibrium between the “open” and 

“closed” conformations of the motif-D loop, which would then affect RdRp function. For 

example, Lys228 makes an interaction with motif-D residue Glu364 in the “open” state, so 

we predicted that the K228A variant would disfavor the “open” state, even in the presence of 

incorrect nucleotide. In the “closed” state, the interaction between Lys228 and Glu364 is 

broken, and Glu364 makes a new interaction with Asn370, such that we predicted that the 

N370A substitution would disfavor the “closed” state, even in the presence of the correct 

nucleotide. Based on previous studies with other RdRp variants38, 46, 51, 52, we expected that 

the K228A and N370A would have lower and higher nucleotide selection fidelities than WT 

RdRp, respectively. Indeed, we show in this manuscript that amino acid substitutions at 

positions 228 and 370 change the relative populations of the “open” and “closed” states to 

affect RdRp nucleotide incorporation rates and fidelity. Similar structural elements could 

likewise impact the conformational dynamics of the motif-D loop to affect function in other 

viral RdRps.

MATERIALS AND METHODS

Materials.

[γ−32P]ATP and [α−32P]UTP (>7000Ci/mmol) were from VWR-MP Biomedical. 

Nucleoside 5’-triphosphates and 2’-deoxynucleoside 5’-triphosphates (all nucleotides were 

ultrapure solutions) were from GE Healthcare. 3’-Deoxyadenosine 5’-triphosphate 

(cordycepin) was from Trilink Biotechnologies. All RNA oligonucleotides were from 

Dharmacon Research, Inc. (Boulder, CO). T4 polynulceotide kinase was from New England 

Biolabs, Inc. [Methyl-13C] Methionine was from Cambridge Isotope Laboratories. HisPur 

Ni-NTA resin was from Thermo Scientific. Q-Sepharose fast flow was from Amersham 

Pharmacia Biothce, Inc. The QuikChange site-directed mutagenesis kit was from Stratagene. 
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The plasmid DNA isolation Miniprep kit was from Omega Bio-Tek. All other reagents were 

of the highest grade available from Sigma or Fisher.

Plasmid construction.

The K228A and N370A variants were generated using the QuikChange method with 

appropriate primers. Mutations were confirmed by DNA sequencing (Nucleic Acid Facility, 

The Pennsylvania State University). It should be noted that all RdRp proteins, including WT 

protein, have two interface amino acid substitutions (L446D and R455D) to prevent 

polymerase polymerization.

Heterologous expression of PV RdRp in Escherichia coli.

PV RdRp (UniProtKB P03300(1748–2209)) was expressed in Escherichia coli B834(DE3) 

pRARE cells using autoinduction as previously described54–56. Protein samples used in 

NMR experiments were 13C-labeled by the addition of [methyl-13C]Met, while RdRps 

involved in kinetic studies did not incorporate this isotope.

Purification of PV RdRp.

Protein purification of PV WT and N370A variant was performed as described54–56. For the 

K228A RdRp variant, cell lysates were centrifuged for 30 min at 5,000 rpm at 4°C. The 

supernatant was then loaded onto a pre-equilibrated Ni-NTA column with buffer (20% 

glycerol, 100 mM potassium phosphate pH 8.0, 1 μg/mL pepstatin, 1 μg/ml leupeptin, 500 

μM ethylenediaminetetraacetate (EDTA), 60 μM ZnCl2, 5mM β-mercaptoethanol (BME), 

500 mM NaCl, 1mM phenylmethylsulfonyl fluoride (PMSF), 0.1% NP40 and 5 mM 

imidazole) at a flow rate of 1 mL/min. This Ni-NTA column with protein was incubated for 

30 min at 4°C. The remaining purification procedures were the same as previously 

described54.

Enzyme kinetic assays.

Kinetic assays, including activesite titration assays, RdRp-RNA-nucleotide complex 

assembly assays, RdRp-RNA dissociation assays and nucleotide incorporation assays, for 

the K228A and N370A RdRp variants were conducted as previously described46, 57. All 

assays contained 50 mM HEPES pH 7.5, 10 mM BME, 5 mM MgCl2, and 60 μM ZnCl2. 

Experiments were conducted at 30°C unless otherwise noted.

NMR Sample Preparation and Spectroscopy.

NMR samples for the K228A and N370A RdRp variants were prepared as previously 

described38, 54. The NMR buffer consisted of 10 mM HEPES pH 8.0, 200 mM NaCl, 0.02% 

NaN3, 5 mM MgCl2 and 10 μM ZnCl2. NMR data collection followed previous 

procedures38, 54, using a Bruker Avance III 600 MHz spectrometer equipped with a 5-mm 

“inverse detection” triple-resonance (13C,1H,15N) single axis gradient TCI probe.
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RESULTS

The K228A and N370A variants have lower and higher nucleotide selection fidelity, 
respectively.

Our MD-derived model suggested that the interactions between Glu364 on the motif-D loop 

and Lys228 and Asn370 on other surrounding structural elements are important in 

determining the motif-D loop conformation, which we have suggested is important for 

determining RdRp nucleotide incorporation rates and fidelity38, 46, 50. To test this model, we 

generated the K228A and N370A PV RdRp variants. To make sure these variants were 

suitable for further kinetic and NMR experiments, we first compared their abilities to form 

and maintain the pre-chemistry RdRp-RNA reaction complexes through enzyme assembly 

and dissociation assays, respectively, as we have done previously46, 57 (Figure 2). In the 

kinetic and NMR studies, we used the 10-mer primer/template substrate (ssU) RNA 

template that contains a six-base pair duplex flanked by four nucleotide 5’ overhangs (i.e. 

5’-GCAUGGGCCC)57. The rate and yield of competent RdRp-RNA complexes and the 

stability of the assembled RdRp-RNA complexes were very similar with WT RdRp, 

indicating that these amino acid substitutions did not substantially affect RNA affinity or 

complex stability. These results indicated that these variants were suitable for further kinetic 

and structural investigations.

We next performed single nucleotide incorporation kinetic experiments to determine the 

maximal rate constant for nucleotide incorporation, kpol, and the apparent dissociation 

constant for the incoming nucleoside triphosphate (NTP), Kd,app, where the correct and 

incorrect NTPs were considered to be ATP and GTP, respectively (Figure 3). The K228A 

and N370A variants had slightly elevated and diminished kpol values for correct AMP 

incorporation, respectively, but very similar Kd,app for ATP, compared to WT RdRp (Table 

1). The K228A variant had a lower Kd,app for GTP, and the N370A variant had a lower kpol, 

resulting in increased and decreased second-order rate constants (i.e. kpol/Kd,app), 

respectively, for GMP misincorporation compared to WT RdRp. One measure of RdRp 

fidelity is the ratio of the second-order rate constants for correct and incorrect nucleotide 

(i.e. (kpol/Kd,app)correct/(kpol/Kd,app)incorrect). Based on these kinetic parameters, the K228A 

and N370A variants had lower and higher nucleotide incorporation fidelity, respectively, 

compared to WT RdRp (Table 1).

Comparison of the K228A and N370A variants to other PV RdRp fidelity-variants.

We have previously analyzed a number of PV RdRp variants through kinetics, NMR 

analyses, computer simulations and biological assays38, 46, 49, 51, 52, 54, 58. It has also been 

shown that PV encoding lower- and higher-fidelity RdRps have reduced virulence in mice 

transgenic for the PV receptor15, 20, 21, 26, 46, 59. Within this context, it is worth noting then 

that the K228A variant had nucleotide incorporation fidelity (defined as (kpol/Kd,app(ATP) /

kpol/Kd,app (GTP)) similar to the lower-fidelity T362I variant (Figure 4); we have shown that 

PV encoding the T362I substitution has reduced virulence in the PV-receptor mouse 

model46. Likewise, the N370A variant has nucleotide selection fidelity similar to the higher-

fidelity G64S variant (Figure 4); PV carrying the G64S substitution has reduced virulence in 

the PV-receptor mouse model20, 21. These results indicate that the K228A and N370A 

Shi et al. Page 5

Biochemistry. Author manuscript; available in PMC 2020 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



variants had altered single nucleotide incorporate rates and fidelities on the same order of 

magnitude as previously identified RdRp variants.

Structural dynamics changes induced by the K228A and N370A substitutions as monitored 
by solution-state NMR.

Our model (Figure 1) predicted that the K228A and N370A substitutions would disfavor the 

“open” and “closed” conformations of the motif-D loop respectively, which would also 

likely lead to structural changes in connected regions. To test this proposal, we collected 

[methyl-13C]Met 1H-13C HSQC spectra for RdRp:RNA:NTP ternary complexes with 

“correct” nucleotide (in this case, UTP) and “incorrect” nucleotide (either 2’-dUTP or CTP). 

We have previously established NMR “fingerprints” for when the enzyme is in the “open” 

and “closed” states38, 46, 54. For example, the chemical shift position for Met354 (in motif 

D) in the WT RdRp:RNA:UTP ternary complex (“closed”) is distinct from that observed in 

the RdRp:RNA:CTP ternary complex (“open”) (see Figure 5). Chemical shift changes in 

Met354 generally correlate to chemical shift changes associated with other Met residues, 

including Met225 that makes contact with residues in motifs A and C (Figure 5). X-ray 

crystal structures had indicated that active site closure involves a realignment of the β-

strands in motifs A and C to form a proper three strand β-sheet60; chemical shift changes in 

Met225 are likely a response to these structural changes. We note here that Lys359 did not 

appear to be positioned in these X-ray crystal structures to act as a general acid, although 

MD simulations indicated that dynamic motions could appropriately reposition 

Lys35939, 51, 58. We suspect that relocation of Lys359 is among the last events before 

catalysis, which may not be absolutely required for nucleotide addition performed in 
crystallo given that Lys359 substitutions only decrease nucleotide incorporation rates by 10–

50-fold37, 38. Here, we define the “closed” conformation as encompassing those structural 

changes identified by both X-ray crystallography and MD simulations, and we do not 

attempt to parse out the realignment of motifs A and C from structural changes in the motif-

D loop.

Another region that was of particular interest was motif B; residues in this motif, including 

Ser288 and Asn297, have been shown to be important for ribose sugar recognition60–65. We 

have previously identified Met187 as an informative probe for conformational changes 

involving motif B (Figure 5). Arg188 has also been shown to be important in interacting 

with the RNA template strand60, 63, such that the chemical shift position of Met187 may also 

be sensitive to the binding and positioning of the RNA. We have noted that some fidelity 

variants (e.g. K359R and H273R) differentially affect Met354/Met225 and Met187, 

suggesting that these variants might decouple structural changes occurring in motifs A, B 

and D52.

We thought it helpful to compare the N370A variant to other higher fidelity variants (i.e. 

relative to WT RdRp) (Figure 5) and compare the K228A variant to other lower fidelity 

variants (i.e. relative to WT RdRp) (Figure 6). It was interesting to note that that the Met354 

resonance for the N370:RNA:UTP ternary complex was at nearly the same chemical shift 

position as the WT:RNA:CTP ternary complex, suggesting that the motif-D loop and 

surrounding areas do not “close” in the N370A variant, even in the presence of the correct 
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NTP. We have previously made a similar observation for the R174K variant52. However, the 

R174K variant has lower catalytic activity and higher fidelity than the N370A variant, likely 

because of the other functional roles for Arg174; Arg174 contacts the α-phosphate of the 

incoming NTP and is likely important for proper alignment of the α-phosphate for reaction 

with the primer 3’-OH52, 60, 61. The N370A variant may also more readily fluctuate into the 

“closed” conformation compared to the R174K variant. In the N370A:RNA:UTP complex, 

there were two resonances attributed to Met225, which appeared to correlate to the 

resonances observed in the WT:RNA:UTP and WT:RNA:CTP complexes. This finding 

suggested that Met225 and the surrounding region fluctuates between “open” and “closed”-

like conformations. This conformational exchange was not observed in the R174K variant.

The chemical shift position for Met187 in the N370A:RNA:UTP complex was also unique 

compared to that observed in WT or other high fidelity variant complexes, suggesting that 

Met187 and/or surrounding areas may access a different conformation in the N370A variant. 

We note that the G64S and K359R variants have very similar NMR spectra as WT RdRp, 

suggesting that increased nucleotide incorporation fidelity for these variants arise because of 

factors outside a change to the “open-closed” conformational equilibrium. As previously 

discussed, the G64S variant has altered nanosecond structural dynamics in many regions 

across the protein58, 66, and altered acid-catalysis in the K359R variant is likely responsible 

for its increased fidelity37, 38.

Comparisons of the K228A NMR spectra to WT RdRp and the lower fidelity variants were 

also illuminating (Figure 6). The Met354 chemical shift position was nearly identical 

between K228A and WT RdRp (and the other low fidelity variants) for the RNA:UTP 

complexes, and there were only small chemical shift differences for the Met225 and Met187 

resonances. The small chemical shift change in the Met225 resonance was not surprising 

considering the close proximity of the K228A substitution. More substantial differences for 

the K228A RdRp were observed for the RNA:2’-dUTP and RNA:CTP complexes. In the 

K228A:RNA:2’-dUTP spectra, there were two resonances attributed to both Met225 and 

Met354, with chemical shift positions similar to those observed in the RNA:UTP and 

RNA:CTP spectra. A similar observation was previously made for the T362I variant (see 

also Figure 6). Similar to what we have suggested for the T362I variant46, we propose that 

the K228A variant can more readily fluctuate into the “closed” conformation even in the 

presence of incorrect NTP (i.e. 2’-dUTP), helping to explain the K228A variant’s reduced 

ability to discriminate NTPs. It should be noted that there were only single resonances for 

Met225 and Met354 for the K228A:RNA:CTP complex; the K228A variant may still affect 

the “closed-open” conformational equilibrium for this complex, but not sufficiently enough 

to observe changes in the NMR spectrum.

There were also interesting spectral differences for Met187 observed for the K228A and the 

other low fidelity variants. It was interesting to note that Met187 in the WT:RNA:2’-dUTP 

complex was associated with three or more overlapping resonances, suggesting Met187 

and/or surrounding regions may access multiple conformations when binding 2’-dUTP. We 

observed a subset of these resonances for K228A and the other low fidelity variants, perhaps 

indicating that these substitutions also affect structural dynamics in motif B and related 

regions.
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DISCUSSION

We had previously identified the structural dynamics of the motif-D loop as being important 

for RdRp nucleotide incorporation rates and fidelity38, 46, 50. Our previous MD simulations 

suggested that the motif-D loop toggles between less active “open” and more active “closed” 

conformations, which changes the position of the catalytic residue Lys35946. These 

conformations are partially stabilized through interactions between Glu364 on the motif-D 

loop and Lys228 in the “open” state and Asn370 in the “closed” state. The NMR studies 

were consistent with the MD-derived model; the K228A and N370A variants less favor the 

“open” and “closed” states, respectively, compared to WT RdRp. The changes to the “open-

closed” conformational equilibrium likely explain changes to the single nucleotide 

incorporation rates and fidelity. The K228A variant favors the active “closed” state more, 

leading to a slightly elevated kpol for correct nucleotide incorporation, and a greater ability 

to incorporate incorrect nucleotide. The N370A variant favors the “closed” state less, leading 

to reduced rate constants, and a decreased ability to incorporate incorrect nucleotide. 

Although the kinetic changes are modest, they are similar to previously characterized RdRp 

variants. Similar interactions that likely help to modulate the motif-D loop structure and 

dynamics have been previously identified in other RdRps46.

It is interesting to note previous studies on the CVB3 RdRp, which studied the effects of 

substituting Phe364 (equivalent to Phe363 in PV RdRp) and interacting residues19. The 

“open” conformation is also stabilized through a stacking interaction between the motif-D 

residues Phe364 and Pro357 (Pro356 in PV RdRp)19, 60, 63, 67. Amino acid substitutions at 

position 364 appear to interfere with the “open-closed” conformational change19. Unlike 

previous studies67, there did not appear to be a correlation between 2’-OH discrimination 

based on single nucleotide incorporation assays (similar to performed here) and in vivo virus 

mutation frequencies for the F364-modified viruses19. Perhaps the Phe364 substitutions 

decouple structural events important for ribose discrimination from other fidelity-governing 

conformational changes, as we have observed for some PV RdRp variants52. The NMR 

studies presented here also suggest that the K228A and N370A substitutions differently 

affect motif B, as reported by the Met187 resonance(s), compared to motifs A and D, as 

reported by the Met225 and Met354 resonance(s). The impact on motif B and/or 

surrounding regions is especially relevant considering that the motif-B loop is also 

conformationally dynamic and Asn370 amino acid substitutions also affect RdRp 

fidelity29, 62, 65, 68; these studies further highlight the multifactorial nature of replication 

fidelity.

CVB3 encoding the F364W RdRp also had significantly reduced pathogenesis in mice, 

possibly suggesting a pathway to rationally engineer CVB3 vaccine strains19. This finding 

was especially significant considering that the analogous G64S, R174K and K359R 

substitutions in CVB3 do not lead to functional virus18, 67. Altogether the previous19, 38, 46 

and current studies identify structural changes involving motif D as an important checkpoint 

in nucleotide incorporation fidelity, and suggest that modifying the interactions that govern 

these structural changes affects RdRp function and fidelity. These findings are important 

considering that it has been suggested that viruses encoding RdRps with altered replication 

fidelities may serve as live, attenuated vaccine strains25.
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ABBREVIATIONS

BME β-mercaptoethanol

CVB3 coxsackievirus CVB3

EDTA ethylenediaminetetraacetate

HEPES 4-{2-hydroxyethyl)-1-piperazineethane sulfonic acid

HSQC heteronuclear single quantum coherence

MD molecular dynamics

Ni-NTA nickelnitrilotriacetic acid

NMR nuclear magnetic resonance

NTP nucleoside 5’-triphosphate

PMSF phenylmethylsulfonyl fluoride

PV poliovirus

RdRp RNA-dependent RNA polymerase

RT reverse transcriptase

ssU symmetrical primer/template substrate

WT wild-type
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Figure 1. 
Motif-D loop interactions in the poliovirus RNA-dependent RNA polymerase. (A) The X-

ray crystal structure of PV RdRp53 (PDB 1RA6) showing conserved structural motifs 

colored as followed: A, red; B, green; C, yellow; D, blue; E, purple; F, pink. Key residues on 

and making interactions with motif D are indicated. (B) Chemical mechanism of PV RdRp 

indicating the general acid role of Lys359 to protonate the leaving pyrophosphate group. The 

“?” represents a proposed general base that has yet to be identified. (C) Simplified model 

showing the interactions made by loop residue Glu364 in the “open” and “closed” states of 

PV RdRp. In the “open” state, Glu364 makes an interaction with Lys228 and Lys359 is 

positioned away from the active site, unable to serve as the general acid. In the “closed” 

state, Glu364 makes an interaction with Asn370 and Lys359 is repositioned such that it can 

act as the general acid.
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Figure 2. 
Formation and stability of RdRp-RNA complexes is not affected by the K228A and N370A 

substitutions. The data for WT (black), K228A (blue) and N370A (red) RdRp are shown. 

(A) Assembly assay for the RdRp-RNA-NTP ternary complex. RNA (0.5 μM duplex) and 

500 μM ATP (i.e. which templates against U) were pre-incubated for 5 min at 30°C before 

the addition of 1 μM RdRp. Reactions were quenched at the indicated times by adding 25 

mM EDTA. (B) RdRp-RNA dissociation assay. RdRp (1 μM) and RNA (0.1 μM) were pre-

incubated at 30°C for 90 s before the addition of 100 μM unlabeled RNA (i.e. “trap”). After 

the indicated times, the reaction buffer was mixed with 500 μM ATP and then quenched 

after 30 s by the addition of 25 mM EDTA. The dissociation rate constants of WT, K228A 

and N370A for ssU RNA were determined to be 3.04±0.19×10−4 s−1, 2.82±0.24×10−4 s−1 

and 3.19±0.20×10−4 s−1, respectively.
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Figure 3. 
The K228A and N370A substitutions lead to lower and higher fidelity polymerases 

respectively. (A) Experimental design for single nucleotide incorporation assays using ATP 

and 2’-dATP. RdRp (1 μM) was pre-incubated with ssU RNA (1 μM) before being quickly 

mixed with equal volume of ATP or 2’-dATP with different concentrations. These reactions 

were monitored by fluorescence changes over time using a stopped-flow apparatus. (B) 

Kinetic data for correct AMP incorporation (templated against U) for WT (black), K228A 

(cyan) and N370A (red) PV RdRp. The lines represent data fit to a hyperbola function to 

give an apparent dissociation constant (Kd,app) and a maximal rate constant for nucleotide 

incorporation (kpol). Kinetic parameters were determined at least three times; data shown 

represents one set of experiments. (C) Experimental design for single nucleotide 

incorporation assays using GTP. RdRp (1 μM) was pre-incubated with ssU RNA (1 μM) at 

room temperature for 3 min and then at the assay temperature of 30 °C for 2 min, before 

being quickly mixed with equal volume of GTP at different concentrations. In this case, 

RNA was 32P labeled on the 5′-end. (D) Kinetic data for incorrect GMP incorporation 

(templated against U) for WT (black), K228A (cyan) and N370A (red) PV RdRp. The lines 

represent data fit to a hyperbola function to give an apparent dissociation constant (Kd,app) 

and a maximal rate constant for nucleotide incorporation (kpol). Kinetic parameters were 

determined at least three times; data shown represents one set of experiments.
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Figure 4. 
Comparison of the PV RdRp kinetic fidelity variants. (A) In most cases, nucleotide 

incorporation fidelity was defined as the second-order rate constant for correct nucleotide 

incorporation divided by the second-order rate constant for incorrect nucleotide 

incorporation (i.e. kpol/Kd,app (ATP) /kpol/Kd,app (GTP)). The low catalytic activities for 

K359R and R174K precluded accurate rate measurements at lower nucleotide concentrations 

(especially for incorrect nucleotide), and so nucleotide incorporation fidelities for these 

variants were based on estimates of kpol using a higher nucleotide concentration38, 52. In the 

K359R and R174K variants, fidelity is defined as the kpol for correct nucleotide 

incorporation divided by the estimated kpol for incorrect nucleotide incorporation (i.e. kpol 

(ATP) / kpol (GTP)). Viruses encoding the H273R15, T362I46, G64S20, 21 and K359R26 

variants all have reduced virulence in a PV mouse model. Asterisks indicate that the kinetic 

parameters for the variant were statistically different from WT values, according to p value 
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(0.01<*≤0.05; 0.001<**≤0.01; ***≤0.001; n=3) (B) Structure of PV RdRp53 (PDB 1RA6), 

showing the locations of amino acid substitutions used to generate lower and higher fidelity 

variants. Conserved structural motifs are also colored: A, red; B, green; C, yellow; D, blue; 

E, purple; F, pink.
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Figure 5. 
NMR chemical shift analyses to identify structural dynamic differences between WT and 

higher fidelity variants of PV RdRp. (A) There are Met residues in key positions to report on 

structural dynamic differences in conserved motifs between WT and fidelity variant RdRps. 

Met225 is in contact with residues from both motifs A (red) and C (yellow). Met187 is in 

contact with residues in motif B (green), and likely reports on conformational changes in 

motif B and nearby residues necessary for the interactions with the incoming nucleotide. In 

particular, Ser288 and Asn297 have been shown to make critical interactions with the ribose 

moiety of the incoming nucleotide and are important for correct sugar selection60–62. 

Met354 is present in motif D (blue), and likely reports on structural changes important in 

active site closure involving motifs A (red) and D. These structural changes may include 

conformational changes in the motif-D loop to reposition Lys359 for catalysis38. (B) 

Comparison of the chemical shift positions of Met225, Met187 and Met354 in RdRp-RNA-

nucleotide ternary complexes based on [methyl-13C]Met 1H-13C HSQC spectra. Chemical 

shift positions characteristic of the “open” and “closed” conformations are highlighted in red 
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and black, respectively. For these ternary complexes, RdRp was pre-incubated with ssU 

RNA (5’-GCAUGGGCCC-3’) and 3’-dATP to terminate RNA synthesis, buffer exchanged 

to remove excess 3’-dATP, and then UTP (black spectra) or CTP (red spectra) was added 

(i.e. the next templating base is A). Spectra were collected at 293 K with 250 μM RdRp, 500 

μM duplex ssU RNA and 4 μM UTP or 12 μM CTP. Aspects of the NMR spectra for WT, 

G64S, R174K and K359R have been previously reported38, 52, 54.
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Figure 6. 
NMR chemical shift analyses to identify structural dynamic differences between WT and 

lower fidelity variants of PV RdRp. Comparison of the chemical shift positions for Met225, 

Met187 and Met354, which report on structural dynamic changes in important structural 

motifs (see Figure 4), based on [methyl-13C]Met 1H-13C HSQC spectra of (A) 

RdRp:RNA:UTP, (B) RdRp:RNA:2’-dUTP and (C) RdRp:RNA:CTP ternary complexes. In 

this case, UTP is considered to be the “correct” nucleotide (i.e. templated against A), so that 

2’-dUTP has the incorrect sugar and CTP has the incorrect nucleobase. Chemical shift 

positions characteristic of the “open” and “closed” conformations are indicated. The change 

in the “open-closed” conformational equilibrium is most apparent in the K228A and T362I 

RNA:2’-dUTP complexes. For these ternary complexes, RdRp was pre-incubated with ssU 

RNA (5’-GCAUGGGCCC-3’) and 3’-dATP to terminate RNA synthesis, buffer exchanged 

to remove excess 3’-dATP, and then (A) UTP, (B) 2’-dUTP or (C) CTP was added (i.e. the 
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next templating base is A). Spectra were collected at 293 K with 250 μM RdRp, 500 μM 

duplex ssU RNA and 4 μM UTP, 8 μM 2’-dUTP or 12 μM CTP. Aspects of the NMR spectra 

for WT, H273R and T362I have been previously reported38, 46, 51, 52, 54.
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