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ABSTRACT

The nucleic acid polymerase-catalyzed nucleotidyl
transfer reaction associated with polymerase active
site closure is a key step in the nucleotide addition
cycle (NAC). Two proton transfer events can occur
in such a nucleotidyl transfer: deprotonation of the
priming nucleotide 3’-hydroxyl nucleophile and pro-
tonation of the pyrophosphate (PP;) leaving group.
In viral RNA-dependent RNA polymerases (RdRPs),
whether and how active site residues participate in
this two-proton transfer reaction remained to be clar-
ified. Here we report a 2.5 A resolution crystal struc-
ture of enterovirus 71 (EV71) RdRP in a catalyti-
cally closed pre-chemistry conformation, with a pro-
posed proton donor candidate K360 in close con-
tact with the NTP y-phosphate. Enzymology data re-
veal that K360 mutations not only reduce RdRP cat-
alytic efficiency but also alter pH dependency pro-
files in both elongation and pre-elongation synthesis
modes. Interestingly, mutations at R174, an RdRP-
invariant residue in motif F, had similar effects with
additional impact on the Michaelis constant of NTP
(Ku,nTep). However, direct participation in protonation
was not evident for K360 or R174. Our data suggest
that both K360 and R174 participate in nucleotidyl
transfer, while their possible roles in acid-base or po-
sitional catalysis are discussed in comparison with
other classes of nucleic acid polymerases.

INTRODUCTION

RNA-dependent RNA polymerases (RdRPs) encoded by
RNA viruses represent a unique class of nucleic acid poly-
merases that play key roles in viral genome replication

and transcription and are ideal targets for developing an-
tivirals. Similar to other classes of polymerases, the nu-
cleic acid biosynthesis by RARP comprises thousands of
‘nucleotide addition cycles’ (NACs) to incorporate nucle-
oside monophosphate (NMP) building blocks into the nu-
cleic acid product. A classic four-reference-state model of
NAC includes a state one (S;) ‘open’ complex with a va-
cant active site, a nucleoside triphosphate (NTP) substrate-
bound state 2 (S;) with the active site remaining open, a
catalytically competent ‘closed’ state 3 (S3) with necessary
conformational changes occurring after NTP binding and
a post-chemistry ‘closed’ state 4 (S4) awaiting polymerase
translocation to the next register that finishes the NAC
(1-3) (Figure 1). Numerous three-dimensional structures
of polymerase catalytic complexes have been captured at
or in between these reference states. Translocation inter-
mediates, bridging S4 and S; of the next NAC, have been
structurally captured in RARPs and DNA-dependent RNA
polymerases (DdRPs), depicting an asymmetric movement
of the template—product RNA duplex, with the template
strand being relatively constrained by the polymerase (4-7)
(Figure 1). These NAC-related structures, if organized in a
sequential manner, provide a framework to understand the
dynamic process of the entire cycle.

The phosphoryl transfer is one of the rate-limiting steps
in NAC employing a two-metal-ion mechanism (8,9). One
divalent metal ion, metal A, increases the nucleophilic-
ity of the priming 3’-OH by lowering its pKa, while the
other, metal B, facilitates pyrophosphate (PP;) release (10).
Both metal ions contribute to re-orientating the triphos-
phate moiety of rNTP/dNTP and maintaining a closed
polymerase active site for catalysis. Deprotonation of the
3’-hydroxyl nucleophile and protonation of the PP; leaving
group could occur prior to phosphoryl transfer in all nucleic
acid polymerases (11,12). Proton donor candidate residues,
K560 of bacteriophage RB69 DADP, K631 of bacterio-
phage T7 DdRP, K220 of human immunodeficiency virus 1
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(HIV-1) reverse transcriptase (RT) and K359 of poliovirus
(PV) RARP, were proposed in a comparative study (13).
Structural evidence is also available in DdDPs and DdRPs
with the candidate lysine amine group captured in close
contact with the NTP triphosphate moiety or PP; (1,14—
15). However, questions remain about whether PV RdRP
K359 and its equivalents in other RARPs have such a role
in common. Besides the lack of structural evidence of its di-
rect interaction with NTP, K359 is only conserved in some
RNA viruses including those from Picornavirales. In con-
trast and among very few invariant RARP residues, there is
an arginine in RARP motif F (corresponding to PV RdARP
R174) that may also be a proton donor candidate based on
RdRP structures captured with a ‘closed’ active site (S; or
S4) (3,16).

In this study, a CTP-derived S; RARP elongation com-
plex (EC) of enterovirus 71 (EV71), a close relative of PV,
was captured by X-ray crystallography. Besides a previ-
ously identified R174-NTP «,B-phosphate linkage interac-
tion, K360, the PV K359 equivalent, was found interacting
with the y-phosphate of CTP bound in the RdARP active
site, thus supporting its direct involvement in nucleotidyl
transfer. Furthermore, Michaelis—Menten kinetics and pH
dependency comparison of R174 and K360 mutants and
wild-type (WT) EV71 RdARP suggests the contribution of
both residues in such a catalytic process, providing a refined
understanding of viral RARP nucleotidyl transfer reaction.

MATERIALS AND METHODS
Plasmid construction and protein preparation

A pET26b-Ub vector-based plasmid containing the WT
EV71 3D (RdARP) (strain SK-EV006-LPS1, or strain
SK) gene was used as the original cloning template to
construct the mutant plasmids following previously de-
scribed methods (4,17-18). Cell growth, isopropyl-B-D-
thiogalactopyranoside (IPTG) induction, cell harvesting,
cell lysis, protein purification and protein storage were per-
formed as described previously (4,19). Briefly, protein was
expressed in Escherichia coli strain BL21(DE3)pCGl, in-
duced by 0.5 mM IPTG and purified by sequentially pass-
ing through nickel-affinity, anion exchange and gel filtration
columns.

RNA preparation and 3D! EC assembly

The 35-mer (T35) and 33-mer (T33) template RNAs used
in crystallography and enzymology characterizations, re-
spectively, were prepared by T7 RNA polymerase-glmS
ribozyme-based approaches described previously (20,21),
and the 10-mer RNA primer (P10) was chemically synthe-
sized (Integrated DNA Technologies). RNA construct as-
sembly and EC assembly, purification by anion exchange
chromatography and storage were as previously described

(5).

EC crystallization and EC crystal soaking trials

EC crystallization was performed as described previously
(4). Briefly, crystals were grown by sitting-drop vapor dif-
fusion at 16°C using 10 mg/ml EC samples. Crystals grew

in a precipitant solution containing 0.17 M ammonium sul-
fate, 0.085 M MES (pH 6.5), 25.5% (w/v) polyethylene gly-
col (PEG) 5000 monomethyl ether and 15% (v/v) glycerol.
Crystal soaking trials were done using the precipitant so-
lution supplemented with 5 mM CTP, 5 mM UTP, 10 mM
MgCl, and 5 mM tetrasodium pyrophosphate (PP;). Crys-
tals were directly cooled and stored in liquid nitrogen prior
to data collection.

Crystallographic data processing and structure determina-
tion

X-ray diffraction data was collected at Shanghai Syn-
chrotron Radiation Facility (SSRF) beamline BL17U1
(wavelength: 0.9792 A) at 100 K. A full 180° of data were
collected in 0.2° oscillation steps. Reflections were inte-
grated, merged and scaled using HKL2000 (Table 1) (22).
The initial structure solution was obtained using the molec-
ular replacement program PHASER (23) with coordinates
derived from a native EV71 EC structure (PDB entries
SF8G, chains A—C) as the search model (4). Manual model
building and structure refinement were done using Coot
and PHENIX, respectively (24,25). The 3500 K compos-
ite simulated-annealing (SA) omit 2F,—F. electron density
maps were generated using PHENIX. Unless otherwise in-
dicated, protein structure superimposition was done using
the maximum likelihood-based structure superpositioning
program THESEUS (26).

The stopped-flow fluorescence-based single nucleotide elon-
gation assay

This assay was performed according to protocols described
previously (5). Briefly, the 33-mer RNA template T33-Fj,,
with an internal fluorescein label (Integrated DNA Tech-
nologies) was annealed with a 10-mer RNA primer (P10)
at a 1.1:1 molar ratio to produce a T33-Fj, /P10 con-
struct. The EC was assembled using T33-Fj, /P10 and
EV71 RdARP upon incorporation of a G—A-G-A tetranu-
cleotide with GTP and ATP as the only NTP substrates,
producing a 14-mer (P14)-containing EC (EC14). The fluo-
rescence signal change was measured at 22.5°C after rapid
mixing of EC14 and CTP samples, producing a final solu-
tion with 25 nM RNA, 400 nM RdRP, 0.5 uM ATP/GTP
and different concentrations of CTP in SF buffer containing
50 mM HEPES (pH 7.0), 30 mM NacCl, 50 mM KCl, 5 mM
MgCl, and 5 mM Tris(2-carboxyethyl)phosphine (TCEP).
A rapid fluorescence signal decrease was observed when
CTP was mixed with EC14 using a stopped-flow instrument
(Applied PhotoPhysics Chirascan SF3). The fluorescence
excitation monochromator bandwidth was set at 4 nm. For
pH dependency trials, the final RARP concentration was
150 nM, CTP was provided at 300 wM and buffering agent
[NaOAc pH 4.5, 5.0, 5.5; Nascitrate pH 4.5, 5.0, 5.5; MES
pH 5.5, 6.0, 6.5; HEPES pH 6.5, 7.0, 7.5, 8.0; Tris pH 7.0,
7.5, 8.0, 8.5, 9.0; glycine pH 8.5, 9.0, 9.5, 10.0, 10.5; and N-
cyclohexyl-3-aminopropanesulfonic acid (CAPS) pH 10.0,
10.5, 11.0] was provided at 5 mM.

Data analysis and fitting were done as described previ-
ously (19). Briefly, the data of signal decrease observed for
CMP incorporation were fitted into a single exponential



Table 1. X-ray diffraction data collection and structure refinement
statistics
PDB TWIS
Data collection®
Space group P2, 212
Cell dimensions
a, b, c(A) 64.0,77.7,150.8
a, B,y (0) 90, 90, 90
Resolution (A)b 50.00-2.53 (2.62-2.53)
No. of unique reflections 25127
Rumerge 0.063 (0.77)
Rineas 0.072 (0.89)
CCi)2 0.989 (0.645)
I/l 18.1(2.2)
Completeness (%) 95.2(90.6)
Redundancy 4.5(3.6)
Structure refinement
Resolution (A) 2.53
No. of unique reflections 24670
Ryork / Rereee (%0) 20.0/24.1
No. atoms
Protein/RNA 3526/471
Ligand/lon/Water 29/19/15
B-factors (A2)
Protein/RNA 68.2/81.3
Ligand/Ton/Water 62.8/69.7/64.4
R.m.s. deviations _
Bond lengths (A) 0.008
Bond angles (°) 0.992

Ramachandran stat.d 91.4/8.3/0.0/0.2

20ne crystal was used for data collection.

bValues in parentheses are for highest resolution shell.

€5% of data are taken for the Ry set.

dValues are in percentages and are for most favored, additionally allowed,
generously allowed and disallowed regions in Ramachandran plots, respec-
tively.

decay equation Y = amplitude x exp(-rate x t) + offset,
where t is the reaction time. The single-turnover incorpo-
ration rates under various CTP concentrations were then
fitted to the Michaelis—Menten-type equation, rate = kcye X
[CTP]/(ICTP] + Km.cTp), to determine the k., and appar-
ent Ky crp values for calculating ke /Km cTp to assess cat-
alytic efficiency. For pH dependency analyses, Tris-derived
data were fit to either a one-ionizable-group model: rate
= ratejnq/(1 + 10PK&1-PH) o1 3 two-ionizable-group model:
rate = ratej,q /(1 + 10PK&1-PH 4 10 PH-pKa.2) 'with pKa., set
as fixed values (10.5 or 12.0, only for the WT) (27).

Gel-based primer-dependent single nucleotide incorporation
assay

To identify the optimal pH value for WT and mutant
RdRPs, a typical 20 wl reaction mixture containing 5 mM
buffering agent (the same as the pH dependency stopped-
flow trials, pH range: 4.5-11.0), 50 mM KCl, 20 mM NacCl,
5 mM MgCly, 4 mM TCEP, 4 uM T33/P10 RNA, 6 uM
3DP°! was pre-incubated at 22.5°C for 1 h, and then GTP
was provided at 300 wM to allow the P10 to P11 conversion
at 22.5°C. The T33 RNA has a similar sequence to T33-
Fint except for several downstream nucleotides (5'-GGGAG
AUGAAAGUCUCCAGGUCUCUCGUCGAAA-3/, dif-
ferent nucleotides are underlined). An equal volume of stop
solution containing 95% (v/v) formamide, 20 mM EDTA
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(pH 8.0) and 0.02% (w/v) xylene cyano was added to
quench the reaction. The RNA species were analyzed by
denaturing (7 M urea) 20% (w/v) polyacrylamide gel elec-
trophoresis (PAGE) followed by Stains-All staining (Sigma-
Aldrich), and band intensity quantification was performed
using ImageJ (https://imagej.nih.gov/ij) as previously de-
scribed .

RESULTS

A crystal structure of an EV71 RdARP state 3 complex reveals
triphosphate contact by the proton donor candidate K360

Using a previously established EV71 RARP EC crystal form
that permits multiple in-crystal NACs (4,5), we attempted
to obtain S;-like structures using NTP substrate-containing
solutions in crystal soaking trials. Besides cognate NTP
(CTP in this case) and magnesium ion (Mg”*), a non-
cognate NTP (UTP) and/or PP; were also included in short
duration soaking to possibly capture the polymerase just be-
fore the chemistry step. An Sj crystal structure was solved at
2.5 A resolution with CTP, UTP, Mg?* and PP; all present in
the soaking solution and a 5 min soaking time (Table 1; Sup-
plementary Figure S1A). In combination with previously
reported native and NTP-derived EC structures using the
same crystal form, a relatively complete structural frame-
work of NAC has been sketched (28) (Figure 1; Supple-
mentary Video S1). In this structure, the RARP active site
adopts the closed conformation with the side chain guani-
dinium group of R174 motif F interacting with the «,(3-
phosphate linkage in an identical manner to available RARP
S; and Sy structures (3-4,16,29). Very interestingly, the side
chain amine group of K360 interacts with the y-phosphate,
with a 3.3 A distance between the amine nitrogen atom
and one of the phosphate oxygen atoms (Figure 2A-C).
The close contact between residue K360 and the triphos-
phate of substrate NTP observed in this catalytically com-
petent conformation supports the proton donor candidacy
of K360 equivalent residues in RdARPs, even though simi-
lar close contacts have not been observed in other RARPs
(Figure 2D, E). Located at the outer rim of the NTP entry
channel, K360 is adjacent to RARP motif D that undergoes
a backbone shift in coordination with motif A upon active
site closure. Hence, the intrinsic backbone dynamics and the
flexible nature of the lysine side chain may make the K360-
v-phosphate contact difficult to observe.

Among the structures with the side chain fully resolved
through our soaking trials, the distance between CTP -
phosphate and K360 side chain amine nitrogen varies be-
tween 3.3 and 4.0 A for (Supplementary Figure SIA-C).
The presence of PP; in the soaking solution probably plays
a critical role in capturing this pre-chemistry state. Previ-
ously reported enterovirus RARP structures either derived
from the same crystal form but obtained after a comparable
soaking duration (Supplementary Figure S1D, 5 min 10 s
versus 5 min in this work), obtained after an overnight soak-
ing (Supplementary Figure S1E) or captured after three
NAC events all represent post-chemistry states (Supple-
mentary Figure S1F) (3,4). Moreover, the reorientation of
v-phosphate allows its interactions not only with the K360
side chain but also with catalytic metal B, and therefore is
probably a late event in active site closure. Accordingly, a
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Active site closure

Translocation

Figure 1. Viral RARP NAC depicted by a series of EV71 RARP EC crystal structures. Six RARP EC models are shown in a sequential manner from top
left to bottom left. Coloring scheme: template in cyan (+1 nucleotide in orange), product in green, palm in gray (YGDD sequence in magenta) and ring
finger subdomain in yellow. Uppercase letters with gray background indicate corresponding RARP motifs. The a-carbons of the four invariant residues are
shown as green spheres. Magnesium ions (symbolized as ‘a” and ‘b’ for metal A and metal B) are shown as cyan spheres. The hurdle residues interacting
with the template +1/+2 junction (T114 and S115 in EV71 RdRP) in motif G are shown as pink spheres. Four colored ovals are used as references for
in-register locations for nucleosides at positions —1 and +1. Numbers with a red background indicate four reference NAC states, while EC models placed
in between these reference states represent intermediate states. PDB entries from top left to bottom left (clockwise): SF8G (S;), SF8I (between S, and S3),
S3 = TWOS (S3; this work), SF8M (S4); SF8N (between S4 and Sy, early stage during translocation); Sepm = 6LSH (between S4 and S, late stage during

translocation).

similar triphosphate conformation is only observed in the
NV S; structure or our EV71 S; structures obtained us-
ing a similar soaking strategy, but not in any other pre-
and post-chemistry RARP structures (3,16) (Supplemen-
tary Figure S1).

Mutations at both K360 and R174 sites impair EV71 RdARP
catalysis

While R174 is invariant in RARPs and RTs, glutamic acid
(E) and aspartic acid (D) also exist at K360-equivalent
positions in RdRPs (Figure 3A). We therefore hypothe-
size that R174-equivalent residues may also serve as pro-
ton donors and may be universal to RARPs. In order to
further dissect the function of K360 and R174 in EV71
RdRP catalysis, we made five mutants, K360R, K360A,
R174K, R174A and K360A-R174A, and compared them
with WT RdARP (EV71 strain SK) in a previously estab-
lished stopped-flow fluorescence assay (5). The RNA con-
struct used in this assay contains a fluorescently labeled tem-
plate. An RARP EC was assembled upon primer-dependent
incorporation of a G-A-G-A tetranucleotide, and was then

subjected to stopped-flow trials to mix with CTP for a
single-nucleotide elongation triggering an immediate fluo-
rescent signal decrease (Figure 3B). The catalytic rate con-
stant k. and Michaelis constant Ky ctp were determined
for each RARP construct. All four single-point mutants
greatly impaired k¢, retaining only 0.4-4.3% of the activ-
ity of the WT enzyme (Figure 3C). Due to very low flu-
orescent signal change, we were not able to obtained us-
able data for the K360A-R174A mutant. While the K360
mutants exhibited 0.3- to 1.4-fold the WT Ky crp value
(K360R, 10.0 pM; K360A, 51.3 M versus WT, 36.6 uM),
the R174 mutants had much higher Ky ctp values that are
~5.7- to 26.7-fold the WT level (R174K, 217 wM; R174A,
979 uM) (Figure 3C). These data suggest that both K360
and R174 are likely to contribute to the nucleotidyl trans-
fer, but only R174 plays an important role in NTP binding.
If using kcat/ Kn.cTp to assess catalytic efficiency, the K360A
and R174A mutants had ~260- and 2700-fold efficiency re-
duction in the WT level, respectively. These data are consis-
tent with the structural observation that R174-equivalent
residues interact with NTP triphosphate moiety in both
‘open’ and ‘closed’ active site conformations, while K360-
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Figure 2. A crystal structure of EV71 RARP captured in a catalytically competent state. (A) Stereo-pair images of the EV71 RdARP EC S3 structure with
3500 K composite SA omit electron density maps (contoured at 1.2 o) overlaid. The coloring scheme is the same as in Figure 1, with electron densities of
metal ions in black. The letters in the black circles indicate the names of the catalytic motifs. The black dashed lines indicates key interactions (hydrogen
bond, metal ion coordination and electrostatic interaction). (B) A schematic diagram of interactions involving the substrate CTP in the active site of the
S3 structure. Two metal ions (denoted as MeA and MeB) are in cyan and the CTP is in blue. (C-E) EV71 RdRP K360-equivalent residues have not been
captured in direct contact with NTP in S3 (or Ss3-like) structures in other viral RARPs. 2F,—F electron density maps (contoured at 1.2 o) are overlaid
with RARP structures (labeled with PDB entries) from EV71 (C, this work), norovirus (NV) (D) and hepatitis C virus (HCV) (E). Three structures were

superimposed using the main chain atoms of their motif C residues.

equivalent residues are rarely and only captured in close
proximity to NTP triphosphate moiety in the ‘closed’ con-
formation (Figure 2A).

Mutations at both K360 and R174 sites modulate pH depen-
dency for EV71 RdARP elongation

To further explore whether mutations at K360 and R174
sites affect the pH dependency of EV71 RARP EC, we mea-
sured the rate of single-nucleotide incorporation under a
single CTP concentration of 300 wM and various pH values
for WT RdARP and all single-point mutants (Figure 4; Sup-
plementary Table S1). Seven buffering agents were used to
cover a wide pH range of 4.5-11.0 in a single buffering agent
setting, and the final agent concentration of 5 mM was cho-
sen to allow enough fluorescence signal change for the ma-
jority of pH conditions. The RNA construct and EC assem-
bly procedures are the same as those for determining Ay
and Ky ctp parameters. The assembled EC was then used in
stopped-flow trials for rate determination. Rates were read-
ily determined for all RARP constructs at all pH values, ex-
cept for measurements at very low or high pH values due

to reasons including protein aggregation (low pH) and low
fluorescence signal change (both low and high pH) (Fig-
ure 4; Supplementary Table S1). For all measurable rates,
an increasing trend upon pH increase was observed for ev-
ery RARP construct within each buffering agent (Figure 4,
compare all data points in each agent set). Different agents
at identical pH values yielded different rates, reflecting their
difference in both chemical nature and enzyme regulation
(Figure 4, compare data points at the same pH but from dif-
ferent agents). We should also note that rates could be quite
different with buffering agent provided at different concen-
trations. For example, the k¢, value is 23.5/s for the WT at
50 mM HEPES (7.0) but a rate of ~40/s was determined
at 5 mM HEPES (7.0) at 300 M CTP concentration. We
also tested the pH dependency in a pH range of 7-11 using
multiple buffering agents for the WT and K360A mutant.
For the Tris—CAPS and Tris—glycine-CAPS combinations
tested, we still did not observe a rate decrease upon pH in-
crease in this pH range (Supplementary Figure S2).
Although we were not able to observe a rate decrease
upon pH increase for any single agent or agent combina-
tions tested, the pH-dependent rate profile is indeed differ-
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Figure 3. Enzymology characterization of EV71 RdRP and its mutants by a stopped-flow fluorescence-based approach. (A) A structure-based se-
quence alignment of RARP motifs F (C-terminal part) and D (with C-terminal extension). Two RT sequences are listed for comparison. +ssRNA /-
ssRNA/dsRNA: positive-strand /negative-strand /double-stranded RNA viruses. PICO (Picornaviridae): CV, coxsackievirus B3; HRV, human rhinovirus
A1B; FMDV, foot-and-mouth disease virus. FLAV (Flaviviridae): CSFYV, classical swine fever virus; JEV, Japanese encephalitis virus. PERM (Permutote-
traviridae): TaV, Thosea asigna virus. LEVI (Leviviridae): QBETA, bacteriophage QB. CORO (Coronaviridae): SARS2, severe acute respiratory syndrome
coronavirus 2. PBIR (Picobirnaviridae): HPBV, human picobirnavirus. CYST (Cystoviridae): PHI6, bacteriophage ¢6. BIRN (Birnaviridae): IBDV, in-
fectious bursal disease virus. REO (Reoviridae): MORV3, mammalian orthoreovirus 3. RHAB (Rhabdoviridae): VSV, vesicular stomatitis virus. PNEU
(Pneumoviridae): HMPV, human metapneumovirus. PERI (Peribunyaviridae): LACV, La Crosse bunyavirus. PHEN (Phenuiviridae): SFTSV, severe fever
with thrombocytopenia syndrome virus. ORTH (Orthomyxoviridae): 1AV, influenza virus A. RETR (Retroviridae): HIV-1. TERT, telomerase reverse tran-
scriptase. (B) The sequences of the T33-Fj,; /P10 (Fj, denotes a fluorescein-labeled nucleotide at an internal position) construct used in the single-nucleotide
elongation assay and the data from the WT and K360R constructs showing faster fluorescence signal change with higher CTP concentration. Each trace
reflects the average signal of 5-8 replicates. A 14-mer-containing EC was assembled using GTP and ATP and then used in stopped-flow trials by mixing
with CTP and monitoring the conversion of the 14-mer to the 15-mer. (C) Michaelis-Menten curve fittings of WT RARP and its mutants. For the right
panel, fitted WT curves were shown for comparison with data points omitted. ke, Kv and ke /Km values with fitting errors or propagated fitting errors
are listed for comparison.

ent between the WT and all its mutants, in particular for and compare fitting to a single-pKa model or fitting to the
Tris-derived data points. While the rate starts to level off two-pKa model with a fixed value of pKa,, to estimate the
beyond pH 8.0 for the WT, it keeps increasing for all four pKa,; and the pH-independent rate (ratej,q). For WT en-
single-point mutants (Figure 4, dark blue points). Similar zyme, the pKa,; of 10.5 (corresponding to the pKa of lysine)
difference was observed in the PV study when comparing yielded a pKa,; of 7.0 and an ratej,q of 71/s, while higher
WT RARP with K359L and K359R mutants (27) (PV K359 pKa,; (12.0 tested) or fitting with pKa,; only did not affect
is equivalent to EV71 K360). If only considering acid—base these values much (Figure 4A).

catalysis, two ionizable groups yield a bell-shaped pH pro- We therefore used the single-pKa fitting for the analysis
file, from which the two pKa values can be derived (pKa,; of the mutants, and consistently obtained pKa,, values of
< pKa,;). However, our data only cover the ascending part 8.0-8.2 for all single-point mutants (Figure 4B-E). These
of the profile and we therefore use the Tris-derived WT data data suggest that K360 and R174 contribute similarly to
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Figure 4. The pH dependency of WT RARP and its mutants in the elongation mode. (A-E) Using the T33-Fj,(/P10 construct, and following the same EC
assembly and stopped-flow operation as in Figure 3, the single-nucleotide incorporation rates for the WT (A) and its mutants (B-E) were determined in a
pH range of 4.5-11.0. Data from valid measurements are shown by filled squares, while open and filled circles shown at rate ‘0’ (indicated by the horizontal
gray line) represent measurements not suitable for rate determination (see also Supplementary Table S1). Tris-derived WT data points (blue squares) were
fitted to either a one-ionizable-group model or a two-ionizable-group model but with a constant pKa of the second ionization group (pKa,: 10.5 or 12.0
for the WT), while only the one-ionizable-group model was used for all mutants. The WT curve generated using the one-ionizable-group model (red) in

(A) is provided as a reference in (B-E).

the pH dependency profile, but the profile alteration by the
mutations is not necessarily related to PP; protonation. On
the other hand, the rate;,q values are consistent with muta-
tion type (K360R/R174K, 10-11/s; K360A/R174A, 1.5
1.6/s) but not mutation site, suggesting that both basic side
chains also contribute to pH-independent (e.g. positional)
catalysis.

Mutations at only the K360 site alter the optimal pH range
of EV71 RdRP in the pre-elongation stage

RdARP of enteroviruses (e.g. PV and EV71) typically en-
ters the elongation phase after incorporation of one or
more nucleotides in nucleic acid primer-driven assays (30—
32). Therefore it is worthwhile assessing pH dependency of
RdRP catalysis also at the pre-elongation stage. A 33 nt
template (T33) and a 10 nt primer (P10) were used to as-
semble the T33/P10 RNA construct. With GTP provided
as the only NTP substrate, EV71 RdRP is able to convert
P10 to an 11 nt product (P11) in pre-elongation mode (Fig-
ure 5). A pre-incubation time of 1 h was applied prior to
the reaction to minimize the effect of possible slow associa-
tion of RARP and RNA, and the buffering agent concentra-

tion, pH range and single-agent setting were consistent with
those in the EC pH dependency trials. For each construct,
a single reaction time was set in the range of 8 s to 15 min
for >80% production of P11 at its optimal pH. All RARP
constructs exhibited an optimal pH range when assessed
by denaturing PAGE (Figure 5). WT RdRP had an opti-
mal pH range of 6.0-7.0 as assessed by MES- and HEPES-
derived data (Figure 5A). Both K360R and K360A mutants
had the optimal range moderately but clearly shifted to-
ward the high pH direction (Figure 5B, C: 6.5-7.0 and 6.5-
7.5), while such a shift was not observed for both R174 mu-
tants (Figure 5D, E). We were also able to test the K360A-
R174A mutant in this gel-based assay and it had a simi-
lar behavior to the K360 single-point mutants. The obvi-
ous differences in optimal pH range and R174 contribu-
tion between elongation and pre-elongation modes indi-
cate that fundamental differences in RARP catalysis may
exist between these two modes. Although K360-related mu-
tants do shift the optimal pH towards high pH values in
the pre-elongation mode assay, the optimal pH is still near
neutral. Hence these data do not prove participation of
K360 in PP; protonation that occurs presumably at much
higher pH.
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Figure 5. The pH dependency of WT RARP and its mutants in the pre-elongation mode. (A) the T33/P10 RNA construct was used in a single-nucleotide
incorporation assay (see the Materials and Methods). When GTP is provided as the only substrate, the 10 nt primer (P10) is extended to a 11 nt product
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Figure 6. A comparison of S3 or S3-like complexes of four classes of single-subunit nucleic acid polymerases. Labeling, symbols and coloring scheme are
the same as in Figure 1 except that the fingers domain is in pink. The side chain of key residues surrounding the substrate NTP (or NTP analog) are shown
as sticks. Magnesium ions are shown as cyan spheres. PDB entries from left to right: 7W9S, 1RTD, 1S76 and 3KTQ. All structures were superimposed

using the main-chain atoms of their motif C residues.

DISCUSSION

The residue boundaries of motif D are not defined con-
sistently in different viral RARPs, probably due to low se-
quence conservation at the level of all RNA viruses (28,33).
If using structural homology and equivalence as a guide,
motif D of EV71 RdARP can be localized to residues 352—
356 that form antiparallel B-type interactions with residues
233-235 of motif A. K360 is within the C-terminal exten-
sion of motif D that is usually a loop with variations in
length, structure and sequence (Figure 3A). Upon active
site closure, motif D and this loop move together with mo-
tif A towards the active site (3,29). However, in previously
reported RARP structures, K360 or its equivalents have not
been observed in close contact with NTP substrate even for
structures with a closed active site. Previous studies suggest
that K359R mutation in PV RdRP and K360R mutation
in coxsackievirus B3 (CV B3) reduce the k., (defined as
kpol or maximum elongation rate in these studies) by >20-
fold, indicating that this lysine may indeed participate in
forming the transition state of the nucleotidyl transfer re-
action (27,34). By capturing an S; structure with the K360
side chain interacting with NTP vy-phosphate, we obtained
structural evidence to support the direct participation of
this residue in phosphoryl transfer. In one of the PV stud-
ies, K359R and K359H both change the pH dependency
of catalysis, by shifting the pKa,; to a higher value (27),
consistent with our observation for both K360 and R174
single-point mutants in the elongation mode tests. Collec-
tively, a general acid from RdRP could participate in the
phosphoryl transfer, but this role can be fulfilled by not just
one residue. Considering the fact that R174 is invariant but
K360 is not, only the former’s role as a general acid may
be generally applied to RARPs. Although our data support
that both R174 and K360 are involved in nucleotidyl trans-
fer, we were not able to prove a contribution in PP; proto-
nation for either of them. Further attempts probing basic
active residues in viral RARPs are worthwhile to prove their
possible role in PP; protonation.

The direct involvement of K360 in RARP catalysis is also
compatible with the behaviors of RARPs or RNA viruses
bearing mutations in motif D and its C-terminal extension.
PV K359R, T3621 and CV B3 F364W mutant viruses ex-
hibited an attenuated phenotype (34-36), while mutations
or modulating interactions in this region resulted in alter-

ation in RARP catalysis and fidelity in PV and CV B3 (34—
39). Note that multiple processes, including NTP recruit-
ment, peptide backbone shift of motifs A/D during ac-
tive site closure and NTP triphosphate moiety alignment,
may affect RARP catalysis and fidelity. K360 and its neigh-
boring residues in motifs A/D, together with mostly side-
chain-level conformational changes in motifs B/C/F, con-
tribute to the reshaping of the active site during the induced-
fit process of active site closure. It has been pointed out
that the general acid-base catalysis may not be the only
mechanism to achieve phosphoryl transfer in nucleic acid
polymerases (40). As shown in the case of multisubunit
DdRPs, the active site trigger loop/helix (TL/TH) acts as
a positional rather than as an acid—base catalyst (41,42). In
single-subunit nucleic acid polymerases, the NTP triphos-
phate moiety may form three sets of interactions upon ac-
tive site closure (Figure 6). The first set is the most conser-
vative and involves the two invariant aspartic acid residues
of motifs A and C and the two catalytic divalent metal ions.
The second set of interactions are on the opposite side of
the divalent metal ions and involve basic residues (usually
arginines and lysines) of motif F in RARPs or motif B in
DdRPs (1,3,14,43). EV71 RdRP R174 participates in this
set of interactions and is structurally equivalent to T7 RNA
polymerase K631 that is highly conserved in A-family poly-
merases. The third set of interactions, probably the least
conservative in residue type, are likely to be from the distal
end of the triphosphate offered by the EV71 RARP K360-
like residues located near the entrance of the NTP/dNTP
entry channel. Typically, there is a positively or negatively
charged residue at the structurally identical or similar po-
sition (Figure 6). Although not yet structurally captured
as in EV71 RdRP, such a residue may form direct or indi-
rect contact with the triphosphate when forming the tran-
sition state of phosphoryl transfer and therefore may co-
operate with residues involved in the other sets of inter-
actions, for either acid—base or positional catalysis. While
we were not able to determine optimal pH ranges in our
elongation-mode single-buffering-agent experiments, these
ranges are detectable at near neutral pH for pre-elongation
trials under the same buffering settings. We propose that
pre-elongation RARP complexes may have a ‘loose’ active
site with positional catalysis and acid-base catalysis hav-
ing different weights if compared with the ECs. Such pre-
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elongation complexes with a less optimal active site could
be more susceptible to solution environment changes and
respond differently upon active site residue mutation.

By solving a catalytically closed RARP EC structure, we
observed a general acid candidate lysine residue in close
contact with the NTP triphosphate moiety. Together with
enzymology data characterizing this lysine and an invari-
ant motif F arginine, we collected evidence to support the
contribution of both residues in RARP phosphoryl transfer.
As this residue is not universally conserved in RdRPs, the
participation of its structural equivalents and other residues
in motifs D and F as acid-base or positional catalysts re-
mains to be clarified, while a structural comparison among
all four classes of single-subunit nucleic acid polymerases
depicts similarity of the interaction framework surrounding
the NTP/dNTP triphosphate moiety in their catalytically
competent state.
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