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ABSTRACT

Viral RNA-dependent RNA polymerases (RdRPs)
play central roles in the genome replication and tran-
scription processes of RNA viruses. RdRPs initi-
ate RNA synthesis either in primer-dependent or de
novo mechanism, with the latter often assisted by a
‘priming element’ (PE) within the RARP thumb do-
main. However, RARP PEs exhibit high-level struc-
tural diversity, making it difficult to reconcile their
conserved function in de novo initiation. Here we de-
termined a 3.1-A crystal structure of the Flaviviridae
classical swine fever virus (CSFV) RdRP with a rel-
ative complete PE. Structure-based mutagenesis in
combination with enzymology data further highlights
the importance of a glycine residue (G671) and the
participation of residues 665—-680 in RARP initiation.
When compared with other representative Flaviviri-
dae RdRPs, CSFV RdRP PE is structurally distinct
but consistent in terminal initiation preference. Taken
together, our work suggests that a conformational
change in CSFV RdRP PE is necessary to fulfill de
novo initiation, and similar ‘induced-fit’ mechanisms
may be commonly taken by PE-containing de novo
viral RARPs.

INTRODUCTION

RNA-dependent RNA polymerases (RdRPs) carrying out
RNA-directed RNA synthesis in viral RNA genome repli-
cation and transcription play central roles in the life cy-
cle of RNA viruses. Efficient and faithful RdRP initia-
tion at preferred sites is essential for the integrity of viral

RNA genome and production of accurate transcripts. Simi-
lar to DNA-dependent RNA polymerases, RARPs undergo
relatively unstable initiation before entering an elongation
phase that allows synthesis of thousands of nucleotides in a
processive manner (1-3). As different initiation mechanisms
of RNA synthesis exist in RNA viruses, it is conceivable that
unique elements, either acting intra- or inter-molecularly,
can be utilized by RARPs to ensure necessary precision and
efficiency at initiation. For primer-dependent viral RARPs,
either a virally-encoded VPg protein (viral protein genome-
linked), an RNA oligonucleotide synthesized by primase-
like viral enzymes, or a capped RNA oligonucleotide gener-
ated by a ‘cap-snatching’ process can serve as the primer to
guide RARP initiation (4-6). For the majority of RARPs uti-
lizing de novo initiation mechanisms, a substructure within
the RARP proteins, herein termed ‘priming element’ (PE),
can approach the active site and interact with the RNA
template and the initiating NTPs (7-10), achieving initia-
tion in a relatively self-sufficient manner. Being the most
conserved enzyme encoded by RNA viruses, viral RARP
contains a polymerase core that structurally resembles an
encircled human right hand comprising palm, fingers, and
thumb domains surrounding the active site, with unique
fingers-thumb interactions to make the encirclement (11—
14). Seven catalytic motifs A—G surround the active site
with A-E in the most conserved palm and F/G in the fin-
gers, while PE is usually a component of the thumb (13-16).

RdRPs of several virus families, including Flaviviridae,
Cystoviridae and Orthomyxoviridae, represent classical PE-
containing RARPs capable of de novo initiation. Crystal
structures of RARP initiation complexes (ICs) from the
Cystoviridae bacteriophage &6 and the Flaviviridae hepatitis
C virus (HCV) revealed very similar initiation mechanisms
with rather distinct PE substructures. The side chains of $6
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Figure 1. A crystal structure of CSFV NS5B with a relatively complete PE substructure. (A) The crystal structure of HCV NS5B IC (PDB entry: 4WTJ).
Template RNA is in cyan, dinucleotide primer is in green, PE is in purple, motif C CGDD sequence is in magenta and the other region of motif C is in
gray. ADP and residues Y448 and G449 are shown as sticks, and the a-carbon atoms of residues N442, N455, D546 and G554 are shown as blue spheres.
(B) A global view of CSFV NS5B N-91. Except for the motif C CGDD sequence and PE, cartoon representations are masked by semi-transparent surface
representations. Coloring scheme: PE—purple, CGDD sequence—magenta, N-terminal extension (NE)—violet, palm—gray, index/middle/ring/pinky
fingers—green/orange/yellow/pink, thumb—slate. (C) A comparison of the pestivirus RARP PE structures with PDB entries listed. The a-carbon atoms
of the residues at the ends of the thumb insertion region and C-terminal tail of PE are shown as blue spheres, a-carbon atoms of G671 are shown as
orange spheres, and a-carbon atoms of H673/V678 of N-91 PE structure are also shown as orange spheres. The region of residues 673-678 is highlight
with a blue dotted circle. Top row: CSFV NS5B structures from Shimen strain (N-91, WT and C-682); bottom row: CSFV NS5B WT (Eystrup strain)
and representative BVDV NS5B constructs. (D) Stereo-pair images of the N-91 structure zoomed in around PE with 3500 K composite SA-omit 2F, — F;
electron density map (contoured at 1.5 o) overlaid. The coloring scheme and representations are the same as in panel B. The a-carbon atoms of residues
670-683 are shown in spheres with those in the B-turns colored in orange. Characteristic hydrogen bonding interactions maintaining the B-type structures
of the PE C-terminal tail are shown as green dashed lines. (E) A conservation analysis of the pestivirus PE. Sequence logos generated using a multiple-
sequence alignment of 219 NS5B sequences of pestivirus (http://weblogo.berkeley.edu/). Top panel: the thumb insertion (residues 571-586), bottom panel:

the C-terminal tail (residues 665-694).

RdARP Q629 and Y630 in a short helix form hydrophobic
interactions with the —1 template nucleotide and the prim-
ing NTP, respectively (7), while in the dinucleotide-derived
IC the side chain of HCV RARP Y448 and peptide plane of
Y448-G449 in the tip of a B-turn interact with the -2 tem-
plate nucleotide and the -2 nucleotide of the priming din-
ucleotide, respectively (8) (Figure 1A). These PE substruc-
tures provide a relatively flat-shape surface at the immediate
upstream of the RARP initiation site, thus not only stabiliz-
ing the interactions involving the template strand and the
NTP/dinucleotide substrates but also restricting the place-
ment of the 3’-end of the template strand for precise termi-
nal initiation.

The Flaviviridae family currently includes Hepacivirus,
Pegivirus, Pestivirus and Flavivirus genera. Based on both
structural and protein sequence information, three repre-
sentative PE substructure types exist in Flavivridae RARPs.
The first type is represented by that of the Hepacivirus
HCV NS5B containing a B-hairpin (residues 442455, in-
cluding the aforementioned YG sequence) as an insertion
in the thumb and a C-terminal tail (residues 546-563) co-
folding with the B-hairpin through parallel B-type inter-
actions (8,11). The second type is represented by that of

the Pestivirus classical swine fever virus (CSFV) or bovine
viral diarrhea virus (BVDV) NS5B, with a similar two-
segment combination. By contrast, the B-hairpin counter-
part (residues 571-586 in CSFV) in the pestivirus RdARP
adopts a loop conformation and is about 9-A shorter than
the HCV B-hairpin (17,18), while the pestivirus C-terminal
tail (residues 665-694) interacts with this loop through anti-
parallel B-type interactions. The third type is represented
by that of the Flavivirus Japanese encephalitis virus (JEV)
or dengue virus (DENV) NS5, having a single thumb inser-
tion segment (residues 790-813 in JEV) also known as the
‘priming loop’ (19,20). It is expected that these structurally
diverse PEs can facilitate de novo initiation in a somehow
similar manner as observed in the comparison of HCV and
&6 IC structures. However, the mechanistic details remain
elusive due to the lack of both structural and enzymology
data, in particular in the Pestivirus and Flavivirus genera.
In this work, we report a 3.1-A resolution crystal struc-
ture of CSFV NS5B, and the structure reveals previously
unidentified structural information for residues 673-688 in
the C-terminal tail of PE. This region forms additional
antiparallel B-type interactions with residues 667-670 and
contributes to the structural integrity of PE. Enzymology
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Table 1. X-ray diffraction data collection and structure refinement

statistics

PDB 7EKJ
Data collection®
Space group P432,2
Cell dimensions
a, b, c(A) 82.1,82.1,228.1
a, B,y (0) 90, 90, 90
Resolution (A)b 60.0-3.06 (3.17-3.06)
No. unique reflections 14,282
Rimerge 0.084 (0.54)
Rineas 0.088 (0.57)
CCi)2 0.986 (0.937)
I/ol 24.0 (3.3)
Completeness (%) 92.6 (74.5)
Redundancy 9.4 (8.9)
Structure refinement
Resolution (A) 3.06
No. unique reflections 14,197
chvrk/Rt‘reeC (%) 268/283
No. atoms

Protein 4,337

Ligand/Ion/Water //
B-factors (A2)

Protein 103.1

Ligand/Ton/Water //
R.m.s. deviations _

Bond lengths (A) 0.010

Bond angles (°) 1.330

Ramachandran stat.d 84.3/14.9/0.6/0.2

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 percentage and are for most favored, additionally allowed,
generously allowed, and disallowed regions in Ramachandran plots, re-
spectively.

characterization of WT NS5B and its PE mutants further
suggests that structural dynamics of PE assisted by residue
G671 is likely required to allow the 665-680 region of the
C-terminal tail to approach the active site for efficient ini-
tiation. Further structural comparison combined with en-
zymology tests highlights the conformational adaptation of
PE at initiation may widely exist in de novo viral RARPs,
thus providing an important reference to understand RARP
initiation in general.

MATERIALS AND METHODS
Plasmid construction and protein production

A pET26b-CSFV-NS5B (residues 1-694, Shimen strain)
plasmid was used as the template for construction of all
mutant plasmids by using site-directed, ligase-independent
mutagenesis (SLIM) for deletions and QuikChange site-
directed mutagenesis for point mutations as previously de-
scribed, and each NS5B construct contains a C-terminal
hexahistidine tag (18,21,22). Cell growth, isopropyl-B-D-
thiogalactopyranoside (IPTG) induction, cell harvesting,
cell lysis, protein purification and protein storage were per-
formed as described previously (18). The HCV (BK strain)
NS5B was prepared using a pET26b-based plasmid and E's-
cherichia coli Rosetta (DE3) strain, and the bacteria was
grown in terrific broth (TB) medium. Protein purification
and storage for HCV NS5B were performed as previously
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described in the JEV NS5 study except that a 100 mM imi-
dazole wash step was applied prior to the elution step of the
Ni-affinity chromatography, MES (pH 6.5)/5% (vol./vol.)
glycerol and Tris (pH 7.5)/500 mM NaCl/5% (vol/vol) glyc-
erol were used for the cation-exchange and gel filtration
columns, respectively (20). The yield is typically 3 mg of
pure NS5B protein per liter of bacterial culture. The DENV
serotype 2 (DENV2) NS5 protein preparation was per-
formed as previously described (23). Protein concentrations
were measured based on protein sequences by absorbance
at 280 nm using molar extinction coefficients calculated
by the ExPASy ProtParam program (http://web.expasy.org/
protparam/).

Protein crystallization and structure determination

Crystals of CSFV NS5B N-91 were grown by sitting
drop vapor diffusion at 16°C using 8 and 10 mg/ml
protein. Within 2 weeks, lamellar crystals grew with a
precipitant/well solution of 0.1 M sodium acetate trihy-
drate (pH 4.6) and 2.0 M ammonium sulfate. Crystals were
transferred to a cryo-solution (precipitant solution supple-
mented with 25% (vol/vol) glycerol) by incremental buffer
exchange prior to flash cooling in liquid nitrogen.

Single crystal X-ray diffraction data was collected at
Shanghai Synchrotron Radiation Facility (SSRF) beam-
lines BL19U1 (wavelength = 0.9785 A, temperature = 100
K). 180° of data were collected in 0.5° oscillation steps.
Reflections were integrated, merged, and scaled using
HKL2000 (24) (Table 1). The initial structure solution
was obtained using the molecular replacement program
PHASER using coordinates derived from a WT CSFV
NS5B structure (PDB entry: SYFS) as the search model
(25). Manual model building and structure refinement
were done using Coot and PHENIX, respectively (26,27).
The 3500 K composite simulated-annealing omit 2F, — F
electron density map was generated using PHENIX. Un-
less otherwise indicated, protein structure superimpositions
were carried out using the maximum-likelihood superposi-
tioning program THESEUS (28).

RNA preparation

The 30-mer template strand RNA (T30) used for in vitro
RdARP assays was chemically synthesized (Integrated DNA
Technologies). The 32-mer and 34-mer template RNAs
(T32, T34-1 and T34-2) were obtained by in vitro T7T RNA
polymerase transcription/g/msS ribozyme-based approach
as previously described (29,30). The RNAs were purified by
12% (wt/vol) polyacrylamide/7 M urea gel electrophoresis.
The target RNA was excised from the gel, electro-eluted by
using an Elu-Trap device (GE Healthcare), precipitated by
ethanol precipitation, dissolved and stored in an RNA an-
nealing buffer (RAB) of 50 mM NaCl, 5 mM Tris (pH 7.5), 5
mM MgCl, at —80°C after a self-annealing process (a 3-min
incubation at 95°C followed by snap-cooling to minimize
intermolecular annealing). A 5'-phosphorylated G-G dinu-
cleotide (pGG or P2, Jena Bioscience) was annealed to each
template RNA at a 1.25:1 molar ratio via a 3-min incuba-
tion at 45°C followed by slow-cooling to room temperature
in RAB to yield the template/P2 constructs.
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In vitro de novo RARP assays

For all in vitro de novo RARP assays based on the din-
ucleotide (P2)-driven reactions, the CSFV NS5B reaction
buffer contains 50 mM Tris (pH 7.0), 5 mM MgCl,, S mM
dithiothreitol (DTT) and 20 mM NacCl, the HCV NS5B re-
action buffer contains 40 mM MES (pH 6.5), 2 mM MgCl,,
5mM DTT and 30 mM NaCl, and the DENV2 NS5 reac-
tion buffer is the same as CSFV, except that Tris (pH 7.5)
was used as the buffering agent. For the 9-mer product (P9)-
containing EC (EC9) formation assay to achieve the P2-to-
P9 conversion, a typical 20 pl reaction mixture containing 6
wM RdARP protein, 4 uM template/P2 construct (including
5uwM P2), 15 M extra P2, 300 uM ATP, and 300 puM UTP
in the corresponding reaction buffer, was incubated at 30°C
for 45 min. Reaction quenching, denaturing polyacrylamide
gel electrophoresis (PAGE), gel staining and quantitative
analyses were performed as previously described (18,30).
The Stains-All (Sigma-Aldrich)-based staining method is
reasonably accurate as previously described, and in the ma-
jority of our experiments we tried to keep the band intensity
within the linear range estimated in the previous study by
adjusting the range of reaction time points (23).

In the assay to characterize the conversion of P2 to the
3-mer product (P3), ATP was supplied as the only NTP
substrate and a higher P2 final concentration (95 wM) was
used to achieve multiple turnovers within an applicable re-
action duration. In a typical P2-to-P3 conversion assay, 50,
150, 300, 500, 1000 and 2000 wM ATP concentrations were
tested. For quantitative analyses, to minimize the calcula-
tion error derived from gel-to-gel intensity variations and
estimate the relative reaction rate of WT and its variant, we
used a fixed amount (15 pl at 2 wM) of a chemically syn-
thesized 8-mer (P8) RNA as a quantitation standard (STD)
on both sides of each gel to correlate band intensities. The
standardized P3 intensities were then used to estimate indi-
vidual reaction rate through linear regression, and the cal-
culated reaction rates under different ATP concentrations
were fitted to the Michaelis-Menten equation to estimate
the catalytic rate constant k¢, and the Michaelis constant
Knatp.

RESULTS

Crystal structure of the CSFV NS5B N-91 contains a rela-
tively complete PE

Beyond the RARP catalytic core, the about 710-residue
pestivirus NS5B contains a 90-residue N-terminal domain
(NTD) and a 24-residue C-terminal membrane anchoring
helix (31,32). Previously reported pestivirus NS5B struc-
tures include RdRP-only structures of BVDV and NTD-
containing structures of CSFV, but these structures only
have a portion of the PE C-terminal tail resolved (17,18,33).
With an aim to reveal a more complete picture of pestivirus
NS5B PE, we constructed N-terminal and C-terminal trun-
cated forms of CSFV NS5B and attempted crystallization.
Among them, the N-91 construct with the NTD removed
from the WT backbone (Shimen strain) was crystallized and
yielded a 3.1-A resolution structure (Table 1 and Figure 1B).
The N-91 structure contains one NS5B molecule in the crys-
tallographic asymmetric unit, and is largely consistent with

the RARP core in the NTD-containing CSFV NS5B WT
structure (PDB entry: SYF5) (18), with a root-mean-square
deviation (RMSD) value of 0.9 A (N-91 as the reference,
96% residue coverage). In the N-91 structure, 40 out of the
604 residues are unresolved (unresolved residue range: 91—
92,105-107, 119-133,272-277, 392-394, 533-537 and 689—
694).

In previously reported pestivirus NS5B structures, PE
C-terminal tail residues 665-672 (PDB entry: 2CJQ)/665—
674 (PDB entry: 1S4F), 665-670 (PDB entries 5YF5 and
5YF6), 665-678 (PDB entry: 5Y6R) of the BVDV, CSFV
Shimen strain, CSFV Eystrup strain were resolved, respec-
tively (17,18,33) (Figure 1C). Residues 665-670 formed a 3-
strand in these structures, and run antiparallel to residues
580-586 of the PE loop. In the latter CSFV structure,
residues 673-678 folded back toward the upstream direction
(according to polymerase synthesis), interacted with the
palm, and only loosely associated with the rest of the thumb
(33) (Figure 1C). By contrast, the N-91 structure showed a
relatively complete picture of PE with residues 665-688 of
the C-terminal tail resolved (Figure 1C and D). Residues
673683 in this structure form antiparallel B-type substruc-
tures and interact with the rest of the thumb, making the
PE an integrated structural element (Figure 1D and E).

Structural dynamics of the C-terminal tail may be critical for
CSFYV RdRP de novo initiation

The structural feature of PE observed in the N-91 construct
evoked us to assess the contribution of structural dynamics
of C-terminal tail to de novo initiation and to find out the re-
gions required for this critical activity. We therefore made a
set of point mutations at a conserved glycine residue (G671)
critical for maintaining the first 3-turn and presumably nec-
essary for function-related conformational changes of the
C-terminal tail (Figure 1E and Table 2). Previously estab-
lished dinucleotide (P2)-driven RARP assays were carried
out to assess the effect on de novo initiation brought by these
mutations (18,23,34), while the NTP-driven reactions were
not chosen due to lower activity and product heterogeneity
(18). In the presence of only ATP, WT NS5B was able to
incorporate one AMP to form a 3-mer product (P3). This
P3-containing complex is relatively unstable and the com-
plex therefore can undergo multiple turnovers and continu-
ously carry out the P2-to-P3 conversion if P2 and ATP are
sufficient. Hence, this assay can be used to directly evalu-
ate initiation activities (23). At 95 puM P2 and 300 pM ATP
concentrations and 30°C, P3 production level was reduced
for all mutants at the 45-min time point to 5-81% of the
WT level (Figure 2B, compare lane 2 with lanes 3-8). In the
presence of ATP and UTP, WT NS5B was able to initiate
the synthesis, make the transition to elongation, and form
a 9-mer product (P9)-containing elongation complex (EC9)
with a half-life about one week (18). Therefore, the EC9 for-
mation following a single-turnover mode with its amount
saturated at a 1:1 molar ratio of P9:T30 ideally. At the 45-
min reaction time point and under a relatively saturating
NTP concentration (300 wM) and 30°C, all mutants were
able to synthesize the P9 product, with the P9 amount being
18-90% of the WT level (Figure 2C, compare lane 12 with
lanes 13-18). The smaller P9 amount difference between
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Table 2. A list of CSFV NS5B constructs and initiation kinetic parameters for representative constructs.

Construct Description Rel. keae (min~ 1) Km atp (RM) Rel. kcat/Km AP (WM~ Lmin~1)
WT 1-694 12.4 + 0.6 426 + 442 0.029 + 0.003°
G671P 1-694 w/ G671P 1.8 £ 0.1 469 + 51 0.004 + 0.001°¢
G671A 1-694 w/ G671A 6.0 + 0.1 171 £ 13 0.035 £+ 0.003
G671V 1-694 w/ G671V 45+03 264 + 49 0.017 £ 0.003
G671L 1-694 w/ G671L 5.5+ 0.7 703 £+ 158 0.008 + 0.002
G671F 1-694 w/ G671F 53+0.5 320 £ 73 0.017 £ 0.004
G671W 1-694 w/ G671W 48 +£ 0.5 264 + 70 0.018 & 0.005
C-689 1-689 8.0 £ 0.7 290 + 68 0.028 + 0.007
C-682 1-682 9.1+ 1.6 418 £+ 167 0.022 + 0.010
C-680 1-680 9.2 +£ 1.3 591 + 169 0.016 + 0.005
C-678 1-678 1.7 £ 0.1 262 + 55 0.007 £ 0.002
C-676 1-676 N/D¢ N/D N/D
C-674 1-674 N/D N/D N/D
C-672 1-672 N/D N/D N/D
N-91 91-694 N/D N/D N/D

2Fitting errors from the Michaelis-Menten curve fitting were provided.

PErrors of relative catalytic efficiency were propagated from the fitting errors of relative kcy and Kwm.ATP-

€0.001 was used for the propagated error that is lower than 0.001.
dNot determined.
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Figure 2. Mutations at residue G671 in the C-terminal tail impaired CSFV NS5B initiation activity. (A) A schematic diagram of RNA construct T30/P2
used in the RARP assays and the reaction flow chart of the P2-to-P3 conversion and EC9 formation. When ATP or ATP/UTP were supplied as the only
NTP substrate(s), the T30 template directed 1- or 7-nucleotide extension (gray) of the P2 (black) to produce 3-mer (P3) or 9-mer (P9) products. (B, C)
Comparison of the WT CSFV NS5B and its G671 mutants in the P2-to-P3 conversion (B) and EC9 formation (C). The relative intensity of P3 or P9 was
used to estimate polymerase activities (the values for WT were set to 100). A chemically synthesized 5’-phosphorylated trinucleotide GGA (csP3, identical
to P3), P2, and a chemically synthesized 9-mer (csP9, 5'-hydroxyl, sequence identical to P9) were mixed with T30 at a molar ratio of 5:1, 23.75:1 and 1.25:1,
respectively, to obtain T30/csP3, T30/P2, T30/csP9 mixtures as migration markers (lanes 1, 9 and 11). Note that csP9 bearing a hydroxyl group at the

5'-end migrated slower than P9 bearing a 5'-phosphate.

the WT and mutants suggests that all T30 templates had
formed EC9 with the WT enzyme at the tested time point.
Among these mutations, G671P had the greatest effect, con-
sistent with the least backbone flexibility of the proline. The
impairment of initiation brought by mutation at G671 sug-
gests that either the G671-containing B-turn observed in
the N-91 structure or a conformational change mediated by
this glycine residue is essential for pestivirus RARP de novo
initiation.

Mutations at CSFV NS5B G671 resulted in up to 7-fold re-
duction in initiation efficiency primarily by affecting k,¢

To dissect the specific effect on enzymatic properties
brought by mutation at residue G671, we first chose WT
NS5B and the mutant G671P with the least backbone flexi-
bility and compared their behaviors in the P2-to-P3 conver-
sion assay. Catalytic rates under a series of ATP concentra-
tions for each construct were estimated following an exper-
imental setting established in a DENV study also charac-
terizing dinucleotide-driven initiation (23) (Supplementary
Figure S1). These initiation rates were then used to deter-

mine the catalytic rate constant k., and Michaelis constant
Ky atp of both constructs (Figure 3A and B, also see Mate-
rials and Methods). By optimizing the reaction time points
selection for each NTP concentration and each construct,
the 3-mer band intensities were controlled to be within the
linear range of the Stains-All-based staining method to fa-
cilitate quantitation accuracy. For both constructs, we ob-
served a substrate inhibition effect at 2 mM ATP concentra-
tion, and the reaction rates under this concentration were
not included in the fitting routines. Strikingly, the initiation
keat of the G671P mutant (1.8 £ 0.1 min~!) is only about
one-seventh of the WT value (12.4 + 0.6 min~"), while the
Michaelis constant for the initiating NTP (K atp) wWere not
much affected (469 4+ 51 wM versus 426 + 44 pM). In a Pi-
cornaviridae coxsackievirus B3 (CV B3) study, ATP but not
other NTPs was found to bind at an allosteric site and act
as non-competitive inhibitors of RARP (35). When noncog-
nate CTP or 2’-deoxy-CTP (2dCTP) were provided at | mM
concentration in the P2-to-P3 conversion assay, the ATP
self-inhibitory effect was not reduced, while the reduced lev-
els of P3 indicates competitive inhibition (Figure 3C and D
and Supplementary Figure S2). These observations suggest
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that the allosteric ATP binding site identified in the CV B3
study may also present in CSFV RdRP.

We next determined k¢, and Ky arp values for other
G671 mutants. It turned out that all these mutants exhib-
ited an apparent decrease (about 2-3-fold) in k¢y if com-
pared with the WT value, while the Ky ap values were only
moderately affected (40-165% of the WT-level, Figure 4A,
Table 2). While the proline mutation appeared most influ-
ential due to the unique property of proline in backbone
geometry, the effect on k¢, by the non-proline mutations

are not much affected by the size of the side chain mutated.
For example, the initiation k., values were 6.0 0.1 min~!,
5.54+0.7min"! and 4.8 + 0.5 min~! for the G671A (small
size), G671L (medium size) and G671W (large size) mu-
tants, respectively. If using kc,i/Km atp value to assess cat-
alytic efficiency, all G671 mutants, except for G671A, had
values lower than the WT with the lowest being G671L
(Table 2). These data are largely consistent with the fact
that proline and glycine being the residues with the least
and most backbone flexibility, indicating that the backbone
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flexibility at residue G671 and related local conformational
changes is critical for pestivirus NS5B initiation.

Residues 681-694 of the C-terminal tail are not critical for
CSFV RdRP de novo initiation

The importance of residue G671 in CSFV RdRP initiation
strongly suggests that residues in the C-terminal part of the
PE C-terminal tail also contribute to RARP initiation. In
the N-91 structure, the observed conformation of PE C-
terminal tail is stabilized by interactions from a neighbor-
ing NS5B molecule in the crystal lattice. The primary solu-
tion conformation of the C-terminal tail, or its initiation-
competent conformation as discussed below, are still un-
clear. In order to determine the specific region within the C-
terminal tail required for initiation, a set of six C-terminal
truncated CSFV NS5B mutants were compared with the
WT enzyme in both the P2-to-P3 conversion assay and the
EC9 formation assay (Figure 4 and Table 2). Consistent
with our previous study (18), constructs C-689, C-682 and
C-680 produced comparable amount of P3 product as the
WT at the 45-min time point (Figure 4B, compare lanes 3—
5 with lane 2). By contrast, construct C-678 clearly yielded
lower-than-WT amount of P3, while P3 production by con-
structs C-676, C-674 and C-672 was hardly detected (Fig-
ure 4B, compare lanes 6-9 with lane 2). The results of the
EC9 formation assay were similar to those of the P2-to-P3
conversion assay, with only C-678, C-676, C-674 and C-672
showing notable impact on P9 production (Figure 4C, com-
pare lanes 16-19 with lanes 12).

Likewise, we next determined the k¢, and Ky artp for
four representative C-terminal truncated constructs using
the P2-to-P3 conversion assay (Figure 4D, Table 2). Con-
structs C-689, C-682 and C-680 that behaved similarly to
WT in single-time-point tests had k¢, values close to the
WT value (65-74%). By contrast, the k., value of the C-678
construct was much lower than that of the WT (1.7 & 0.1

min~!, 14%), and is comparable to that of G671P. Con-
sistent with the G671 point mutations, the Ky atp values
were comparable to that of the WT (62-139% of the WT-
level). The keat/Km atp values of these truncation decrease
from 97% (C-689), to 55% (C-680), and further to 24% (C-
678) of the WT-level with a correlation with the trunca-
tion length. Taken together, these data indicate that residues
665-680, corresponding to the N-terminal B-hairpin of the
C-terminal tail observed in the N-91 structure, are critical
for CSFV RdRP initiation.

CSFV NSS5B exhibits terminal initiation preference as other
Flaviviridae RARPs

RdRP initiation from the 3'-terminus of the template en-
sures faithful passage of RNA length during viral genome
replication. It is therefore conceivable that PEs may have
been evolved to prefer terminal initiation over internal ini-
tiation as demonstrated in HCV NS5B (36). Structurally,
terminal initiation likely requires PE to reach the -1 site
(or to occupy the -2 site) to restrict the placement of the
3’-end of the template RNA as observed in bacteriophage
&6 RARP IC (7). However, for all pestivirus NS5B struc-
tures solved to date, the ordered part of PE appears not long
enough to reach the —1 site. By contrast, the flavivirus NS5
PE has a length similar to the $6 RdRP PE (20,37). This
raises the question whether the pestivirus NS5B prefers ter-
minal initiation as its PE may indeed not be able to reach
the —1 site. We therefore carried out a comparative study us-
ing three representative Flaviviridae RARPs, CSFV NS5B,
HCV NS5B, and DENV2 NS5 to qualitatively assess their
terminal initiation preference (Figure 5). Three additional
template RNAsS, all directing internal initiation if annealed
with P2, were used in the P2-to-P3 conversion assays in
comparison with the terminal initiating T30 (Figure 5A).
Very interestingly, the results clearly indicated a terminal
initiation preference of CSFV NS5B. Specifically, internal
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the assessment of terminal preference for each enzyme.

initiation level on T32 was much lower than that of terminal
initiation on T30, while initiation from the T34-1 or T34-
2 was nearly non-detectable (Figure 5B, compare lanes 4—
9 with lanes 2-3). These results are largely consistent with
those obtained using HCV NS5B and DENV2 NS5, in spite
of variation in both terminal and internal initiation levels
across different RARPs (Figure 5B, compare lanes 2-9 with
lanes 12-19 and 22-29). These data strongly suggest that
the terminal initiation preference is probably conserved in
Flaviviridae RARPs, even though the observed PE substruc-
ture architectures clearly differ. Moreover, initiation from
the sixth/seventh positions from the 3’-end of the template
appeared even more difficult than that from the fourth/fifth
positions for all three RARPs (Figure 5B, compare lanes
of T34-1/T34-2 with lanes of T32), further supporting the
terminal initiation preference for these enzymes. We also
tested EC9 formation on these RNA constructs with all
three RARPs, the results were consistent with those of the

P2-to-P3 conversion with clearly much higher P9 produc-
tion from the T30 than that from other templates (Figure
50).

DISCUSSION

The preference of terminal initiation of CSFV NS5B and
the about 9-A spatial separation of the pestivirus RARP
PE substructure and the initiation site together strongly
suggest that a conformational change of PE is required
to fulfill efficient terminal initiation. Among representative
PE containing viral RARPs, those of bacteriophage ¢6, in-
fluenza viruses, JEV/DENYV can reach the initiation site by
comparing the $6 RARP IC and corresponding apo RARP
structures (9,19,20) (Figure 6A—C). The PE of HCV RdRP
protrudes into the initiation site and sterically incompatible
to the RNA template and initiating NTPs in the apo RdARP
structure (11), while the PE C-terminal tail folds back to-
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ward the upstream in the dinucleotide-derived HCV RdRP
IC structure (8) (Figure 6D and E). The PE of the Permu-
totetraviridae Thosea asigna virus (TaV) only reaches the
product side of the initiation site but not the template side
in the corresponding apo RARP structure (38), and a con-
formational change to bring the PE toward the template
side is likely needed for initiation (Figure 6F). The pes-
tivirus RARP PE, including that observed in the N-91 struc-
ture, exhibits conformational dynamics for residues beyond
the G671 in PE C-terminal tail (Figure 6G-I). However,
none of the observed PE conformations having the PE reach
the initiation site. The functional importance of G671 and
residues 665-680 in CSFV initiation evokes us to propose
that a conformational change around residue G671 may
bring critical residues within the 672-680 region toward the
initiation site to achieve a similar architecture observed in
¢6 and HCV RdARP IC structures. Very interestingly, glycine
residues also exist in HCV and TaV RdRP PEs, presumably
to facilitate aforementioned local conformational changes
(Figure 6D-F). Note that Flaviviridae RARPs typically ex-
hibit low solubility under low ionic strength required for ef-
ficient initiation in in vitro assays (18,23,30,34), thus mak-
ing it impractical to use optics-derived approaches to detect
the conformational changes upon the proposed induced-fit
process. Nevertheless, future efforts in solving correspond-
ing RARP IC structures are likely required to reveal pre-
cise structural rearrangements proposed here for CSFV and
TaV.

By solving a pestivirus RARP structure with a rela-
tively intact PE and by functionally identifying critical
residue/region for PE structural dynamics and de novo ini-
tiation, our work helps reconcile the substructure diversity
of viral RARP PEs and their functional conservation of ter-
minal de novo initiation by pointing out that PE can fulfill
de novo nitiation in an induced-fit manner (Figure 6J). The
structural dynamics of PE is also compatible with the con-
sensus view that PE needs to withdraw from the initiation
site upon the transition to elongation that is still awaiting
critical structural evidence.
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