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ABSTRACT

Viral RNA-dependent RNA polymerases (RdRps) re-
sponsible for the replication of single-strand RNA
virus genomes exert their function in the context
of complex replication machineries. Within these
replication complexes the polymerase activity is of-
ten highly regulated by RNA elements, proteins or
other domains of multi-domain polymerases. Here,
we present data of the influence of the methyltrans-
ferase domain (NS5-MTase) of dengue virus (DENV)
protein NS5 on the RdRp activity of the polymerase
domain (NS5-Pol). The steady-state polymerase ac-
tivities of DENV-2 recombinant NS5 and NS5-Pol are
compared using different biochemical assays allow-
ing the dissection of the de novo initiation, transition
and elongation steps of RNA synthesis. We show
that NS5-MTase ensures efficient RdRp activity by
stimulating the de novo initiation and the elongation
phase. This stimulation is related to a higher affin-
ity of NS5 toward the single-strand RNA template in-
dicating NS5-MTase either completes a high-affinity
RNA binding site and/or promotes the correct for-
mation of the template tunnel. Furthermore, the NS5-
MTase increases the affinity of the priming nucleotide
ATP upon de novo initiation and causes a higher cat-
alytic efficiency of the polymerase upon elongation.
The complex stimulation pattern is discussed under
the perspective that NS5 adopts several conforma-
tions during RNA synthesis.

INTRODUCTION

Viral RNA-dependent RNA polymerases (RdRps) respon-
sible for the replication and transcription of single-strand
RNA virus genomes are of utmost interest as targets in the

development of antiviral drugs. RARps exert their function
in the context of replication/transcription complexes con-
sisting of viral and often also host proteins (1,2). Within
these complexes the polymerase activity is highly regulated
by RNA elements and/or other proteins. Regulation of viral
RdRp activities by other viral proteins or domains within
multi-domain polymerases has, for example been demon-
strated for positive-strand RNA viruses such as hepati-
tis C virus (HCV) (3), classical swine fever virus (CSFV)
(4), SARS-coronavirus (Subissi, L., Posthuma, C.C., Col-
let, A., Zevenhoven-Dobbe, J.C., Gorbalenya, A.E., De-
croly, E., Snijder, E.J., Canard, B. and Imbert, 1. (2014)
One severe acute respiratory syndrome coronavirus protein
complex integrates processive RNA polymerase and exonu-
clease activities. Proc. Natl. Acad. Sci. U.S.A., submitted)
and for negative-strand RNA viruses (5,6). Here we investi-
gate the regulation of the RARp activity of the polymerase
domain of protein NS5 of dengue virus (DENV), by the
NS5 methyltransferase domain. Understanding the inter-
play between proteins or their domains within the DENV
replication/transcription complex will provide a possibil-
ity to interfere with protein—protein interaction, a strategy
which gains attractiveness among antiviral drug developers
().

DENYV belongs to the Flavivirus genus, which comprises
around 50 virus species (8). Besides DENV the genus con-
tains other important human pathogens such as yellow
fever virus (YFV), West Nile virus (WNYV), Japanese en-
cephalitis virus (JEV) and tick-borne encephalitis virus
(TBEV). The Flavivirus genus is part of the Flaviviridae fam-
ily that contains two other genera: Hepacivirus (e.g. HCV)
and Pestivirus (e.g. Classical swine fever virus (CSFV),
bovine viral diarrhea virus (BVDV)) (9). DENV is currently
endemic in tropical and subtropical countries around the
world (10) and its impact on global health is rising. Ac-
cording to a recent estimation about 390 million people are
infected annually by DENV worldwide, of which around
100 million people develop clinical dengue with any level
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of disease severity (11). DENV causes dengue fever, which
can develop into hemorrhagic fever and dengue shock syn-
drome. DENYV exists in five serotypes (DENV-1 to 5) (12).
Despite its large burden to human health, neither vaccine
nor a specific antiviral drug is currently available against
this virus.

The DENV RNA genome is made of about 11 000 nu-
cleotides. It bears a type I RNA cap (m’GpppAmG) at its
5’-end and has no poly A tail at its 3’-end. The genome codes
for three structural proteins (capsid, membrane, envelope
protein) and for seven non-structural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, NS5) (8). NS5 is the largest (104
kDa) and most conserved non-structural protein within the
DENYV serotypes and the Flavivirus genus. During the vi-
ral lifecycle NS5 is associated with other viral and cellu-
lar proteins within the viral replication complex localized
in the perinuclear endoplasmic reticulum of the infected
cell (13). This complex fulfills multiple functions related to
genome replication/transcription and capping. NS5 carries
several essential enzymatic activities hosted in two domains:
(1) the N-terminal methyltransferase domain (NS5-MTase,
residues 1-263, 30 kDa) and (ii) the C-terminal RdRp do-
main (NS5-Pol, residues 272-900, 74 kDa). Both domains
are connected by a flexible linker (14). The NS5-MTase do-
main (reviewed in (15)) catalyzes RNA cap methylation at
both the N7 position of the cap guanosine and the 2O po-
sition of the first nucleotide of the neo-synthesized positive-
strand RNA. It might also harbor the DENV guanylyl-
transferase activity (16).

The NS5-Pol domain is responsible for the
replication/transcription of the viral genome. It is able to
initiate the synthesis of new viral RNA in the absence of a
primer in a process named de novo RNA synthesis (17,18).
Much like the related HCV RdRp (19), NS5-Pol synthe-
sizes RNA in three main phases: de novo initiation (i.e.
primer synthesis), transition and elongation. It has been
shown in vitro that, first, NS5-Pol specifically generates
short primers (mainly dimers pppAG but also trimers) over
the 3’-end of RNA templates ending in 5'-CU-3’, which
corresponds to the strictly conserved 3'-end of Flavivirus
genomes and antigenomes (20). Then the protein under-
goes a structural/mechanistic transition from a de novo
initiation to an elongation conformation before it continues
RNA synthesis in a much faster and processive elongation
mode. The 5-end of the neo-synthesized genomic strand
is decorated with an RNA cap. The NS5-MTase domain
is involved RNA cap formation, whose precise timing
remains unknown. Being part of NS5, the NS5-MTase
domain may influence the different steps of RNA synthesis
promoted by the NS5-Pol domain. Some evidence exists for
the interaction between the two domains but little is known
on a possible inter-regulation of their respective enzymatic
activities. Genetic interaction between NS5-MTase and
NS5-Pol has been reported for DENV (21) and WNV
(22). In addition, the interaction between recombinant
WNV NS5-MTase and NS5-Pol was demonstrated in
vitro (23). The NS5-Pol domain was shown to enhance
the internal RNA methylation activity of the NS5-MTase
domain in the context of the full-length NS5 proteins of
DENYV and WNYV (24). The influence of the NS5-MTase
domain on NS5-Pol activity was tested comparing RdRp
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activities of recombinant NS5 and NS5-Pol (18,25,26)
but contradictory results were reported depending on
assay conditions. The activity of DENV NS5 has been
shown to be 20-fold higher than that of NS5-Pol in the
presence of catalytic Mg?* ions but similar in the presence
of Mn?* ions (25,26). We found that the Kj, values of
GTP during poly(rG) synthesis for DENV-2 and WNV
NS5 in the presence of Mn?* were 2-fold lower than that
of their corresponding NS5-Pol domains (18). Thus, the
question of a possible stimulation of the Flavivirus NS5-Pol
activity by NS5-MTase remains to be further clarified,
and especially the influence of NS5-MTase domain during
the initiation, transition and/or elongation steps of RNA
synthesis catalyzed by NS5-Pol.

The structure of the NS5-Pol domains of several fla-
viviruses (DENYV (27), WNV (21) and JEV (28)) have been
determined. As other viral RdRps, the Flavivirus NS5-Pol
domain adopts a so-called right hand structure, which con-
tains three subdomains: fingers, thumb and palm. The com-
pletely encircled active site is found at the center of the
molecule at the end of the RNA template and NTP entry
tunnels. Typical for an RdRp initiating RNA synthesis de
novo, Flavivirus NS5-Pol domains contain a structural prim-
ing element, a loop protruding from the thumb subdomain
toward the active site. The priming loop of DENV NS5-Pol
has been shown to be essential for de novo initiation (20).
Although these general features of NS5-Pol have been deci-
phered, the existing structures do not correspond to an ac-
tive conformation of the protein since the RNA entry and
NTP tunnels are not completely formed (reviewed in (29)).
Interestingly, JEV NS5-Pol in complex with GTP or ATP
adopts a potentially active state, which could be close to an
initiation state (28). There is no structure of NS5-Pol cor-
responding to an elongation conformation. Initiation and
elongation conformations are expected to be considerably
different, as it has been shown for HCV RdRp (reviewed in
(29)). The de novo initiation conformation should be com-
pletely closed with the priming element in place to posi-
tion the first (priming) and second nucleotide in front of
the 3’-end of the template. During the subsequent confor-
mational change toward the elongation, the priming ele-
ment has to move away from the active site; and the poly-
merase should adopt a more open conformation to harbor
and then allow egress of the nascent double-strand RNA. Tt
is possible that the interactions/interfaces between the NS5-
MTase and NS5-Pol domains change during the change
from one conformation of NS5-Pol to the other. NS5 would
thus adopt multiple conformations. This latter hypothesis
is supported by SAXS measurements that detected a vari-
ety of extended conformations and a small subset of com-
pact conformations in solution (30). The crystal structure
of one of these compact forms has recently been solved for
NS5 of JEV (14). The structure revealed a hydrophobic in-
teraction zone where the NS5-MTase docks to the NS5-Pol
between the RNA and the NTP entry tunnel. The authors
suggested that the flexible linker, whose trace is not resolved
in the structure, would allow the NS5-MTase domain to be
placed in different positions from that captured in the JEV
NS5 structure (14).

In this study, we investigated whether the methyltrans-
ferase domain, NS5-MTase, of protein NS5 of DENV regu-
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lates the RAR p activity of the polymerase domain NS5-Pol.
For this, we compared the steady-state polymerase activities
of DENV-2 recombinant NS5 and NS5-Pol using different
biochemical assays allowing the dissection of the initiation,
transition and elongation steps. We show here that NS5-
MTase indeed regulates the RdRp activity by stimulating
both the de novo initiation and the elongation phase of RNA
synthesis catalyzed by NS5-Pol. We show that this stimula-
tion is related to a higher affinity of NS5 toward the single-
strand RNA template, toward the priming ATP upon de
novo initiation, and a higher catalytic efficiency upon RNA
synthesis elongation. Our results propose that NS5-MTase
may interact in a different manner with the NS5-Pol domain
during the initiation and elongation steps of RNA synthe-
sis.

MATERIALS AND METHODS
Nucleic acids

Dengue antigenomic RNA template of 10 nt (Typ: 5'-
ACUAACAACU-3') was chemically synthesized by Dhar-
macon. Dengue antigenomic RNA template of 20 nt
(T 5'-GUCCACGUAGACUAACAACU-3) and RNA
primer of 10 nt (Pyo: Y- AGUUGUUAGU-3') either bear-
ing a hydroxyl group or a 6-carboxyfluorescein group
(6-FAM) at the 5-end were chemically synthesized by
Biomers.net. Homopolymeric RNA templates poly(rC) and
poly(rU) were obtained from GE Healthcare. The DENV
minigenome was produced by in vitro transcription as de-
scribed in (18).

Protein expression and purification

NS5 and NS5-Pol.  The genes coding for N-terminal Hisg-
tagged NS5 and NS5-Pol (serotype 2, strain New Guinea
C) as defined in (18) were cloned in a pQE30 expression
plasmid. Proteins were produced in Escherichia coli (E. coli)
NEB Express (New England Biolabs) cells transformed
with the pRare2Lacl helper plasmid (Novagen). Cells were
grown in Luria broth until the ODgg value reached 0.6.
Protein expressions were then induced by 50 wM IPTG af-
ter addition of EtOH to a final concentration of 2% and
a cold shock (2 h at 4°C) and then carried out overnight
at 17°C. After centrifugation cell pellets from 2 | bacte-
rial culture were resuspended in 50 ml lysis buffer (50 mM
sodium phosphate pH 7.5, 500 mM NaCl, 20% glycerol,
0.8% Igepal, 22 wg/ml DNase I, 0.2 mM benzamidine, 5
mM B-mercapthoethanol and 1 mg/ml lysozyme). After 40
min of incubation at 4°C, cell lysate was sonicated and then
centrifuged. The supernatant was incubated in batch with
3 ml TALON metal-affinity resin slurry (Clontech) for 1.5
h at 4°C. Beads were washed once with washing buffer (50
mM sodium phosphate pH 7.5, 20% glycerol, 0.8% Igepal, 5
mM B-mercapthoethanol, 1 M NaCland 10 mM imidazole)
and once with washing buffer without Igepal. The proteins
were eluted with washing buffer containing 500 mM Nacl,
250 mM imidazole and 250 mM glycine. In the case of NS5,
size exclusion chromatography (SEC) was used as a second
purification step using a Superdex 200 HR 16/20 column
(GE Healthcare) and SEC buffer (HEPES pH 7.5, 300 mM
NaCl, 10% glycerol, | mM DTT). In the case of NS5-Pol,

heparin affinity purification was used as a second purifica-
tion step using a HiTrap heparin column (GE Healthcare)
and heparin affinity buffer (HEPES pH 7.5, a gradient from
150 mM to 1 M NacCl, 20% glycerol, | mM DTT). NS5 and
NS5-Pol were then concentrated up to around 8 mg/ml (78
wM NSS, 108 wM NSS5-Pol) and stored at -20°C after a final
dialysis into 20 mM HEPES pH 7.5, 300 mM NacCl, 40%
glycerol and 1 mM DTT. Protein purity was higher than
95% as judged by SDS-PAGE.

NS5-MTase. The gene coding for N-terminal Hisg-tagged
NS5-MTase (serotype 2, strain New Guinea C, residues
1-269) was cloned in a Gateway®pDEST™ 14 expression
plasmid. NS5-MTase was produced in Shuffle® E. coli Ex-
press (New England Biolabs). Cells were cultured in 2YT
broth until an ODgyy value of 0.6 was reached. Protein ex-
pression was induced by 100 wM IPTG and a cold shock
(4 h at 4°C) and then carried out overnight at 17°C. After
centrifugation cell pellets from 1 | bacterial culture were re-
suspended in 30 ml lysis buffer (50 mM HEPES pH 7.5, 300
mM NaCl, 10 mM imidazole, 5 mM MgSQOy, 0.5 mM DTT,
I mM PMSEF, 10 pg/ml DNase I, 0.5% Triton, 0.25 mg/ml
lysozyme). After 30 min of incubation at 4°C, cell lysate was
sonicated and then centrifuged. The supernatant was incu-
bated in batch with 1 ml TALON metal-affinity resin slurry
(Clontech) for 30 min at 4°C. Beads were washed three times
with washing buffer (50 mM HEPES pH 7.5, 20 mM imi-
dazole, 300 mM NaCl, 5 mM MgSO,4 and 0.5 mM DTT).
The protein was eluted with washing buffer containing 250
mM imidazole. NS5-MTase was concentrated up to around
9 mg/ml (350 wM) and stored at -20°C after a final dialy-
sis into 20 mM HEPES pH 7.5, 300 mM NacCl, 40% glyc-
erol and 1 mM DTT. Protein purity was higher than 95% as
judged by SDS-PAGE.

Determination of melting temperature (7,,) values

T,, values of NS5 and NS5-Pol were determined by a
thermo-fluor based assay as described in (20). Briefly, 16.1
wl of elongation buffer 50 mM sodium glutamate buffer, pH
7.5 containing 50 mM arginine, 5 mM DTT, 5 mM MgCl,
and 15% glycerol were mixed with 5.4 wl protein at a con-
centration of 2 mg/ml in protein storage buffer containing
40% glycerol. Final protein concentrations were 0.5 mg/ml,
which corresponds to molar concentrations of 4.8 WM of
NS5 and 6.8 wM of NS5-Pol. We had tested before for NS5
that within this molar concentration range the 7;, value re-
mained constant. Finally, 3.5 ul Sypro Orange was added;
and thermal denaturation was followed by measuring flu-
orescence emission. Denaturation midpoints of NS5 and
NS5-Pol were calculated using the Boltzmann equation in
GraphPad Prism.

Determination of chemical denaturation midpoints (guani-
dine hydrochloride)

Denaturation mixtures (150 wl) were prepared in wells of a
black 96-well plate (Greiner bio-one, Cat.No 655096) con-
taining 50 mM sodium glutamate buffer, pH 7.5 with 5
mM DTT, 5 mM MgCl,, 15% glycerol, increasing concen-
trations of guanidine hydrochloride (0 to 5 M) and pro-
tein at final concentrations of 0.5 mg/ml (NS5) and 1.1



mg/ml (NS5-Pol). Protein was added last. NS5 and NS5-
Pol denaturation was followed by measuring fluorescence
emission at 300-460 nm (excitation at 280 nm). Denatura-
tion midpoints of NS5 and NS5-Pol were calculated by the
Boltzmann equation using the GraphPad Prism software as
in (20).

Fluorescence polarization test

Fluorescence polarization mixtures (100 wl) were prepared
in wells of a black 96-well plate (Corning, Cat.No 3686)
containing Ty, buffer (50 mM HEPES pH 8.0, 10 mM KCl,
10 mM DTT, 5 mM MgClz) with 10 nM T20 or PIO/TZO
buffer (50 mM sodium glutamate pH 7.5 containing 50 mM
arginine, 5 mM DTT, S mM MgCl,, 30 mM NacCl, 5% glyc-
erol) with 8 nM Pyy/T»g, and increasing concentrations of
NS5 (7 nM—4 uM), NS5-Pol (0.1-5 wM) and NS5-MTase
(0.1-8 wM). The proteins were added last. Fluorescence po-
larization values were measured after 10 min at 520 nm
(excitation 485 nm). The dissociation constant (Kp) values
were calculated using the specific one-site binding equation
with Hill slope (1) = 1, (Y = Bmax *X" /(K" + X")) using the
GraphPad Prism software: Y = polarization values, By.x =
polarization maximum, X = protein concentration.

RdRp assay 1: on homopolymeric and heteropolymeric tem-
plates analyzed by filter binding

Reactions were done in HEPES reaction buffer (50 mM
HEPES pH 8.0, 10 mM KCI, 10 mM DTT) containing 2
mM MnCl,, 5 mM MgCl,, with (i) 100 nM poly(rC), 40 nM
protein, 20 uM GTP and 0.02 n.Ci/pl [PH-GTP] (Perkin-
Elmer) or (i1) 100 nM poly(rU), 100 nM protein, 200 puM
ATP, 0.02 n.Ci/pl [PH-ATP] (Perkin-Elmer) or (iii) 100 nM
DENYV minigenome, 100 nM protein, 300 pM ATP, GTP,
CTP, 4 pM UTP, 0.04 pn.Ci/ul [P'H-UTP] (Perkin-Elmer).
Reactions were started by adding a premix of divalent ion
(Mn?* or Mg?*), NTPs, KCl and HEPES buffer and incu-
bated at 30°C. Samples of 10 .l were taken at given time
points and added to 30 wl 100 mM EDTA pH 8.0. The re-
actions were passed onto DEAE filtermats (Perkin-Elmer);
and then filters were washed three times with 0.3 M ammo-
nium formate pH 8.0 in case of poly(rC) and minigenome,
but with 0.2 M ammonium formate in case of poly(rU),
twice with H,O, once with EtOH and dried. Liquid scin-
tillation fluid was added and incorporation was measured
in counts per minute (cpm) by using a Wallac MicroBeta
TriLux Liquid Scintillation Counter.

RdRp assay 2: on DENV minigenome template analyzed by
formaldehyde-agarose gels

Reactions were done at 30°C in HEPES reaction buffer (see
RdRp assay 1) containing 100 nM minigenome, 200 nM
protein, 500 uM GTP, 500 pM CTP, 4 uM UTP with [a-
2P]-UTP at 0.4 nCi/pl in the presence of 5 mM MgCl,
or 0.1 pCi/pl in the presence of 2 mM MnCl, and 100
or 500 wuM ATP as indicated in Figure 2. Reactions were
started by adding a premix of divalent ion (Mn?>* or Mg”"),
CTP, UTP, KCIl and HEPES buffer and 10 pl samples were
taken at given time points. Samples were added to 1 wl 100
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mM EDTA pH 8.0 and then completed with 13.7 pl sam-
ple mix (40 mM MOPS buffer, pH 7.0 containing 10 mM
sodium acetate, 85 mM EDTA, 2 M formaldehyde, 83.3%
formamide), and 1 pl loading buffer after a 10 min incu-
bation at 70°C. The reaction products were analyzed on
formaldehyde-agarose gels. RNA product bands were visu-
alized using photo-stimulated plates and the fluorescent Im-
age Analyzer FLA3000 (Fuji) and quantified using Image
Gauge (Fuji).

RdRp assay 3: de novo initiation tests analyzed by PAGE

Reactions were done at 30°C in HEPES reaction buffer (see
RdRp assay 1) containing 2 mM MnCl,, or 5 mM MgCl,
using NS5 or NS5-Pol at a concentration between 100 nM
and 2.5 wM as indicated in the figure legends, either in the
absence of template or in the presence 10 wM RNA tem-
plate (Tjo or Ty indicated in figure legends), and NTPs
at concentrations indicated in the figure legends contain-
ing either 0.4 pCi/pl [a-?P]-GTP or 0.4 pnCi/pl [y->?P]-
ATP equally indicated in the figure legends. Reactions were
started by adding a premix of MnCl,, or MgCl,, and KCI
in HEPES buffer. At given time points, samples were taken
and added to equal volumes of formamide/EDTA gel-
loading buffer. Reaction products were analyzed using poly-
acrylamide sequencing gels of 20% acrylamide (19:1), 8 M
Urea with TTE buffer (89 mM Tris pH 8.0, 28 mM taurine
(2-aminoethanesulfonic acid), 0.5 mM EDTA). RNA prod-
uct bands were visualized using photo-stimulated plates and
the fluorescent Image Analyzer FLA3000 (Fuji) and quan-
tified using Image Gauge (Fuji).

RdRp assay 4: primer-dependent elongation tests analyzed
using PAGE

The 5'-end labeling reaction of primer Py was done with
[y3?P] ATP (PerkinElmer) and T4 polynucleotide kinase
(New England Biolabs) according to commercial protocols.
For primer/template annealing, the 5'-end radiolabeled Py
was mixed with Tyy at molar ratio of 1:1.5, incubated at
70°C for 10 min, cooled down slowly to room temperature
and then incubated overnight at 4°C.

Reactions were done at conditions optimized for this
specific elongation assay changing reaction temperature to
37°C and using sodium glutamate reaction buffer (50 mM
sodium glutamate pH 7.5, 15% glycerol, SmM DTT, 15 mM
NaCl). Reaction mixtures contained S mM MgCl, or 2 mM
MnCl,, 10 uM Pyo/Tyo as well as 100 nM protein in the
presence of 5 mM MgCl, or 500 nM protein in the presence
of 2mM MnCl,. The reactions were started by adding CTP
in the reaction buffer to a final concentration of 400 WM.
Samples were taken at given time points; and reactions were
stopped by adding double volume of formamide/EDTA gel
loading buffer. Reaction products were analyzed and visu-
alized as described above for RARp de novo initiation tests.

Determination of steady-state catalytic parameters

Initial velocity (v;) values upon steady-state conditions
were calculated as the product (P) formation with time
during the linear phase of product formation: v; = d
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Figure 1. NS5 and NS5-Pol activity on homopolymeric and heteropolymeric templates analyzed by filter binding. Reactions kinetics were determined as
given in Materials and Methods (RdRp assay 1). Reactions were done in HEPES reaction buffer with (A) 100 nM poly(rC), 40 nM protein, 20 wM GTP,
(B) 100 nM poly(rU), 100 nM protein, 200 puM ATP, (C) 100 nM minigenome, 100 nM protein, 300 .M ATP, CTP, GTP, 4 uM UTP. Incorporation of
3H-labeled NTPs was measured in counts per minute (cpm). (D) Ratios of NS5 and NS5-Pol activities are given for different RNA templates. The tests

were done in triplicates.

[P]/dt. Data sets obtained by the determination of v; val-
ues with increasing substrate concentrations were first fit-
ted by non-linear regression to the Hill equation: v; =
VinaxINTP]? /(Ko 5)"+[NTP]"). Data were found to fit best
to the classic Michaelis—Menten equation where the Hill
coefficient is 1: v; = Viax [NTP]/(Ky, + [NTP)]); Ky =
Michaelis constant, Vp,x = maximum velocity at infinite
substrate concentration. The catalytic constant k., is equiv-
alent to Viax/[protein]. Catalytic efficiency corresponds to
keat/Kyr. The catalytic parameters of NS5 and NS5-Pol
were calculated from the equations above by using the
GraphPad Prism software.

RESULTS

The RdRp activity of NS5 is higher than the activity of NS5-
Pol

Recombinant full-length NS5 (residues 1 to 900) and NSS5-
Pol (residues 272 to 900) of DENYV serotype 2 (strain New
Guinea C) were expressed in E. coli and purified (Supple-
mentary Figure S1A). We first compared the RdRp activ-
ities of NS5 and NS5-Pol by filter-binding assays on ho-
mopolymeric RNA templates, poly(rC) and poly(rU), and
a heteropolymeric minigenome template of about 700 nu-
cleotides (nt) consisting of a fusion of the 5-end to the 3'-

end sequence of the dengue genome (18,31). These filter-
binding assays detect the incorporation of [*’H]-labeled nu-
cleotides into long RNA products generated by de novo ini-
tiation, transition and elongation (18). Figure 1A-C show
the linear part of measured reaction time courses with the
calculated initial velocity values given above the graphs. The
ratios of initial velocities of NS5 and NS5-Pol (Figure 1D)
show that the activity of NS5 is consistently higher, between
6- to 17-fold, than that of NS5-Pol. This indicates that the
presence of the NS5-MTase domain stimulates polymerase
activity. We then set out to differentiate between the stimu-
latory effects of the NS5-MTase domain on de novo initia-
tion, transition and elongation. In a first approach, we an-
alyzed the products of the minigenome test on denaturing
agarose-formaldehyde gels to evaluate possible differences
in the stimulation of de novo initiation and elongation.

The presence of NS5-MTase leads to a higher stimulatory
effect on de novo initiation than on elongation

DENY polymerase on the minigenome template produces
a mixture of two products (Figure 2A). One product (here
named de novo initiation product or 1x product) has tem-
plate size and is generated by de novo initiation over the
3’-end of the template followed by the transition step
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Figure 2. NS5 and NS5-Pol activity on dengue minigenome. (A) Schematic presentation of the in vitro RARp assay on a DENV minigenome template.
(B) Formaldehyde-agarose gel presenting de novo initiation and elongation products of NS5 and NS5-Pol (200 nM) with Mg?* or Mn?* and 100 or 500
M ATP. Reaction conditions are given in Materials and Methods (RdRp assay 2). Reaction kinetics were followed and samples taken after 1 and 2 h.
(C) Initial velocity graphs of NS5 and NS5-Pol activity showing the generation of de novo initiation (upper panels) and elongation (lower panels) products
with Mg?* (left) or Mn2" (right) as catalytic ions. Bands on the agarose gels were quantified and intensity values (IV) plotted against time. Initial velocities
(v;) were calculated and are given above the graphs. (D) Comparative graphs giving ratios of NS5 to NS5-Pol initial velocities of the generation of de novo
initiation + elongation and pure elongation products in the presence of Mg?* (left) or Mn?* (right). The reactions were done once and analyzed on agarose

gels in duplicates.
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and elongation of the nascent chain. The second prod-
uct (elongation or 2x product) is of almost twice the tem-
plate size and is exclusively formed by elongation promoted
by back-priming (17,20,32). Thus by incorporating [**P]-
labeled UMP and quantitating both products after agarose-
formaldehyde gel separation, it is possible to determine
whether the NS5-MTase domain preferentially stimulates
the de novo initiation/transition steps or the elongation
phase of RNA synthesis. Polymerization reactions were car-
ried out at two concentrations of the priming nucleotide
ATP (100 and 500 wM) since de novo initiation is enhanced
by higher concentrations of ATP (20). In addition, we used
catalytic Mn?* and Mg?* ions separately to compare their
influence on the stimulation by the NS5-MTase domain.
Figure 2B shows reaction time courses with separated de
novo initiation products and back-primed elongation prod-
ucts. Figure 2C then presents the quantified intensity values
of the de novo initiation products (upper panels) and elon-
gation products (lower panels) are then plotted against time
for each condition (Mg>* left panels, Mn>" right panels)
with the deduced initial velocities shown above the graphs.
Analyzing the ratio of NS5 versus NS5-Pol activity (Fig-
ure 2D), we observe that NS5 is again consistently more
active than NS5-Pol, both in the presence of Mg?* and
Mn?*. The ratios between NS5 and NS5-Pol activity are
higher for products involving de novo initiation and transi-
tion than for the back-primed elongation products. This is
especially true at the higher ATP concentration (500 M),
which is known to stimulate de novo initiation. In contrast,
the nature of the catalytic ion, Mg>* or Mn?*, does not in-
fluence the preferential NS5-MTase stimulation during the
initiation/transition step. These results together with the re-
sults shown in Figure 1 suggest that NS5-MTase domain
stimulates de novo initiation (possibly the following transi-
tion phase) as well as the elongation phase. The pronounced
effect upon higher priming ATP concentrations points to
a stronger effect of NS5-MTase on de novo initiation (with
transition) than on elongation. In order to decipher in more
detail the stimulation of the de novo initiation step by NS5-
MTase, we next made use of an assay with short dengue-
specific oligonucleotides as templates.

The NS5-mediated de novo initiation activity is higher than
that of NS5-Pol

We have shown previously that NS5-Pol produces a short
primer, pppAG, on a 10-nt oligonucleotide template (T})
corresponding to the 3’-end of the antigenome in the pres-
ence of Mg?* and Mn?* (20). In the presence of Mn>* NS5-
Pol generates pppAG also in the absence of the template.
The short dinucleotide primer is elongated on the template
(20). The formation of pppAG thus corresponds to the very
de novo initiation step. In order to see if the presence of
the NS5-MTase domain modifies the de novo initiation, we
compared the kinetics of pppAG formation by NS5 and
NS5-Pol in the absence of a template, on Tjy and a longer
antigenomic template, Ty, equally with 5-CU-3" at its 3'-
end, using ATP and GTP (with [a-3?P]-GTP as a radioac-
tive tracer) in the presence of Mg®* and Mn?*. Product for-
mation was followed over time and analyzed using PAGE.
As previously observed for NS5-Pol, NS5 is also able to

form pppAG in the absence of a template using Mn>* as
catalytic ion (Figure 3A, left, lower panel), but not in the
presence of Mg”* (left, upper panel). Both proteins gener-
ated pppAG using the T}y and Ty templates in the pres-
ence of Mg?* (Figure 3A, upper middle and right panels)
and Mn?* (lower middle and right panels). In all these de
novo reactions, NS5 and NS5-Pol show different efficiencies.
The reaction products of NS5 and NS5-Pol for each con-
dition were quantified and the initial velocity values were
deduced. Table 1 shows that the specific de novo initiation
activity of NS5 is around 14-fold higher than that of NS5-
Pol in the presence of Mg?*, and around 6-fold in the pres-
ence of Mn?*. We then tested if the apparent stimulation
by NS5-MTase could be achieved by adding recombinant
NS5-MTase domain in trans to NS5-Pol. Using 0.5 and 2.5
M NS5-Pol with 0.05 to 5 uM NS5-MTase, we could not
detect stimulation (Supplementary Figure S2). In conclu-
sion, we find that NS5-MTase domain strongly stimulates
de novo initiation confirming the experiments performed
with the minigenome template. Either the presence of the
cognate linker or simply covalent linking of both domains
is essential for the stimulation of the NS5-Pol de novo activ-
ity by NS5-MTase. In the next step we determined the role
played by the priming loop upon de novo initiation in the
presence of the NS5-MTase domain.

The priming loop is the major determinant for de novo initia-
tion even in the presence of NS5-MTase

We have previously shown that the priming loop of NS5-Pol
is crucial for de novo initiation (20). In order to test if this
is also the case in the context of full-length NS5, deletion
mutant NS5(TGGK) was produced, where residues T794
to A799 were replaced by two glycines (Figure 3B). Before
comparing its capacity of pppAG formation to wild-type
NS5, NS5-Pol and NS5-Pol(TGGK) (20), the proper fold-
ing of NS5(TGGK) was assessed by a fluorescent thermal
shift assay. NS5(TGGK) shows a temperature of denatu-
ration (melting temperature 7},,) similar to that of wild type
(see Supplementary Figure S1B). The T;,, values of NS5 pro-
teins are 2°C lower than those of the NS5-Pol proteins. This
moderate stability difference is also found testing chemical
denaturation by guanidine hydrochloride (see Supplemen-
tary Figure S1C). As an activity control of the proper fold-
ing of the mutant proteins we measured the elongation ac-
tivity of NS5(TGGK) and NS5-Pol(TGGK), which is not
affected by the deletion of the priming loop (Supplementary
Figure S3). We then compared the de novo initiation prop-
erties of the wild-type and mutant proteins by measuring
their abilities to synthetize pppAG (Figure 3C). In contrast
to wild-type proteins, both mutant proteins NS5(TGGK)
and NS5-Pol(TGGK) do not support de novo initiation. In
conclusion, our results demonstrate that the priming loop
remains the major determinant required for de novo initia-
tion in the context of full-length NS5. In the next step we in-
vestigated how NS5-MTase stimulates de novo initiation by
comparing the affinities of NS5-Pol and NS5 to the RNA
template and the priming ATP.
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Figure 3. Specific de novo initiation activity of NS5 and NS5-Pol. (A) and (C) De novo initiation reactions leading to pppAG formation. The reactions
were done as given in Material and Methods (RdRp assay 3) with 500 wM ATP, 100 uM GTP and (A) in the absence of template or with 10 uM Tjo or
Ty and 2.5 .M NS5 or NS5-Pol in the presence of 5mM MgCl, or 0.5 wM NS5 or NS5-Pol in the presence of 2 mM MnCl,, or (C) 2.5 uM protein (NS5,
NS5(TGGK), NS5-Pol or NS5-Pol(TGGK)) in the presence of S mM MgCl, (on the left) or 0.5 wM protein in the presence of 2 mM MnCl, (on the right)
and 10 wM Tyo. Radiolabeled GTP (a«GTP) was used throughout. Reaction products were analyzed using PAGE. (B) A 3D-structural model of DENV
2 NS5 was generated using the structure of JEV NS5 (PDB code 4K6M) and SWISS-MODEL (33). NS5 consists of NS5-MTase (red) and NS5-Pol that
adopts the typical closed right-hand structure of viral RAR ps containing the palm (orange), fingers (light green) and thumb (light pink) subdomains. The
RNA template tunnel entry is situated on the ‘top” of NS5-Pol between the thumb and fingers subdomains, it leads to the active site harbored mainly by
the palm subdomain. The active site contains three conserved aspartic acid residues D533 (motif A) and D663 and D664 (motif C), which are shown in
sticks. The NTP tunnel is situated in the ‘back’ of NS5-Pol below NS5-MTase. The priming loop (blue) is part of the thumb subdomain and closes the
active site and the dSRNA exit tunnel at the ‘front’. The close-up shows the priming loop T794 to A799. The mutant TGGK of NS5 and NS5-Pol are
deletion mutants of this priming loop. The priming loop was replaced by two glycines situated between T793 and K800 (in sticks).

NSS has a higher affinity than NS5-Pol for both the single-
strand RNA template and the priming ATP

The de novo initiation of RNA synthesis depends on the
RNA template being loaded into the RNA entry tunnel
with the 3’-end reaching the active site. Single-strand RNA
binding properties of NS5 and NS5-Pol were measured us-
ing a fluorescent polarization (FP) assay. For this purpose,
RNA template T, bearing a fluorescent marker at the 5'-
end, was incubated with increasing concentrations of either
NS5 or NS5-Pol in reaction buffer containing Mg”* ions,

and the change in FP was measured (Figure 4A). The affin-
ity constant Kp deduced for NS5 is 0.11 pM, i.e. 6.6-fold
lower than that of NS5-Pol (0.73 wM). The Kp value of the
NS5-MTase domain, used as a control, is 1.7 wM. These re-
sults suggest that a higher affinity of NS5 toward a single-
strand RNA in comparison to NS5-Pol contributes to the
enhanced de novo initiation activity of NS5. This increase in
affinity is not related to a high-affinity binding site on the
NS5-MTase domain as indicated by its low Kp value.

We next addressed the possibility that the NS5-MTase
domain influenced the de novo initiation step by lowering
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Table 1. Comparison of initial velocities of pppAG formation (de novo initiation) by NS5 and NS5-Pol in the presence of Mg?* or Mn?* ions

Protein Divalent ion Template v; (IV/min) Ratio v; NS5/NS5-Pol
NS5 Mgt No template No formation -
NS5-Pol Mgt No template No formation -
NS5 Mgt Ty 62.7 10.0
NS5-Pol Mgt Tio 6.3

NS5 Mg Tao 547.2 17.8
NS35-Pol Mgt To 30.8

NS5 Mn2* No template 93.9 3.9
NS5-Pol MnZ* No template 24.1

NS5 Mn?* Tio 2210.0 5.4
NS5-Pol Mn?* Tio 408.0

NS5 MnZ* Tao 1639.0 7.5
NS5-Pol Mn?* Tao 219.9

Reactions were done and analyzed as given in Figure 3A. pppAG product bands of reaction time courses were quantified. Initial velocity values are
measured through band intensity value per min (IV/min), and are used to compare NS5 over NS5-Pol.

A. Kp (uM)
o NS5 0.11 £0.02
& NS5-Pol 0.73+0.09
4 NS5-MTase 1.70+0.65
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Figure 4. NS5 and NS5-Pol RNA template affinity and K values of the priming nucleotide during de novo initiation. (A) Dissociation constants (Kp) of
NS5 and NS5-Pol from fluorescence polarization tests. Binding assay was performed with increasing concentration of proteins as given in Materials and
Methods and 10 nM Ty template bearing 6-FAM at the 5’-end. The experiments were done in triplicates. The K values of NS5, NS5-Pol and NS5-MTase
were determined by using a specific one-site binding equation. The curves correspond to one test. The K values above the graph represent average Kp
values of three independent tests. (B) ATP K, values of NS5 and NS5-Pol are given above the graphs plotting initial velocities of 0.5 wM NS5 or NS5-Pol
at ATP concentrations of 25 to 800 M in the presence of 5 mM MgCl; (on the left), or of 0.1 wM NS5 or NS5-Pol, at ATP concentrations of 12.5 to 400
M in the presence of 2 mM MnCl, (on the right). Reactions were performed as given in Material and Methods (RdRp assay 3). In both cases 10 puM
Tyo template and 100 uM GTP was used. The data sets can be described by a classic Michaelis-Menten equation (Hill slope set to 1, see Materials and
Methods). The curves correspond to one of three independent tests. The given Kj; values above the graphs correspond to an average K, value.



the affinity of the priming nucleotide ATP. Note that is has
been shown that the NS5-MTase domain is not able to bind
ATP by itself (34). We determined the ATP K, values, by
measuring the initial velocities of pppAG formation at in-
creasing ATP concentrations (Figure 4B). The Kj, values
of the priming ATP are 318.7 uM for NS5-Pol and 167.4
wM for NS5 in the presence of Mg?*. They are significantly
lower in the presence of Mn?*: 96.9 uM for NS5-Pol and
32.4 pM for NS5. Thus, the K, values of NS5-Pol are 1.9-
and 3.0-fold higher than those of NS5 in the presence of
Mg?* and Mn?*, respectively. Altogether our results indi-
cate that the NS5-MTase domain stimulates the initiation
step by increasing both the RNA template recruitment and
by increasing the affinity of ATP to the priming site. We next
addressed the influence of the NS5-MTase domain on the
transition phase of RNA synthesis.

NS5 and NS5-Pol show a rate-limiting transition phase be-
tween initiation and elongation

When all four nucleotides are used on the antigenomic tem-
plate T}, NS5-Pol was shown to accumulate short primers
before entering into a processive elongation mode (20). This
accumulation indicates a transition phase, which is rate-
limiting under these test conditions, and might correspond
to the necessary conformational change between initiation
and elongation. In order to see if the presence of the NS5-
MTase domain modifies the apparent rate-limiting nature
of the transition, we tested NS5 in comparison to NS5-
Pol in the presence of Mg?>* and Mn?". Either the specific
de novo initiation product pppAG was synthesized using
ATP and GTP in control reactions; or complete reactions
were set up using all four NTPs (Figure SA). Product for-
mation was followed over time and analyzed using PAGE
(Figure 5B (Mg?*) and 3C (Mn?*)). On both templates and
with both catalytic ions, NS5 and NS5-Pol generate simi-
lar product profiles. They accumulate short primers, pppAG
and to a lesser extent pppAGU, before entering into a pro-
cessive elongation mode generating full-length products (la-
beled by asterisks). These results indicate that the presence
of the NS5-MTase domain does not abolish the apparent
rate-limiting nature of the transition phase. We then ana-
lyzed in the final part the effect of the NS5-MTase domain
on elongation.

NSS5 shows a higher activity than NS5-Pol during elongation

In order to specifically follow elongation, we mea-
sured single-nucleotide incorporation into a specific
primer/template. The dengue antigenomic Ty template
annealed to a complementary radiolabeled primer of 10
nt (Pjo) was incubated with NS5 and NS5-Pol in the
presence of Mg?>* or Mn?*. The next nucleotide (CTP) was
added (Figure 6A) and reaction mixtures were analyzed
using PAGE (Figure 6B, Mg?* on the left and Mn?* on
the right). Two main bands, corresponding to the labeled
primer (10 nt) and to the elongation product (11 nt) were
detected on the gel. Figure 6 shows that both NS5 and
NS5-Pol use Pyy/T» as a substrate. Both proteins are able
to incorporate CTP into the primer. The reaction products
were quantified, plotted against time (Figure 6C) and
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initial velocities determined. They are shown above the
graphs. Comparing initial velocities of NS5 and NS5-Pol,
we observe that NS5 is 4.6- and 2.3-fold more active than
NS5-Pol in the presence of Mg?* and Mn?*, respectively. In
conclusion, as suggested by the minigenome assay (Figure
2), the NS5-MTase domain also provides stimulation of the
elongation phase, but this stimulation is less important than
that observed for de novo initiation (Table 1). As for the
initiation step we then asked if the activity difference seen
in the elongation test is due to a better primer/template
binding and/or a change in the catalytic constants of
NS5-Pol.

NSS exhibits both a higher affinity than NS5-Pol toward
primer-template RNA for elongation and a higher catalytic
efficiency

The affinities of NS5 and NS5-Pol to a primer/template
RNA were measured using FP. Increasing concentrations
of NS5 and NS5-Pol were incubated with Pjy/ Ty bearing
a fluorescent marker at the 5'-end of the primer. The affin-
ity value of Pjo/Tpy toward NS5-MTase was measured as
a control. Figure 6D shows that NS5 has a dissociation
constant Kp of 0.25 uM, i.e. 2.9-fold lower than that of
NS5-Pol (0.72 wM). The corresponding K value for NS5-
MTase (1.74 wM) is about 7-fold higher than that of NS5.
The presence of NS5-MTase increases thus the affinity of
NS5 toward a RNA primer/template contributing to the
difference between NS5 and NS5-Pol in the specific elon-
gation activity test. In order to compare catalytic efficien-
cies of NS5 and NS5-Pol upon elongation, initial veloci-
ties were measured varying the concentration of CTP in
the presence of Mg?* or Mn** (Figure 6E, Mg?* on the
left and Mn?* on the right). K, values (shown above the
graphs) of CTP upon elongation by NS5 are 82.7 wM in
the presence of Mg?* and 2.6 M in the presence of Mn?".
The corresponding K, values of NS5-Pol are 4-fold higher
than those of NS5. The k., values for NS5 are around 2-
fold higher than those of NS5-Pol irrespective of the cat-
alytic ions. Consequently, the catalytic efficiency value cor-
responding to keu /Ky of NS5 is 9-fold higher than that
of NS5-Pol upon elongation. Altogether, we conclude that
the NS5-MTase domain stimulates elongation by facilitat-
ing RNA recruitment, by increasing both the affinity of the
catalytic site to the incoming nucleotide and the catalytic
constant of nucleotide incorporation.

DISCUSSION

We have used an array of steady-state experiments to com-
pare the RdRp activity of full-length DENV-2 NS5 with
that of its isolated polymerase domain NS5-Pol. We find
that NS5 and NS5-Pol follow the same three steps RNA
synthesis scheme involving: (i) de novo generation and ac-
cumulation of short primers for which the priming loop is
a major determinant, (ii) a transition phase consisting in a
conformational change of the NS5-Pol domain from the ini-
tiation to the elongation conformation and (iii) compressive
elongation. The NS5-MTase domain, within the context of
full-length NS5, is actively supporting the polymerase ac-
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tivity carried by the NS5-Pol domain. NS5 presents consis-
tently higher initial velocities in comparison to NS5-Pol in
the presence of either Mg?* or Mn”" as catalytic ion. We
have also found that the presence of S-adenosyl methionine
(SAM), the co-substrate of the NS5-MTase during methy-
lation, does not change the RdRp activity of NS5 nor do
the mutations of the essential NS5-MTase active site residue
D146 or the essential cap-binding site residue F25 to alanine
(data not shown). The stimulation occurs during both the
de novo initiation phase and the elongation phase. Two ob-
servations lead us to propose that the NS5-MTase domain
enhance de novo initiation to a higher extent than elonga-
tion. First, using the minigenome assay we observe more
important differences between NS5 and NS5-Pol regarding
the amount of a product generated by initiation/transition
and elongation versus the amount of a product generated
exclusively by elongation (Figure 2). These differences are
especially high at a higher priming ATP concentration when
more initiation events occur. Second, differences in initial
velocities are considerable higher upon de novo initiation
(Table 1) in comparison to elongation (Figure 6).

The mechanistic basis for the observed stimulation was
addressed by measuring RNA affinity values and steady-
state catalytic constants of NS5 and NS5-Pol using specific
de novo initiation and elongation tests. First, we measured
the affinity of NS5 toward the ssSRNA template used in the
de novo initiation test independently from RNA synthesis.
The Kp value of NS5 was around 7-fold lower than the Kp
value of NS5-Pol (see summary in Table 2). The higher affin-
ity of NS5 toward the ssSRNA points to the importance of
the NS5-MTase domain for RNA template loading. In the
context of full-length NS5, the NS5-MTase domain could
either extend the RNA binding surface creating a larger
binding site with a lower overall Kp value, and/or pro-
mote the proper conformation of the RNA template tun-
nel changing the affinity of the NS5-Pol RNA binding re-
gion. In contrast, NS5 showed only a 3-fold higher affinity
for primer/template RNA than NS5-Pol. The affinity differ-
ence between NS5 and NS5-Pol toward a primer/template
could be relevant if the transition phase proceeds via dis-
sociation, change of conformation and re-association of
the polymerase to a primer/template before engaging into
processive elongation. Concerning the catalytic constants,
we measured K, values for the initiating nucleotide ATP,
which binds to the priming site upon pppAG formation,
and for the incoming nucleotide, which binds to the cat-
alytic site upon elongation. We find that the presence of the
NS5-MTase domain significantly decreases both K, values
(2- to 4-fold, see Table 2). Our results are in accordance
with observed differences in NTP K, values of DENV
NS5 and NS5-Pol using more complex reactions including
initiation/transition and elongation (see Table 2, (18,35)).
Finally, we show evidence that the stimulation provided by
the NS5-MTase domain translates into a 2- to 3-fold in-
crease in the catalytic rate constant value of NTP incorpora-
tion during elongation. In conclusion, the mechanistic basis
of the observed support of the de novo initiation and elon-
gation steps of RNA synthesis by the NS5-MTase domain
consists, at least in part, of (i) a stimulation of RNA tem-
plate loading, (ii) an increase in the binding affinity of the
substrate NTPs to the priming site and the catalytic site and
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(ii1) an increase in the catalytic rate of NTP incorporation
during elongation.

Our work does not directly demonstrate how the methyl-
transferase domain regulates the activities of the poly-
merase domain. To answer this question, more biochemi-
cal and structural information is needed on wild type and
mutant forms of NS5. We need 3D structures of Flavivirus
NS5 in complex with different RNA substrates, NTPs and
divalent ions that show how NS5-MTase and NS5-Pol phys-
ically interact, and mutant data on the interface residues
to demonstrate if a particular interface indeed regulates
the RdRp activity of NS5-Pol. Nevertheless, based on our
results and the structural information on conformational
changes of RdRp domains during the different steps of
RNA synthesis, we expect that the NS5-MTase domain es-
tablishes at least one stimulatory interface with the NS5-
Pol domain ensuring efficient RNA loading, initiation and
elongation. The NS5-MTase domain does not seem to sim-
ply support NS5-Pol folding. A comparison of thermal and
chemical stability of both proteins measuring melting tem-
perature values and chemical denaturation midpoints (see
Supplementary Figure S1) showed that NS5 and NS5-Pol
(with and without N-terminal His-tag) follow similar typ-
ical denaturation curves of globular proteins. NS5-Pol is
moderately more stable than NS5. This is in accordance
with a recent study (35) where the stability of DENV-4 NS5
and NS5-Pol (both without a His-tag) were compared and
nearly identical 7, values (37.5°C and 38°C, respectively)
were found. The fact that we could not re-constitute the
stimulatory interface during de novo initiation by adding
NS5-MTase to NS5-Pol in trans (Supplementary Figure S2)
indicates that the physical closeness of the two domains
is required for the formation of the de novo interface. The
inter-domain affinity in the absence of the linker seems to
be relatively low. It is also possible that the linker itself is im-
plicated in the interface formation. The importance of the
linker was reported by Dong et al. (24), who found stim-
ulation of an internal methylation activity of NS5-MTase
by the NS5-Pol domain only in the context of full-length
NSS5. Interestingly, Lim et al. (35) added a part of the linker
(maximum nine residues) to recombinant DENV NS5-Pol,
and observed that kg, values measured with a minigenome
test increased and even got higher than for full-length NS5,
whereas the Kj; values for NTPs and RNA did not change.
A DENV-3 NS5-Pol structure with the linker showed that
stabilization may be caused by an additional salt bridge. The
residues providing the salt bridge are conserved in DENVs
but not in other flaviviruses. Accordingly, the JEV NS5
structure presents a highly flexible linker. Within the con-
text of full-length DENV NS5, this potential stabilization
by the linker is not apparent (this study and (35)).

The multi-step collaboration between the Flavivirus NS5-
Pol and NS5-MTase domains guarantees a highly efficient
synthesis of viral RNA, the detailed understanding of which
requires further functional and structural studies of RNA-
NS5 complexes corresponding to each step. There are two
possible scenarios for the collaboration between both do-
mains: either NS5-MTase exerts its stimulation via one flex-
ible interface with NS5-Pol or it establishes several inter-
faces corresponding to each step of RNA synthesis. Both
scenarios may be related to the compact structure of full-

length JEV NS5 (14) where the NS5-MTase stabilizes the
fingers subdomain of NS5-Pol being situated on the ‘back’
of NS5-Pol behind the RNA template entrance (see Fig-
ure 4B). In this structure the NS5-MTase domain is well
placed to promote and stabilize the RNA tunnel and could
potentially extend the RNA-template binding zone. In this
way NS5-MTase would promote RNA loading, i.e. the en-
try of the minus-strand 3'-end, as we have seen in our func-
tional tests. Optimal RNA loading and tunnel structuration
should involve a closure of the distance between fingers and
thumb subdomains as observed in de novo initiating struc-
tures of HCV RdRp (19). In the first scenario, the opti-
mal placement of the RNA would then induce the proper
structuring of the priming and catalytic site during initia-
tion and elongation. The NS5-MTase-Pol interface should
allow some flexibility to accommodate the conformational
changes of NS5-Pol before initiation and upon transition
toward elongation. The priming loop has to move out of the
way and the polymerase domain has to go back to an open
form leaving space for a primer/template. Nascent dSRNA
will leave NS5-Pol toward the front of the molecule (see Fig-
ure 4B). Thus, for RNA capping the 5-end of the nascent
positive-strand RNA will have to join the NS5-MTase do-
main at the back of the polymerase or use the NS5-MTase
domain of another NS5 protein placed in front. Within
the second scenario the NS5-MTase domain would exerts
its pleiotropic effect on the NS5-Pol domain activity by a
change of its location on the surface of the NS5-Pol do-
main. The conformation during RNA loading may again
correspond to full-length JEV NS5 (14) as discussed above.
The proper structuring of the RNA channel including the
closure of the distance fingers/thumb would then allow a
re-positioning of the NS5-MTase toward the ‘front’ of the
polymerase, where the priming loop is situated (see Figure
4B). The linker indeed provides the flexibility and the neces-
sary distance to allow the re-positioning. NS5-MTase could
thus, via a direct interaction, stabilize the proper conforma-
tion of the priming loop, i.e. increase the affinity of the ATP
priming site. After pppAG formation and transition, the
processive elongation phase takes place, and according to
our results, the NS5-MTase contributes to the proper con-
formation of the NTP catalytic site and also speed up incor-
poration. It may act through another, elongation-specific,
interface with NS5-Pol. Given the role of the NS5-MTase
domain in RNA capping, the domain might stay in the
‘front’ near the dsRINA exit to exert its function at the 5'-end
of a nascent positive strand. Future experiments are needed
to clarify, which scenario the Flavivirus replication complex
(RC) adopts.

Within the membrane-bound Flavivirus RC, NS5 inter-
acts with NS3 (13,36), which bears the RNA helicase and
triphosphatase (first step of RNA capping) functions (re-
viewed in (37)). NS5 is only indirectly connected to the
membrane via NS3, which in turn binds to the membrane-
associated viral RC proteins NS2A, NS4A and NS4B (36).
Of course, NS5 might also contact host RC proteins; at
the moment numerous interaction candidates exist, which
have yet to be corroborated (38). We expect that NS3 has
an influence on the interaction of NS5-MTase and NS5-
Pol, supposedly exerting its enzymatic activities before, dur-
ing and/or after RNA synthesis and capping. NS3 itself
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Table 2. Summary of steady-state kinetic constants determined in this study, by Selisko (18) and Lim (35)

Initiation Ratio
Test and/or Constant Ion Virus NS5 NS5-Pol NS5/ Reference
elongation NS5-Pol
Ky ATP (M) Mg** 167.4+31.9 318.7+36.7 1.9 x lower
M
AG formation Initiation Mn?* 32410 96.9+21.0 3.0 x lower
Kp, ssRNA (uM) Mg** 0.1120.02 0.7320.09 6.6 x lower
Mg** 82.7+0.8 302.0+0.1 3.6 x lower
Ky CTP (uM)
Mn** 2.6+0.5 10.0+2.9 3.8 x lower this study
DENV-2
Primer extension ) Mg 0.310.11 0.12+0.03 2.6 x higher
Single nucleotide Elongation k.o CTP (min-1)
incorporation Mn®* 0.47+0.09 0.22+0.12 2.1 x higher
K, dsRNA (M) Mg 0.25+0.02 0.72+0.02 2.9 x lower
Mg 11.4+£2.0 22.5+1.1 2.0 x lower
Poly(rG) synthesis | Initiation + Selisko 2006
elongation Ky GTP (M) * 24
Mn WNV 113.849.6 188.8+14.8 1.7 x lower
Ky NTP (uM) 3.52+0.95 5.69+1.79 1.6 x lower
Minigenome Initiation + K.y (min-1) Mn** DENV-4 0.12+0.04 0.13+0.04 identical Lim 2013
elongation
Ky RNA (uM) 0.18+0.05 0.15+0.05 identical

should thus establish one or several interfaces with NSS5.
Our knowledge on the interaction between NS3 and NS5
is still quite limited. There is evidence that the NS3 helicase
domain interacts with NS5-Pol via an interface at the back
of the thumb subdomain involving a loop coming from the
fingers subdomain and connecting to the thumb (39,40).
This would be very close to the NS5-MTase in the JEV NS5
structure (see Figure 3B). It might be there, where NS3 ex-
erts its function as a helicase before or during RNA syn-
thesis. NS3 might adopt a different position when it acts as
the RNA triphosphatase during or after +RNA synthesis.
It will be interesting to see whether the stimulatory effects
of the NS5-MTase on NS5-Pol are influenced by the pres-
ence of NS3. We expect that the emerging functional intra-
and inter-protein interfaces of the complex NS5-NS3, the
heart of the Flavivirus RC, will constitute valuable targets
for drug discovery and development.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Dr. Bruno Coutard for the vector construct of
the NS5-MTase domain, for reading the manuscript and his
critics, Dr. Jaime Guillén Casas for his valuable advise on
the experiments allowing the determination of chemical de-

naturation midpoints and on the fluorescence polarization
tests.

FUNDING

Foundation pour la Recherche Médicale [Programme
Equipe FRM to B.C. and Programme Espoirs de la
recherché to S. Potisopon (FDT20130928186)]; Infec-
tiopole-Sud [PhD scholarship to S. Potisopon]; European
Union Seventh Framework Programme (FP7/2007-20013)
through the SILVER (Small inhibitor leads against emerg-
ing RNA viruses) project [260644]; the French Ministere
pour la Recherche et la Technologie [research studentship
to A.C.]. The funders had no role in study design, data col-
lection and analysis, decision to publish, or preparation of
the manuscript. Funding for open access charge: SILVER
project financed by European Union Seventh Framework
Programme [260644].

Conflict of interest statement. None declared.

REFERENCES

1. Den Boon,J.A., Diaz,A. and Ahlquist,P. (2010) Cytoplasmic viral
replication complexes. Cell Host Microbe, 8, 77-85.

2. Ruigrok,R.W.H., Crépin,T. and Kolakofsky,D. (2011) Nucleoproteins
and nucleocapsids of negative-strand RNA viruses. Curr. Opin.
Microbiol., 14, 504-510.

3. Quezada,E.M. and Kane,C.M. (2009) The hepatitis C virus NS5A
stimulates NS5B during in vitro RNA synthesis in a template specific
manner. Open Biochem. J., 3, 39-48.


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku666/-/DC1

11656 Nucleic Acids Research, 2014, Vol. 42, No. 18

20.

21.

22.

. Wang,P., Wang,Y., Zhao,Y., Zhu,Z., Yu,J., Wan,L., Chen,J. and

Xiao,M. (2010) Classical swine fever virus NS3 enhances
RNA-dependent RNA polymerase activity by binding to NS5B.
Virus Res., 148, 17-23.

. Kranzusch,P.J. and Whelan,S.P.J. (2012) Architecture and regulation

of negative-strand viral enzymatic machinery. RNA Biol., 9, 941-948.

. Rahmeh,A.A., Morin,B., Schenk,A.D., Liang,B., Heinrich,B.S.,

Brusic, V., Walz,T. and Whelan,S.P.J. (2012) Critical phosphoprotein
elements that regulate polymerase architecture and function in
vesicular stomatitis virus. Proc. Natl. Acad. Sci. U.S.A., 109,
14628-14633.

. Takahashi,H., Takahashi,C., Moreland,N.J., Chang,Y.-T.,

Sawasaki,T., Ryo,A., Vasudevan,S.G., Suzuki,Y. and Yamamoto,N.
(2012) Establishment of a robust dengue virus NS3-NS5 binding
assay for identification of protein-protein interaction inhibitors.
Antiviral Res., 96, 305-314.

. Gubler,D.J., Kuno,G. and Markoff,L. (2007) Flaviviruses. In

Knipe,D. and Howly,P. (eds.), Fields Virology. Lippincott-Raven
Publishers, Philadelphia, PA, U.S.A., pp. 1155-1227.

. Lindenbach,B.D. and Rice,C.M. (2007) Flaviviridae: the viruses and

their replication. In Knipe,D.M. and Howley,P.M.E. (eds.), Fields
Virology. Lippincott-Raven Publishers, Philadelphia, PA,
U.S.A., pp. 1101-1151.

. Gubler,D.J. (2011) Dengue, urbanization and globalization: the

unholy trinity of the 21st century. Trop. Med. Heal., 39, 3—11.

. Bhatt,S., Gething,P.W., Brady,O.J., Messina,J.P., Farlow,A.W.,

Moyes,C.L., Drake,J.M., Brownstein,J.S., Hoen,A.G., Sankoh,O.
et al. (2013) The global distribution and burden of dengue. Nature,
496, 504-507.

. Normile,D. (2013) Tropical medicine. Surprising new dengue virus

throws a spanner in disease control efforts. Science, 342, 415.

. Welsch,S., Miller,S., Romero-Brey,I., Merz,A., Bleck,C.K.E.,

Walther,P., Fuller,S.D., Antony,C., Krijnse-Locker,J. and
Bartenschlager,R. (2009) Composition and three-dimensional
architecture of the dengue virus replication and assembly sites. Cell
Host Microbe, 5, 365-375.

. Lu,G. and Gong,P. (2013) Crystal structure of the full-length

Japanese encephalitis virus NS5 reveals a conserved
methyltransferase-polymerase interface. PLoS Pathog., 9, €1003549.

. Dong,H., Fink,K., Ziist,R., Lim,S.P,, Qin,C.-F. and Shi,P.-Y. (2014)

Flavivirus RNA methylation. J. Gen. Virol., 95, 763-778.

. Issur,M., Geiss,B.J., Bougie,I., Picard-Jean,F., Despins,S., Mayette,J.,

Hobdey,S.E. and Bisaillon,M. (2009) The flavivirus NS5 protein is a
true RNA guanylyltransferase that catalyzes a two-step reaction to
form the RNA cap structure. RNA, 15, 2340-2350.

. Nomaguchi,M., Ackermann,M., Yon,C., You,S. and Padmanbhan,R.

(2003) De novo synthesis of negative-strand RNA by Dengue virus
RNA-dependent RNA polymerase in vitro: nucleotide, primer, and
template parameters. J. Virol., 77, 8831-8842.

. Selisko,B., Dutartre,H., Guillemot,J.-C., Debarnot,C., Benarroch,D.,

Khromykh,A., Despres,P., Egloff, M.-P. and Canard,B. (2006)
Comparative mechanistic studies of de novo RNA synthesis by
flavivirus RNA-dependent RNA polymerases. Virology, 351,
145-158.

. Scrima,N., Caillet-Saguy,C., Ventura,M., Harrus,D., Astier-Gin, T.

and Bressanelli,S. (2012) Two crucial early steps in RNA synthesis by
the hepatitis C virus polymerase involve a dual role of residue 405. J.
Virol., 86, 7107-7117.

Selisko,B., Potisopon,S., Agred,R., Priet,S., Varlet,I., Thillier,Y.,
Sallamand,C., Debart,F., Vasseur,J.-J. and Canard,B. (2012)
Molecular basis for nucleotide conservation at the ends of the dengue
virus genome. PLoS Pathog., 8, €1002912.

Malet,H., Egloff,M.-P., Selisko,B., Butcher,R.E., Wright,P.J.,
Roberts,M., Gruez,A., Sulzenbacher,G., Vonrhein,C., Bricogne,G.

et al. (2007) Crystal structure of the RNA polymerase domain of the
West Nile virus non-structural protein 5. J. Biol. Chem., 282,
10678-10689.

Zhang,B., Dong,H., Zhou,Y. and Shi,P.-Y. (2008) Genetic
interactions among the West Nile virus methyltransferase, the
RNA-dependent RNA polymerase, and the 5" stem-loop of genomic
RNA. J. Virol., 82, 7047-7058.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Tan,C.S.E., Hobson-Peters,J.M., Stoermer,M.J., Fairlie,D.P.,
Khromykh,A.A. and Hall,R.A. (2013) An interaction between the
methyltransferase and RNA dependent RNA polymerase domains of
the West Nile virus NS5 protein. J. Gen. Virol., 94, 1961-1971.
Dong,H., Chang,D.C., Hua,M.H.C., Lim,S.P., Chionh,Y.H., Hia,F.,
Lee,Y.H., Kukkaro,P., Lok,S.-M., Dedon,P.C. et al. (2012) 2’-O
methylation of internal adenosine by flavivirus NS5
methyltransferase. PLoS Pathog., 8, €1002642.

Filomatori,C. V, Iglesias,N.G., Villordo,S.M., Alvarez,D.E. and
Gamarnik,A. V (2011) RNA sequences and structures required for
the recruitment and activity of the dengue virus polymerase. J. Biol.
Chem., 286, 6929-6939.

Latour,D.R., Jekle,A., Javanbakht,H., Henningsen,R., Gee,P, Lee,l.,
Tran,P., Ren,S., Kutach,A.K., Harris,S.F. ef al. (2010) Biochemical
characterization of the inhibition of the dengue virus RNA
polymerase by beta-d-2'-ethynyl-7-deaza-adenosine triphosphate.
Antiviral Res., 87, 213-222.

Yap,T.L., Xu,T., Chen,Y.-L., Malet,H., Egloff, M.-P., Canard,B.,
Vasudevan,S.G. and Lescar,J. (2007) Crystal structure of the dengue
virus RNA-dependent RNA polymerase catalytic domain at
1.85-angstrom resolution. J. Virol., 81, 4753-4765.

Surana,P., Satchidanandam,V. and Nair,D.T. (2014) RNA-dependent
RNA polymerase of Japanese encephalitis virus binds the initiator
nucleotide GTP to form a mechanistically important pre-initiation
state. Nucleic Acids Res., 42, 2758-2773.

Potisopon,S., Priet,S., Selisko,B. and Canard,B. (2014) Comparison
of dengue virus and HCV: from impact on global health to their
RNA-dependent RNA polymerases. Future Virol., 9, 53-67.
Bussetta,C. and Choi,K.H. (2012) Dengue virus nonstructural
protein 5 adopts multiple conformations in solution. Biochemistry,
51, 5921-5931.

You,S. and Padmanabhan,R. (1999) A novel in vitro replication
system for Dengue virus. Initiation of RNA synthesis at the 3’-end of
exogenous viral RNA templates requires 5'- and 3’-terminal
complementary sequence motifs of the viral RNA. J Biol. Chem.,
274, 33714-33722.

Ackermann,M. and Padmanabhan,R. (2001) De novo synthesis of
RNA by the dengue virus RNA-dependent RNA polymerase exhibits
temperature dependence at the initiation but not elongation phase. J.
Biol. Chem., 276, 39926-39937.

Schwede, T. (2003) SWISS-MODEL: an automated protein
homology-modeling server. Nucleic Acids Res., 31, 3381-3385.
Egloff,M.-P.,, Benarroch,D., Selisko,B., Romette,J.-L. and Canard,B.
(2002) An RNA cap (nucleoside-2'-O-)-methyltransferase in the
flavivirus RNA polymerase NS5: crystal structure and functional
characterization. EMBO J., 21, 2757-2768.

Lim,S.P., Koh,JH.K., Seh,C.C., Liew,C.W., Davidson,A.D.,
Chua,L.S., Chandrasekaran,R., Cornvik,T.C., Shi,P--Y. and Lescar,J.
(2013) A crystal structure of the dengue virus non-structural protein 5
(NS5) polymerase delineates interdomain amino acid residues that
enhance its thermostability and de Novo initiation activities. J. Biol.
Chem., 288, 31105-31114.

Yu,L., Takeda,K. and Markoff,L. (2013) Protein-protein interactions
among West Nile non-structural proteins and transmembrane
complex formation in mammalian cells. Virology, 446, 365-377.

Li, K., Phoo,W.W. and Luo,D. (2014) Functional interplay among the
flavivirus NS3 protease, helicase, and cofactors. Virol. Sin., 29, 74-85.
Le Breton,M., Meyniel-Schicklin,L., Deloire,A., Coutard,B.,
Canard,B., de Lamballerie,X., Andre,P., Rabourdin-Combe,C.,
Lotteau,V. and Davoust,N. (2011) Flavivirus NS3 and NS5 proteins
interaction network: a high-throughput yeast two-hybrid screen.
BMC Microbiol., 11, 234.

Johansson,M., Brooks,A.J., Jans,D.A. and Vasudevan,S.G. (2001) A
small region of the dengue virus-encoded RNA-dependent RNA
polymerase, NS5, confers interaction with both the nuclear transport
receptor importin-beta and the viral helicase, NS3. J. Gen. Virol., 82,
735-745.

Zou,G., Chen,Y.-L., Dong,H., Lim,C.C., Yap,L.J., Yau,Y.H.,
Shochat,S.G., Lescar,J. and Shi,P.-Y. (2011) Functional analysis of
two cavities in flavivirus NS5 polymerase. J. Biol. Chem., 286,
14362-14372.



