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Conformational Flexibility of the Dengue Virus RNA-Dependent RNA
Polymerase Revealed by a Complex with an Inhibitor
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We report a highly reproducible method to crystallize the RNA-dependent RNA polymerase (RdRp) domain of dengue virus se-
rotype 3 (DENV-3), allowing structure refinement to a 1.79-A resolution and revealing amino acids not seen previously. We also
present a DENV-3 polymerase/inhibitor cocrystal structure at a 2.1-A resolution. The inhibitor binds to the RdRp as a dimer and
causes conformational changes in the protein. The improved crystallization conditions and new structural information should

accelerate structure-based drug discovery.

,VI any flaviviruses are significant human pathogens. However,
no antiviral therapy is currently available for the treatment
of flavivirus infections. The flavivirus RNA-dependent RNA poly-
merase (RdRp), located at the C-terminal two-thirds of nonstruc-
tural protein 5 (NS5), is an attractive target for antiviral develop-
ment (1-3). Like other polymerases, the flavivirus RdRp adopts a
right-hand configuration composed of the fingers, palm, and
thumb subdomains (4-6). Unfortunately, because of their flexi-
bility, several segments of the protein are missing in the current
flavivirus RdRp unliganded crystal structures, including several
loops at the interface between the fingers and thumb subdomains
(5, 6). Moreover, crystals of the dengue virus serotype 3
(DENV-3) RdRp were obtained at 4°C following a tedious dehy-
dration procedure (7), making high-throughput structure-based
drug discovery very inconvenient. It is therefore critical to develop
arobust crystallization protocol to allow structural determination
of DENV RdRp in complex with small-molecule inhibitors. A
simplified crystallization protocol will be invaluable for structure-
based rational design of inhibitors of DENV RdRp.

Here we report such a procedure to grow crystals of DENV-3
RdRp at the temperature of 18°C that routinely diffract to a reso-
lution higher than 2.0 A. This allowed an improved refinement of
the original RdRp structure (PDB code 2J7U [6]), revealing sev-
eral amino acids hitherto not seen. Using these improved condi-
tions for crystallization, we present the first cocrystal structure of
a flavivirus RARp with an inhibitor. This cocrystal structure shows
that the inhibitor induces major conformational changes in the
DENV-3 RdRp.

An improved protein purification protocol for the reproduc-
ible crystallization of DENV-3 RdRp. The previous conditions
used to grow DENV-3 RdRp crystals required a complicated de-
hydration protocol through gradual transfer of the crystals into
increasing concentrations of polyethylene glycol (PEG) (7). This
method was difficult to routinely reproduce because crystals were
obtained only after a few weeks at 4°C. To improve crystallization,
we established a new purification protocol of the DENV-3 RdRp
that avoided the use of 3-[(3-cholamidopropyl)-dimethylammo-
nio]-1-propanesulfonate (CHAPS), EDTA, or B-mercaptoetha-
nol. Instead, we included Tris (2-carboxyethyl)-phosphine
(TCEP; Thermo Scientific) in the final RdRp solution to prevent
protein oxidation. The addition of TCEP minimizes protein pre-
cipitation, leading to reproducible crystallization of various pro-
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tein batches. Specifically, the DENV-3 RdRp domain, spanning
residues 272 to 900 of NS5 (GenBank accession number
AY662691), was cloned into pET15b and expressed as described
previously (6, 7). The cell pellet was lysed by sonication in buffer A
(20 mM Na HEPES at pH 7.0, 300 mM NaCl, 5 mM imidazole,
and EDTA-free complete protease inhibitors [Roche]). The lysate
was clarified by centrifugation at 100,000 X g for 1 h at 4°C. The
supernatant was purified by Ni-nitrilotriacetic acid (NTA) affinity
chromatography by washing unbound protein with buffer A sup-
plemented with 40 mM imidazole. The RARp was eluted in a linear
imidazole gradient ranging from 40 to 500 mM. For removing the
N-terminal His tag, 500 U of thrombin (Sigma) was added to the
pooled fractions containing the RdRp; the mixture was dialyzed
overnight against buffer A supplemented with 5 mM TCEP. The
RdRp was further purified by size exclusion chromatography us-
ing the same buffer. SDS-PAGE analysis of the resulting RdRp
indicated a purity of >95% (Fig. 1A).

Highly reproducible method to obtain RdRp crystals. Crys-
tallization was set up manually at 18°C using hanging-drop vapor
diffusion. DENV-3 RdRp was concentrated to 7 to 10 mg/ml in 20
mM HEPES at pH 7.0, 300 mM NaCl, and 5 mM TCEP. One
microliter of RARp solution was mixed with 1 ul of precipitant
(20 to 25% PEG 550 monomethyl ether and 0.1 M Tris-HCI,
pH 8.0). Crystals of size 100 by 100 by 300 wm? grew at 18°C
over 2 to 4 days. For cryoprotection, crystals were transferred
to the crystallization solution supplemented with 10% glycerol.
Diffraction data, collected on beam-line X10SA (PXII) at the
Swiss Light Source, were integrated using MOSFLM (8) and
scaled using SCALA from the CCP4 suite (9). The structure was
refined using REFMAC5 (9) starting from the deposited
DENV-3 RdRp structure (PDB code 2J7U) (6). Data collection
showed that the space group and diffraction quality of the crys-
tals obtained at 18°C (Table 1) were comparable (isomor-

Received 7 January 2013 Accepted 8 February 2013
Published ahead of print 13 February 2013

Address correspondence to Julien Lescar, julien@ntu.edu.sg, or Pei-Yong Shi,
pei_yong.shi@novartis.com.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.00045-13

jviasm.org 5291


http://www.ncbi.nlm.nih.gov/nuccore?term=AY662691
http://dx.doi.org/10.1128/JVI.00045-13
http://jvi.asm.org

Noble et al.

RNA template tunnel ’fNTP
/

Fingers

25-

FIG 1 The free DENV-3 RdRp structure. (A) SDS-PAGE analysis of purified recombinant DENV-3 RdRp. Molecular mass standards are labeled. (B) “Front view” of
the overall structure of the DENV-3 RdRp (PDB code 4HHJ; this work), showing tunnels for single-stranded RNA (ssRNA) template entry, INTP entry (dashed arrow
at the back of the RdRp), and exit of the dsRNA product (arrow at the front of the RdRp). The palm domain (green) contains the active-site residues (Asp663 and Asp664
from the GDD motif, represented as sticks), and the fingers and thumb domains are colored blue and red, respectively. The priming loop is colored red and is labeled,
while the NLS region is colored yellow. The inset shows a magnified view of residues 311 to 317 and 451 to 457 that are now visible in the refined DENV-3 RdRp structure
using the improved crystallization protocol. The 2Fo-Fc electron density map calculated with phases from the refined model is displayed at 1o level.

phous) to those of the crystals previously obtained at 4°C fol-
lowing the dehydration procedure (7).

Refinement of the free RARp structure reveals amino acids
hitherto not seen. Several segments that were hitherto disordered
in the deposited flavivirus RdRp structure (6) are now visible in

TABLE 1 Data collection and refinement statistics

Values for:
RdARp-NITD107
Statistic Free RdRp complex
Space group C222, C222,
Cell parameters (a, b, c) (A) 161.32,177.61,57.82 161.46, 177.73,57.93
Wavelength (A) 1.0 1.0
Resolution range (A) 59.7-1.79 48.5-2.1
No. of observed reflections 440,985 250,191
No. of unique reflections” 78,264 (11,270) 49,099 (7,072)
Completeness (%) 99.9 (99.9) 99.9 (99.9)
Multiplicity 5.6 (5.1) 5.1 (5.1)
erge 0.063 (0.493) 0.081 (0.661)
o () 14.5 (3.0) 11.6 (2.4)
Solvent content (%) 54.8 55.4

No. of reflections:

Used for refinement 78,166 (5,149) 49,017 (3,430)

Used for R, calculation 3,935 (294) 2,482
No. of nonhydrogen atoms 5,528 5,342
No. of water molecules 665 432

Average B factor® (A?) (NITD107-  38.5
1, NITD107-2)

47.6 (77.1, 83.6)

Reperor” (%) 17.7 (24.1) 18.1 (27.3)
R, (%) 20.9 (25.4) 22.4 (30.0)
Rms deviations from ideality
Bond length (&) 0.010 0.010
Bond angle (°) 1.00 1.06
Residues in Ramanchandran plot
Residues in favored regions (%) 97.9 97.9
Ramachandran outliers (%) 0.0 0.2
PDB code 4HH] 3VWS

“ The numbers in parentheses refer to the last (highest) resolution shell.

Y Rierge = Zpilln — <I,>|/2, ; 1> where I, is the ith observation of the reflection h
and <I> is its mean intensity.

¢ The average temperature factors are given for each of the two bound NITD107
molecules. Their occupancy was set to 1.

¥ Riactor = 2| Fobs| = [Featc /2 [Fops| Fops and Fyc are the observed and calculated
structure factor amplitudes, respectively.

€ Rpee Was calculated with 5% of reflections excluded from the refinement.
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the electron density map of the free RARp (Fig. 1B, inset). Loop 1
(residues 311 to 316) adopts an extended conformation that con-
nects strand 31 from the finger subdomain to helix a2 attached to
the thumb subdomain. Residues 451 to 455 are now well ordered:
residues 451 to 453 form a short B-strand (named B1"), complet-
ing the 32-B3-B1 sheet in the fingers subdomain (Fig. 1B, inset).
Nonetheless, three regions of the protein comprising a total of 41
residues remain poorly ordered in the refined model: residues 407
to 419 that form loop L3, residues 458 to 468 from the finger
subdomain, and the C-terminal end spanning residues 884 to 900.
Of note, the same amino acid segments are also disordered in an
unrelated crystal form of a longer DENV-3 free RdRp construct
with two molecules per asymmetric unit obtained in the space
group P2,2,2 (S. P. Lim, C. C. Seh, C. W. Liew, P.-Y. Shi, and J.
Lescar, unpublished data), suggesting their intrinsic mobility in
the absence of ligand regardless of detailed crystal-packing forces.

NITD107 inhibits DENV-4 RdRp. NITD107 (Fig. 2A) was
identified through a high-throughput screen using a previously
reported RNA elongation assay of DENV-4 RdRp (10). NITD107
was originally purchased from SPECS (catalog no. AQ-390/
42861805). We used the RdRp from DENV-4 rather than the
RdRps from other serotypes in the screening assay, because
DENV-4 RdRp exhibits the highest enzymatic activity (data not
shown). NITD107 inhibits the RdRp activity in a dose-responsive
manner, with a 50% inhibitory concentration (ICs,) of 113 uM
(Fig. 2B). The compound also inhibits DENV-2 replication using
areplicon assay (11), with a 50% effective concentration (ECs,) of
about 100 wM (Fig. 2C). Cell viability assays (11) showed that the
antiviral activity was not due to compound-mediated cytotoxicity
(Fig. 2C).

NITD107 weakly but selectively binds to DENV RdRp. We
performed a surface plasmon resonance (SPR) analysis to demon-
strate the binding of NITD107 to DENV RdRp. SPR measure-
ments were done on a Biacore 3000 (Uppsala, Sweden). Strepta-
vidin was immobilized on a CM5 sensor chip surface using amine
coupling in 10 mM Na HEPES and 150 mM NaCl (pH 7.4). The
surface was activated by a 15-min injection of N-hydroxysuccin-
imide (NHS)/ethyl(dimethylaminopropyl) carbodiimide (EDC),
followed by injection of streptavidin in 10 mM acetate (pH 4.5)
until the required density (8,000 resonance units [RU]) was
achieved; the chip was then blocked by a 4-min ethanolamine
injection at a flow rate of 10 pl/min at 25°C. The surface was
primed with running buffer (50 mM Tris-HCl at pH 7.5, 200 mM

Journal of Virology


http://jvi.asm.org

Dengue Virus Polymerase Structure

A c B 15 C 1509 ~8ECscurve B CCs curve
§ (] 0O u
4 +
O, 8 101 91001 o
S, -t 2
HN O < g
oy )
3 57 o 501
S
o) 3
0 -2
20 T T r ! 0 T T T
HO -1 0 1 2 3 0 1 2
NITD107 Log1,[NITD107] (uM) Log;o[NITD107] (uM)
D
6 55| Full-length NS5 ' 3 5 | RdRp domain
E,4 k13um / F2| Ki225uM
24 & < 5?2 3
= é i &gl
Q 0 1 10 5 1 1 .10
2 Concentration (uM) @ Concentration (uM)
52 2 e .
2 fuepeedf g0 {
9 (N o
x0 LA cab ol chunt VA L
5 =2
-10 0 10 20 30 40 50 60 -10 0 10 20 30 40 50 60
Time () Time (S)

FIG 2 NITD107 inhibits DENV RdRp. (A) Structure of NITD107. (B) Inhibition of RdRp activity. Two-fold serially diluted concentrations of NITD107 were incubated
using a previously reported fluorescence-based RdRp assay (10). The inhibitory effect of NITD107 on RdRp activity was measured by the decrease in relative fluorescent
units (RFU). An average result of three independent experiments is shown, with errors bars indicating standard deviations. (C) Antiviral activity in cell culture. The
antiviral activity of NITD107 was assayed in a DENV-2 luciferase-reporting replicon assay (11). The cytotoxicity of the compound was measured using a cell prolifer-
ation-based Cell Counting Kit-8 by following the manufacturer’s instructions (Dojindo Molecular Technologies, Rockville, MD). Both replicon activity and cell viability
are presented as percentages; activities derived from samples with no compound treatment are set at 100%. Error bars indicate standard deviations (n = 4). (D) SPR
measurements of the interaction between NITD107 and full-length NS5 or the RdRp domain of DENV-4. Biotinylated full-length NS5 or the RdRp domain was
immobilized on the surface of a streptavidin chip. Three-fold serially diluted NITD107 (0.2 to 50 M) was injected across the immobilized NS5/RdRp for 30 s (to allow
compound-protein association), followed by injections of running buffer without compound for 1 min (to allow compound-protein dissociation). Insets show the plots
of steady-state response (RU) against analyte concentration (wM). Binding affinities were calculated by fitting the data to the 1:1 steady-state model using BIAevaluation
4.1. The experiments were performed in triplicate; only one of the triplicates is shown for clarity.

NaCl, 0.05% Tween 20, 2 mM dithiothreitol [DTT], and 3% di-
methyl sulfoxide [DMSO]), and the temperature was decreased to
4°C. The N-terminally biotinylated DENV-4 full-length NS5 pro-
tein (10) was captured at a density of ~12,000 RU. The DENV-4
RdRp domain (residues 274 to 900 of NS5) was minimally biotin-
ylated and captured at a density of ~6,000 RU. Raw sensorgrams
were reduced and solvent-corrected using a DMSO calibration
curve and the Scubber software package (BioLogic Software,
Campbell, Australia). Compound NITD107 was injected in run-
ning buffer using series of 3-fold dilutions starting at 50 wM
(highest concentration) and at a flow rate of 30 wl/min. Associa-
tion between DENV-3 NS5/RdRp and NITD107 was measured
for 30 s, and dissociation was measured for 1 min. Binding affin-
ities were evaluated by fitting the data to the 1:1 steady-state model
using BIAevaluation 4.1. The SPR results showed that the com-
pound directly bound to the full-length NS5 protein and to the
NS5 RdRp domain with K, (dissociation constant) estimates of
173 pM and 225 M, respectively (Fig. 2D). As a negative control,
using SPR analysis, NITD107 did not bind to the DENV-4 meth-
yltransferase domain, encompassing the N-terminal 272 amino
acids of the NS5 protein (K; > 500 wM). Collectively, these results
demonstrate that NITD107 weakly but selectively binds to the
DENV RdRp domain.

Complex between DENV-3 RdRp and NITD107. Since the
molecular mass (366 Da) of NITD107 is relatively low, the com-
pound may serve as a starting point for improvement using a
fragment-based approach aided by X-ray crystallography. We
therefore cocrystallized the DENV-3 RdRp with this inhibitor. To
this end, we mixed at 4°C the DENV-3 RdRp in 20 mM HEPES at
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pH 7.0, 300 mM NaCl, and 5 mM TCEP with NITD107 (from a
stock solution; 10 mM in 100% DMSO) to reach final concentra-
tions of ~130 wM (RdRp) and 1 mM NITD107, respectively. The
DENV-3 RdRp-NITD107 mixture was immediately used for co-
crystallization using the optimized conditions described above.
Crystals were obtained on days 2 to 4. Diffraction data were col-
lected at SLS, and the structure of the NITD107-RdRp complex
was refined to a 2.1-A resolution (Table 1).

Figure 3A to C depicts the interactions between NITD107 and
the DENV-3 RdRp. Two NITD107 molecules adjacent to each
other are located in the RNA binding groove: a stacking interac-
tion is established between the phenyl group of one NITD107
molecule and the indole ring of the other bound NITD107 mole-
cule (Fig. 3B and C). NITD107 makes extensive contacts with loop
3 (residues 410 to 419), which becomes ordered upon compound
binding (Fig. 3D). The sulfonamide and carboxylic groups of both
molecules are engaged in several hydrogen bonds and salt bridges
with residues Lys401, Thr605 (molecule NITD107-1), Asn405,
and Thr413 (molecule NITD107-2) (Fig. 3C). The relatively low
number of specific interactions observed in the cocrystal structure is
consistent with the weak inhibitory and binding activities of this in-
hibitor toward RdRp outlined above. A superposition of the
NITD107-RdRp complex with the RdRp from hepatitis C virus
(HCV) bound to double-stranded RNA (dsRNA) (PDB code 4E7A)
(12) shows that NITD107 would provoke steric hindrance with the
template strand of a RNA duplex (Fig. 3E), suggesting a mode of
inhibition via competition with the RNA substrate.

Conformational changes in RdRp induced by NITD107
binding. NITD107 binding to RdRp causes several distinct con-
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FIG 3 Interactions between DENV-3 RdRp and the compound NITD107. (A) Overall view of the DENV-3 RdRp with the same orientation and color coding as
in Fig. 1. The active site where compound NITD107 binds is boxed. (B) Detailed view of the NITD107 binding site, with residues from DENV-3 RdRp
participating in the interaction, with the NITD107 dimer represented by sticks and colored using the same color coding as in Fig. 1. A difference electron density
map at a level of 3o with the coefficients Fo-Fc, in which atoms from the ligands were omitted from the phase calculation, is overlaid. (C) Schematic view of the
atomic interactions between the DENV-3 RdRp and the NITD107 dimer. Interatomic distances between 2.5 to 3.2 A are depicted. (D) The main conformational
changes in the RdRp (in surface representation) induced by NITD107 binding are (i) the stabilization of loop 3 and a helical turn (yellow sticks and ribbon), which
come in contact with the compound (represented by sticks and labeled by an arrow) and (ii) that helix a5 becomes disordered (represented by a dashed line).
Residues from the active site (GDD motif) are represented by green sticks. (E) Superposition of the NITD107-RdRp complex (this work) with the RdRp from
HCV bound to dsRNA (PDB code 4E7A), showing that NITD107 (gray sticks, arrow) would provoke steric hindrance with the template strand of the RNA

duplex, shown by yellow sticks.

formational changes in the protein (Fig. 3D). Binding of the com-
pound stabilizes an extra turn of helix a7, and loop 3, which is
disordered in the free protein, becomes ordered upon the forma-
tion of several interactions with the ligand via residues Val411,
Phe412, and Thr413 (Fig. 3C and D). In addition, compound
binding is accompanied by an order to disorder transition of helix
5 that is more than 10 A away from the ligand, near the ribonu-
cleotide triphosphate (rNTP) entry tunnel. These results indicate
that loop 3 and helix a5 are two hotspots of conformational flex-
ibility of the flavivirus RdRp. Overall, the conformation of the
protein bound to NITD107 remains closed. Concerted move-
ments of the thumb, the priming loop, and loop 3 (which ob-
structs the path of the primer and template strands) would be
required to create enough space to accommodate an RNA duplex.

Implications for drug discovery. Viral polymerases are a
proven target for effective antiviral therapy. The lack of a robust
crystallization method for DENV RdRp has so far hampered ef-
forts to develop antivirals against this important human patho-
gen. In this short communication, we have addressed this issue by
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achieving two specific aims. The first aim was to develop a highly
reproducible crystallization method that enables determination of
the high-resolution structure of DENV RdRp. The previous pro-
tocol requires crystallization at 4°C for a few weeks and a compli-
cated dehydration procedure (7). In contrast, the new protocol
yielded crystals at 18°C in 2 to 4 days without the tedious dehy-
dration procedure. The second aim was to demonstrate that this
improved protocol can be used to determine the cocrystal struc-
ture of the RARp bound to a small-molecule inhibitor. As a proof
of concept, we determined the cocrystal structure of the
NITD107-RdRp complex at a 2.1-A resolution. This strategy can
now be used to analyze other inhibitors of DENV RdRp and also
for fragment screening using X-ray crystallography in order to
identify chemical starting points for drug discovery.

NITD107 exhibited weak antiviral activities against DENV
RdRp enzyme and replicon. The compound also selectively binds
to the full-length NS5 from DENV and its RARp domain but not
to the MTase domain of NS5. The cocrystal structure shows that
two molecules of NITD107 bind to the RNA binding groove of the
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polymerase. This mode of action is similar to that of an N-sulfo-
nyl-anthranilic acid derivative that was reported to inhibit DENV
RdRp (ICs, of 0.7 pM) through binding to the RNA template
tunnel of the polymerase (13). Since the two NITD107 molecules
are located adjacent to each other, linking the two molecules to
form an inhibitor of higher affinity is a strategy worth pursuing. As
mentioned above, during the initiation of RNA polymerization,
the polymerase needs to switch from a closed conformation to an
open conformation in order to accommodate the viral RNA tem-
plate. The binding of inhibitors, such as NITD107 or its deriva-
tives, may potentially lock the polymerase in the closed conforma-
tion and, thus, prevent viral RNA synthesis.

Protein structure accession numbers. The coordinates have
been deposited in the Protein Data Bank with access codes 4HH]
and 3VWS.
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