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a b s t r a c t

Seasonal and pandemic flaviviruses continue to be leading global health concerns. With the view to help
drug discovery against Dengue virus (DENV), a fragment-based experimental approach was applied to
identify small molecule ligands targeting two main components of the flavivirus replication complex:
the NS3 helicase (Hel) and the NS5 mRNA methyltransferase (MTase) domains. A library of 500 drug-like
fragments was first screened by thermal-shift assay (TSA) leading to the identification of 36 and 32 frag-
ment hits binding Hel and MTase from DENV, respectively. In a second stage, we set up a fragment-based
X-ray crystallographic screening (FBS-X) in order to provide both validated fragment hits and structural
binding information. No fragment hit was confirmed for DENV Hel. In contrast, a total of seven fragments
were identified as DENV MTase binders and structures of MTase-fragment hit complexes were solved at
resolution at least 2.0 Å or better. All fragment hits identified contain either a five- or six-membered aro-
matic ring or both, and three novel binding sites were located on the MTase. To further characterize the
fragment hits identified by TSA and FBS-X, we performed enzymatic assays to assess their inhibition
effect on the N7- and 20-O-MTase enzymatic activities: five of these fragment hits inhibit at least one
of the two activities with IC50 ranging from 180 lM to 9 mM. This work validates the FBS-X strategy
for identifying new anti-flaviviral hits targeting MTase, while Hel might not be an amenable target for
fragment-based drug discovery (FBDD).

This approach proved to be a fast and efficient screening method for FBDD target validation and discov-
ery of starting hits for the development of higher affinity molecules that bind to novel allosteric sites.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Flavivirus infections, such as those caused by mosquito-borne
Dengue, West Nile, Kunjin, Japanese encephalitis and Yellow fever
viruses, can provoke life-threatening diseases of epidemic propor-
tions with a devastating economic impact. The Dengue virus
(DENV) itself causes 50–100 million human infections annually,
leading to about 30,000 deaths; its transmission has increased
dramatically and has become a major international public health
concern. Despite recent studies in vaccine development (Thomas
and Endy, 2013), there are currently neither a truly cross-protec-
tive vaccine nor approved antiviral compounds to treat DENV
infections. In such a context, the deployment of an innovative drug
discovery approach towards the development of potent antiviral
compounds to prevent or treat DENV infections represents an
urgent complement to any vaccination campaign.

A natural target is the flaviviral replication machinery, many
steps of which have been characterized, leading to the identifica-
tion of enzymes whose inhibition could block viral replication
(Bollati et al., 2010). Flavivirus are single-stranded positive RNA
viruses carrying a cap-1 structure (7MeGpppA20OMe-RNA) at their
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50-end. The replication of the genome is ensured by the viral repli-
cation/transcription complex, composed of five non structural pro-
teins (NS1–NS5) carrying the polymerase, RNA unwinding and
capping activities. The flaviviral proteins NS3 and NS5 are carrying
two essential enzymatic activities, namely helicase (Hel) and
methyltransferase (MTase) that are strictly required for the repli-
cation of flaviviruses, and therefore constitute promising targets
for the development of anti-flaviviral compounds.

DENV Hel, located at the C-terminal part of NS3, carries nucle-
otide and RNA triphosphatase (respectively named NTPase and
RTPase) as well as RNA unwinding activities (Benarroch et al.,
2004b; Yon et al., 2005) involved in RNA capping and viral genome
replication, respectively. The inhibition of these functions limits
viral replication (Byrd et al., 2013; Daffis et al., 2010; Mastrangelo
et al., 2012). DENV NS5 MTase catalyses two consecutive methyla-
tion reactions involved in the synthesis of the cap structure:
methylation of the cap guanine at its N7-position to yield
7MeGpppA-RNA and methylation of the first transcribed nucleotide
at its 20-O-position to yield 7MeGpppA20OMe-RNA (Dong et al., 2008,
2010). Recent biochemical studies coupled to reverse genetic anal-
ysis have demonstrated that the N7-MTase activity is essential for
the replication of flavivirus (Dong et al., 2010; Zust et al., 2011). By
contrast, 20-O-MTase defective viruses can replicate but are highly
attenuated (Zust et al., 2013). Thus, both N7- and 20-O-MTase
activities are important on the context of antiviral research.

The identification of suitable new target sites and/or starting-
point compounds for the development of new anti-flavivirals re-
mains a major challenge (Lim et al., 2013b). In such a perspective,
we decided to use a promising drug discovery strategy, namely
fragment-based drug discovery (FBDD), now established as a pow-
erful method for the rapid identification of starting hits and their
subsequent elaboration into quality lead compounds (Congreve
et al., 2008; de Kloe et al., 2009; Erlanson, 2012; Hajduk and Greer,
2007; Murray and Rees, 2009; Scott et al., 2012). This methodology
offers an attractive alternative to conventional screening ap-
proaches such as HTS. Indeed, the fragment-based screening
(FBS) approach has advantages over other lead discovery methods,
including the screening of substantially fewer compounds (usually
several hundred to a thousand), higher hit rates, a more efficient
coverage of the chemical space and a faster fragment hit-to-lead
optimization phase. Because of their small size (MW < 300 Da),
fragments normally bind with low affinity, however binding is
often of high quality as estimated by ligand efficiency (LE)
(Abad-Zapatero, 2007; Bembenek et al., 2009; Hopkins et al.,
2004). A major challenge in establishing fragment-based screening
has been the development of sufficiently sensitive methods to de-
tect weakly binding hits which have typically milli- to micromolar
binding affinities (Ciulli and Abell, 2007; Kuo, 2011; Lundqvist,
2005; Siegal et al., 2007). Biophysical methods, such as isothermal
titration calorimetry (ITC), surface plasmon resonance (SPR), ther-
mal-shift assay (TSA), mass spectrometry (MS) and nuclear mag-
netic resonance (NMR), are frequently employed as a first-pass
screen before detailed structural characterization by X-ray crystal-
lography (FBS-X). Knowledge of exactly how the fragments bind to
the protein target allows the hits to be extended into neighboring
pockets to create higher affinity and more specific compounds.

In the past decade, several crystal structures of NS3 DENV Hel
(Luo et al., 2008, 2010; Xu et al., 2005) and NS5 DENV MTase
(Benarroch et al., 2004a; Egloff et al., 2002, 2007; Geiss et al.,
2009; Lim et al., 2011; Yap et al., 2010) have been reported. Crystal
forms diffracting to better than 2 Å resolution have been identified
(Lim et al., 2011; Luo et al., 2008) and are suitable for determining
the co-crystal structures that would provide the molecular basis
for downstream ligand optimization. We have therefore applied
an FBS approach targeting the NS3 DENV Hel and NS5 DENV MTase
domains to discover starting-point compounds for further antiviral
development. In this study, we set up a multistep fragment-based
screening strategy involving both interaction and enzymatic inhi-
bition analyses. A library of 500 fragments was successively
screened by thermal-shift assay allowing the initial selection of
fragments that bind to NS3 DENV Hel and NS5 DENV MTase do-
mains, with some of them showing inhibition effect on activity as-
says. We then successfully identified novel binding sites for NS5
DENV MTase using X-ray crystallography.
2. Materials and methods

2.1. Materials

The 500-compound general fragment library was purchased
from Maybridge (RO3 library 2009). ATP was purchased from
New Englands BioLabs Inc. [3H]AdoMet (80.7 Ci/mmol) was pur-
chased from PerkinElmer. The fluorescent dye SYPRO Orange was
purchased from Life Technologies. All other chemicals were pur-
chased from Sigma–Aldrich.

2.2. Production of recombinant proteins

The DNA fragments coding for DENV4 Hel (amino acid region
172–618) and DENV3 MTase (amino acid region 1–277) were syn-
thesized by Geneart (Life Technologies). The coding sequences
were cloned in pMcox20A by Gateway recombination, down-
stream a cleavable Hexahistidine–Thioredoxin tag using a two step
PCR protocol. Escherichia coli Rosetta (DE3) pLysS (Novagen) were
co-transformed with the two plasmids and cultured in Terrific
Broth at 37 �C. When OD600nm reached 0.5, expression was induced
by adding 500 lM of isopropyl-b-D-1-thiogalactopyranoside (IPTG)
in the culture media and temperature was shifted to 25 and 17 �C
for DENV3 MTase and DENV4 Hel, respectively. Protein purification
and tag removal was performed in non denaturing conditions as
previously described (Lantez et al., 2011). A final Size Exclusion
Chromatography step was performed in 20 mM Tris–HCl,
200 mM NaCl, glycerol 10%, 2 mM DTT, pH 7.5 for DENV3 MTase
and 10 mM Hepes 300 mM NaCl pH7.5 for DENV4 Hel. Dialysis
could then be performed to exchange the buffer depending on
the downstream experiment.

2.3. Thermal-shift assays (TSA) and data analysis

The thermal-shift assays were conducted in 96-well thin-wall
PCR plates (Bio-Rad) sealed with Optical-Quality Sealing tape
(Bio-Rad) and heated with an iCycler iQ real Time Detection
System (Bio-Rad) from 20 to 90 �C in increments of 0.2 �C. Thermal
denaturation was monitored using SYPRO Orange (Life Technolo-
gies) and the fluorescence intensity was measured at 490/530 nm
excitation/emission wavelengths, respectively. The denaturation
of the proteins was monitored by following the increase of the
fluorescence emitted by the probe that binds exposed hydrophobic
regions of the denatured protein. The melting temperature (Tm)
was calculated as the mid-log of the transition phase from the
native to the denatured protein using a Boltzmann model (Origin
software). The reference unfolding temperature of proteins in 2%
DMSO (Tmref) was subtracted from the values in the presence of
fragment (Tmfrag) to obtain thermal shifts, DTm = Tmfrag � Tmref.
Fragments were considered to be hits when DTm > 0.5 �C.

2.3.1. Fragment-based screening against DENV4 Hel by TSA
TSA plates were prepared by dispensing into each well the

DENV4 Hel (final concentration of 20 lM in 50 mM HEPES,
150 mM NaCl, 2 mM MnCl2, pH 7.4) which was mixed with
0.5 lL of fragments (from 100 mM stock in 100% DMSO, to attain
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a 2 mM final concentration in 2% DMSO) and a SYPRO orange solu-
tion in concentrations recommended by the manufacturer in a final
volume of 25 lL. Adenosine 50-(b,c-imido) triphosphate (AMPPNP)
was used in this assay as positive control (0.5 lL at a final concen-
tration of 2 mM).

2.3.2. Fragment-based screening against DENV3 MTase by TSA
TSA plates were prepared by dispensing into each well the

DENV3 MTase (final concentration of 40 lM in 10 mM HEPES,
300 mM NaCl, pH 7.5) which was mixed with 0.5 lL of fragment
(from 100 mM stock in 100% DMSO, 2 mM final concentration in
2% DMSO) and a SYPRO orange solution in concentrations recom-
mended by the manufacturer in a final volume of 25 lL. S-Adeno-
syl-L-methionine (AdoMet) was used in this assay as positive
control (0.5 lL at a final concentration of 2 mM).

2.4. Fragment-based screening by X-ray crystallography (FBS-X)

2.4.1. Crystallization of NS3 DENV4 Hel domain and fragment soaking
The crystallization of NS3 DENV4 Hel domain was performed by

the hanging drop vapor diffusion method in 24-well Linbro plates
for ease of soaking at 20 �C by mixing 1 lL of protein solution at
2.5 mg/mL (20 mM Tris–HCl, 150 mM NaCl, 2 mM DTT, 5% glycerol,
pH 7.4) with 1 lL of reservoir solution (10% PEG 3350 and 100 mM
Tris–HCl, pH 7.0). Crystals appeared within 2 days. For fragment
soaking experiments, crystals were transferred to 2 lL soaking
drops of the reservoir mixture with 10% fragment stock solution
(100–500 mM in 100% DMSO). When low solubility of the frag-
ment was problematic, saturated solutions were used. Crystals
were soaked between 4 h and 8 h at 20 �C, transferred to a cryopro-
tectant solution of the same ligand/reservoir solution containing
20% glycerol for a few seconds and flash-cooled in liquid nitrogen.

2.4.2. Crystallization of NS5 DENV3 MTase domain and fragment
soaking

The crystallization of NS5 DENV3 MTase domain was performed
by the hanging drop vapor diffusion method in 24-well Linbro
plates for ease of soaking at 20 �C by mixing 1 lL of protein solu-
tion at 8.5 mg/mL (20 mM Tris–HCl, 200 mM NaCl, 2 mM DTT,
10% glycerol, pH 7.4) with 1 lL of reservoir solution (25% PEG
8000, 100 mM Tris, 200 mM NaCl, 20 mM trisodium citrate, pH
8.5). Crystals appeared within 2 days. For fragment soaking exper-
iments, crystals were transferred to 2 lL soaking drops of the res-
ervoir mixture with 10% fragment stock solution (100–500 mM in
100% DMSO). When low solubility of the fragment was problem-
atic, saturated solutions were used. Crystals were soaked between
8 h and overnight, transferred to a cryoprotectant solution of the
same ligand/reservoir solution containing 10% glycerol for a few
seconds and flash-cooled in liquid nitrogen.

2.4.3. Data collection, automated data processing and refinement
Diffraction data were collected at the European Synchrotron

radiation Facility (ID14-4, ID23-1, and ID29) and at SOLEIL syn-
chrotron (Proxima 1). We used Pipedream (Sharff et al., 2011), a
tool specifically designed for automating FBS-X by linking data
processing with AutoPROC (Vonrhein et al., 2011), rigid-body
replacement with Phaser (McCoy et al., 2007), structure refinement
with autoBUSTER (Bricogne et al., 2011) and automated ligand fit-
ting with Rhofit (Womack et al., 2011), to facilitate the (high-
throughput) fragment screening pathway. Using this automated
pipeline, images were processed and scaled using XDS (Kabsch,
2010) and SCALA (Evans, 2006). The structures of free DENV4
NS3 Hel (PDB code 2JLQ) and DENV3 NS5 MTase/AdoMet (PDB
code 3P97) were used as template models in the limited molecular
replacement procedure. Iterative cycles of model building were
done with the program COOT (Emsley et al., 2010). Fragment
restraints were generated with grade (Smart et al., 2011) and Mo-
gul (Bruno et al., 2004) using RM1 semi-empirical QM methods.
The quality of the refined structures was assessed with MOLPROBI-
TY (Davis et al., 2007). The crystal structures were determined at
resolutions between 1.7–2.5 Å for NS3 DENV4 Hel and 1.5–1.9 Å
for NS5 DENV3 MTase. These resolution ranges are quite adequate
to provide clear electron densities enabling the unequivocal place-
ment of the fragments in their respective structures.
2.5. ATPase-assay with DENV4 Hel

ATPase activity was determined using a direct colorimetric as-
say as previously described (Henkel et al., 1988) and adapted to
96-well plates (Papageorgiou et al., 2010). Briefly, the ATPase assay
was carried out in a 50 lL reaction volume, containing 50 mM
Tris–HCl pH 7.5, 2 mM MgCl2, 100 mM NaCl, 0.05 mg/mL BSA,
2 mM DTT, 5% DMSO and 50 nm of DENV4 Hel. The reaction was
initiated by the addition of ATP to a final concentration of
0.5 mM and then incubated at 37 �C for 10 min. The reaction was
stopped by the addition of EDTA to a final concentration of
20 mM. The colorimetric assay was performed by adding 60 lL of
dye solution (12% ascorbic acid in 1 M HCl and l% ammonium
molybdate tetrahydrate in H2O were freshly mixed in a 2:1 ratio)
to 20 lL of reaction solution for 5 min incubation. Then 60 lL of
2% sodium citrate in 2% acetic acid was added and the absorbance
at 590 nm (A590nm) was measured after 5 min. The concentration of
inorganic phosphate was determined by matching A590nm in a stan-
dard curve of A590nm versus known standard phosphate concentra-
tions. Fragments were added to the reaction mixture at a final
concentration of 2 mM before adding ATP.
2.6. N7- and 20-O-MTase inhibition testing and data analysis

The characterization of in vitro DENV3 N7- and 20-O-MTase
activities was previously described in Barral et al., 2013. Briefly,
DENV3 20-O-MTase activity was assayed by incubating DENV3
MTase with a selected fragment and a small capped RNA substrate
7MeGpppAC4 in the presence of [3H]AdoMet (Milani et al., 2009;
Selisko et al., 2010). The MTase activity assay was performed in
20 lL samples containing 40 mM Tris–HCl pH 7.5, 5 mM DTT,
10 lM AdoMet (0.2–2 lCi [3H]AdoMet), 1 lM of DENV3 MTase,
0.5–1 mM of fragment (stock solutions 100 mM in 100% DMSO)
and 1 lM 7MeGpppAC4. The enzyme, buffer and fragments were
first mixed together and the reaction was started with a premix
of AdoMet and capped RNA substrates. Reactions were incubated
at 30 �C for 30 min and stopped by 20-fold dilution in an ice–cold
100 lM AdoHcy solution. Samples were then transferred onto a
DEAE membrane (DEAE Filtermat; Wallac) by a Filtermat Harvester
(Packard Instruments) washed with 0.01 M ammonium formate
(pH 8.0), water and ethanol, and the radioactivity transferred onto
RNA was measured using a Wallac 1450 MicroBeta Trilux Liquid
Scintillation Counter. DENV3 N7-MTase activity was performed
as described above but using 0.5 lM GpppA20OMe-RNA74 as sub-
strate (Barral et al., 2013).

Compounds showing MTase inhibition were next tested using
decreasing inhibitor concentration (with twofold serial dilutions)
in order to determine the inhibitor concentration at 50% activity
(IC50). DENV3 MTase assays were performed as described above.
The final concentration of DMSO in reaction mixtures was below
5%. All data points were measured in duplicate. The IC50 values
were determined using Prism software and adjusted to a logistic
dose–response function:% activity = 100/(1 + [I]/IC50)b, where b
corresponds to the slope factor and [I] to inhibitor concentration
(Delean et al., 1978).



Fig. 1. Fragment-based screening campaign against NS3 Dengue helicase and NS5 Dengue methyltransferase and ligand discovery.

Table 1
Biophysical and activity data on fragment hits.

Fragments DENV Hel
DTm

a (TSA)
DENV Hel ATPase-
assay% inhibitionb

Fragments DENV MTase
DTm

a (TSA)
DENV 20O-MTase
activity% inhibitionc

DENV N7-MTase
activity% inhibitiond

DENV 20O-MTase
activity IC50

e (mM)
DENV N7-MTase
activity IC50

e (mM)

1 1.14 ± 0.35 29 16 0.98 ± 0.34 0 28 – –
5 0.73 ± 0.01 47 17 0.61 ± 0.14 4 0 – –
7 0.88 ± 0.23 0 21 0.87 ± 0.34 0 2 – –

25 1.12 ± 0.37 8 26 0.60 ± 0.09 0 29 – –
26 1.45 ± 0.47 34 29 1.11 ± 0.37 0 0 – –
28 1.32 ± 0.08 40 43 2.35 ± 1.15 31 17 P10 –
29 1.08 ± 0.72 35 49 0.94 ± 0.28 0 14 – –
31 1.16 ± 0.61 25 77 0.85 ± 0.34 0 9 – –
66 1.00 ± 0.19 43 81 0.55 ± 0.06 4 19 3.90 ± 0.16 P10

70 1.32 ± 0.01 10 91 0.77 ± 0.09 11 5 2.83 ± 0.18 P10

82 0.94 ± 0.52 21 95 1.48 ± 0.63 85 37 0.18 ± 0.01 1.98 ± 0.10

91 1.58 ± 0.66 37 97 0.89 ± 0.29 3 9 P10* P10*

121 0.59 ± 0.02 27 107 0.58 ± 0.09 19 0 – –
132 0.98 ± 0.15 18 121 0.51 ± 0.01 0 3 – –
141 0.67 ± 0.16 33 146 0.54 ± 0.11 0 0 – –
146 1.27 ± 0.98 13 157 1.56 ± 0.48 9 4 9.39 ± 0.90 P10

149 0.62 ± 0.08 17 163 1.71 ± 0.33 15 0 P10* P10*

151 1.71 ± 1.39 nd 167 1.24 ± 0.68 4 0 – –
152 0.91 ± 0.06 31 178 0.96 ± 0.59 0 0 – –
154 0.51 ± 0.01 32 182 4.05 ± 0.34 24 8 – –
156 1.14 ± 0.84 nd 196 1.38 ± 0.44 15 24 – –
158 0.56 ± 0.09 25 208 0.85 ± 0.36 6 30 – –
165 0.99 ± 0.37 nd 212 0.71 ± 0.24 2 2 – –
180 1.88 ± 0.62 25 214 0.69 ± 0.21 2 0 – –
233 0.91 ± 0.55 14 216 1.21 ± 0.60 89 36 1.24 ± 0.13 6.71 ± 0.30
245 1.08 ± 0.05 nd 217 0.57 ± 0.04 11 0 3.12 ± 0.27 P10

346 1.14 ± 0.07 24 221 0.57 ± 0.06 7 8 – –
384 1.17 ± 0.01 nd 227 0.85 ± 0.56 0 3 – –
385 0.92 ± 0.16 nd 236 0.72 ± 0.25 10 7 – –
386 0.96 ± 0.65 15 238 0.52 ± 0.06 2 0 – –
414 1.54 ± 0.08 6 256 0.71 ± 0.24 22 5 – –
429 1.16 ± 0.64 22 370 1.78 ± 0.26 79 17 0.83 ± 0.06 6.32 ± 0.53
431 1.18 ± 0.80 nd 384 1.75 ± 0.11 7 0 – –
433 1.58 ± 0.39 0
436 0.84 ± 0.02 0
441 1.54 ± 0.48 0

a SD values of three independent experiments at 2 mM; the positive control AMPPNP (DENV Hel) gave a DTm value of 3.46 �C at a concentration of 2 mM; the positive
control AdoMet (DENV MTase) gave a DTm value of 6.54 �C at a concentration of 2 mM.

b The highest value of two independent measurements measured at 2 mM.
c Values are measured at 500 lM.
d Values are measured at 1 mM.
e IC50 values are an average of two to three independent measurements.

* Curves of the IC50 determination were impacted by the low solubility of the fragments at high concentration. nd: not determined because of solubility issues.
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3. Results and discussion

FBDD strategies identify hot spots in the protein for ligand bind-
ing and core fragments which are good starting points for ligand
development within novel structural frameworks. In the present
study, we have applied a FBS campaign using a combination of bio-
physical thermal-shift assays (TSA), X-ray crystallography and
high-concentration screens on the enzyme activities (HCS), to dis-
cover (i) fragments binding and inhibiting DENV Hel and MTase,
(ii) novel flavivirus inhibitory sites that can be pursued for further
drug design efforts (Fig. 1).

3.1. First-line fragment-based screening by thermal-shift assay

In the FBDD approach, the first step is usually a screening assay
of fragment libraries followed by a crystallographic hit validation
to find attractive starting points. Accordingly, a library of 500 com-
mercial fragments from Maybridge was firstly designed as to com-
prise between 7 and 20 non-hydrogen atoms (MW between 100
and 298 g/mol; MW average of 188 g/mol) with the highest struc-
tural diversity and including two or more substituents to facilitate
analogue synthesis. These 500 fragments were then screened
against the NS3 DENV Hel and NS5 DENV MTase proteins using a
rapid and inexpensive TSA-based strategy. In TSA, the folding sta-
bility of a protein is measured by its thermal-induced unfolding
(Nettleship et al., 2008). The interaction of a ligand to a protein
can result in the stabilization of this protein that can thereby be
identified by an increase in its melting temperature. Because of
generally weak affinity of fragments, TSA was performed at a frag-
ment concentration of 2 mM for both DENV Hel and MTase
proteins. For all experiments, DMSO and positive controls were
Table 2
Crystallographic data and refinement statistics for structures of fragment hits in complex

Data collection and phasing statistics

81 91 95

Resolution range (Å) 185.60–1.52
(1.52–1.52)

61.03–1.52
(1.52–1.52)

186.43–1.63
(1.64–1.63)

No. of unique reflections 90,922 (899) 87,453 (646) 74,604 (741)
Completeness (%) 99.9 (99.7) 96.1 (70.6) 100.0 (99.6)
Multiplicity 4.8 (4.5) 4.2 (2.6) 9.5 (8.8)
Rmergea 0.062 (0.605) 0.051 (0.478) 0.108 (0.592)
I/r(I) 17.5 (2.3) 19.0 (2.1) 13.9 (3.8)

Refinement statistics

81 91 95

Resolution range (Å) 21.99–1.52
(1.52–1.52)

22.14–1.52
(1.52–1.52)

23.70–1.63
(1.63–1.63)

No. of reflections
Used for refinement 90,780 (6632) 87,225 (4854) 74,490 (5101)
Used for Rfree calculation 4584 (309) 4476 (230) 3760 (235)
Water molecules 812 789 718
Rworkb (%) 16.1 16.7 15.6
Rfreec (%) 18.3 19.4 18.0
Ligand real space

correlation coefficient
0.9282 0.9346 0.9144

Rms deviations from
ideality

Bond lengths (Å) 0.010 0.010 0.010
Bond angles (�) 1.00 0.98 0.98
Ramanchandran plot
Residues in most favored

regions (%)
98.23 97.83 98.03

Residues in disallowed
regions (%)

0 0.20 0

a Rmerge = R|Iobs � Iav|/RIav, over all symmetry-related observations.
b Rwork = R|Fobs � <|Fcalc|>|/R|Fobs|, over all reflections included in the refinement.
c Rfree is calculated with 5% of reflections excluded from the refinement. In this formu

used to define the likelihood function that is maximized in the refinement. Values in pa
used, namely addition of AMPPNP for DENV Hel and AdoMet for
DENV MTase assays, for which an increased unfolding temperature
is observed, corresponding to positive shifts (DTm) of 3.46 ± 0.4 �C
and 6.54 ± 0.7 �C, respectively. All fragments were assayed in
duplicate and detection limits were estimated from the screening
conditions. Fragment hits were identified as stabilizing the en-
zymes by at least 0.5 �C in temperature shift. The choice for this
cutoff was based on the screening thermal window used for detect-
ing fragment binding in this assay and corresponds to twice the
standard deviation of the control sample. Based on this criterion,
we identified 36 thermal-shift hits with NS3 DENV4 Hel varying
between 0.51 and 1.88 �C and 32 with NS5 DENV3 MTase varying
between 0.51 and 4.05 �C, representing a hit rate of 7.2% and 6.6%,
respectively (Table 1). All fragment hits were confirmed by re-
assaying them under the same conditions. About 200 and 130 frag-
ments displayed a DTm between 0 and 0.5 �C with DENV Hel and
MTase, and about 260 and 330 displayed negative DTm values,
respectively. This could be due to fragments stabilizing the un-
folded state of the protein, or fragments aggregating and causing
early destabilization and unfolding of the protein. Due to insuffi-
cient solubility under the applied assay conditions 24 fragments
were excluded.

The fragment hits listed in Table 1 are mostly six-membered
rings (27 out of 62), non-fused bicyclic rings (14 in total), five-
membered rings (8 in total) and fused 5–6 membered rings (7 in
total), that represent 25%, 37%, 14% and 11% of the fragment
library, respectively. A prominent feature for 12 of the 62 resulting
hits was the presence of a carboxylate group. At this stage, we
attributed this outcome to possible interactions with positively
charged residues. One of the larger recorded DTm was for fragment
182 with DENV MTase (4.05 �C, Table 1). In total, six common
with DENV3 MTase-AdoMet.

97 157 163 217

61.26–1.53
(1.54–1.53)

183.84–1.60
(1.61–1.60)

184.36–1.61
(1.62–1.61)

185.43–1.47
(1.48–1.47)

88,466 (819) 75,799 (778) 74,916 (591) 92,169 (652)
98.6 (93.1) 98.0 (99.7) 97.1 (80.1) 91.9 (66.7)
3.5 (2.9) 4.5 (4.7) 4.8 (2.4) 3.6 (3.2)
0.057 (0.504) 0.086 (0.613) 0.068 (0.452) 0.047 (0.502)
13.3 (2.1) 13.0 (2.5) 14.2 (2.0) 17.4 (2.3)

97 157 163 217

15.17–1.53
(1.53–1.53)

23.55–1.61
(1.61–1.60)

23.16–1.61
(1.61–1.61)

21.16–1.47
(1.47–1.47)

88,192 (5732) 75,466 (5578) 74,818 (4575) 92,075 (5373)
4465 (297) 3837 (290) 3786 (232) 4682 (256)
658 551 507 825
17.7 18.8 18.5 16.2
20.5 21.9 22.2 18.5
0.8434 0.8685 0.8987 0.9127

0.010 0.010 0.010 0.010
0.98 0.99 1.01 1.02

97.83 98.03 97.83 98.23

0.20 0.20 0.20 0

la, <|Fcalc|> denotes the expectation value of |Fcalc| under the probability distribution
rentheses are for the outermost resolution shell of data.



Fig. 2. X-ray crystal structures of seven fragments found to bind the DENV3 MTase. (A) Two opposite views of the DENV3 MTase crystal structure (backbone in green with
molecular surface in gray) and AdoMet (shown in magenta) are depicted to localize the four binding sites of fragments 81, 91, 95, 97, 157, 163 and 217. In the insets, Fo–Fc

omit electron density maps are shown as a yellow mesh contoured at 1.5r around the fragments. Carbon atoms are colored in gray, oxygen in red, nitrogen in blue, and sulfur
in yellow. Small red spheres represent water molecules around the binding sites. (B) List of DENV3 MTase amino acid residues defining binding sites I to IV. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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fragment hits were identified in both screens, namely 26, 29, 91,
121, 146 and 384. These fragments are not part of a distinctive
class and cannot be grouped according to their structures that
are not listed as known promiscuous binders (Giannetti et al.,
2008; Hu and Bajorath, 2010; Mendgen et al., 2012). Although false
negatives in initial TSA screens cannot be excluded (Schulz et al.,
2012), the strategy appeared efficient and led to the rapid identifi-
cation of fragment hits that we further confirmed and character-
ized with crystallography and biochemical assays.

3.2. Fragment-based screening by X-ray crystallography

Structure-based fragment lead discovery strategy needs a well-
resolved structure as an entry point into a medicinal chemistry fol-
low-up program. In order to locate the fragment binding sites and
gain insight into the nature of protein–ligand interactions, the next
step was to conduct structural studies using X-ray crystallography.
NS3 DENV Hel and NS5 DENV MTase domains have been readily
crystallized as a monomeric free enzyme (Luo et al., 2008) and as
a dimeric complex with AdoMet (Lim et al., 2011), respectively,
yielding high-resolution X-ray diffraction data. Presence of AdoMet
co-purified with MTases from the bacterial lysates has already
been widely described (Benarroch et al., 2004; Egloff et al., 2002,
2007; Geiss et al., 2009; Lim et al., 2011; Yap et al., 2010). Since
one of the objectives of FBDD is to find new binding sites, we did
not attempt to exclude AdoMet from its binding pocket.

The 36 and 32 fragment hits identified by TSA were individually
soaked into free DENV4 Hel and DENV3 MTase/AdoMet crystals,
between 4 h and overnight. The high DMSO tolerance and robust-
ness of the crystals allowed soaking of fragments at final high con-
centrations ranging from 10 to 50 mM depending on their
solubility, with all yielding high quality X-ray diffraction datasets.
Free Hel crystals soaked with selected fragments were obtained,
belonging to space group P43 (cell unit parameters: a = b = 52 Å,
c = 193 Å, a = b = c = 90�), but all of them failed to show incorpora-
tion of the fragments into the crystal structure, despite numerous
attempts.

In practice, a major bottleneck of FBDD is the efficient transla-
tion of hits obtained from biophysical assays into crystal struc-
tures. Indeed, hits can be difficult to translate into structures of
protein–ligand complexes for different reasons. It is possible in
the first place that the primary screening leads to false positive
results. Whether this is the case or not, several scenarios may
explain the absence of bound fragments in the structure. It is



Fig. 3. Crystal structures of DENV-3 MTase in complex with bound fragment hit 97
(A) and fragment hit 217 (B). Fragments are shown in cylinder representation green
carbon atom. Nitrogen, oxygen and sulfur are colored in blue, red and yellow,
respectively. Small red spheres represent water molecules around the binding sites.
Hydrogen bond interactions are shown as black dotted lines. Amino acid residues
shown are those establishing Van der Waals interactions with the fragment hit. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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possible that the crystallization conditions (extreme pH, high salt
concentrations) impair the interaction between the target and
the fragment. Crystal packing interactions can also prevent the
compound from accessing its potential binding site if this latter
is located at a protein–protein interface. Finally, protein–ligand
interactions might induce protein conformational changes in solu-
tion whereas the crystal lattice usually locks the protein into a sin-
gle or a limited set of conformations that might be incompatible
with ligand binding. In the case of DENV4 Hel, most of selected
fragments inhibit at least the ATPase activity (see Table 1). Never-
theless, we cannot exclude that some false positive hits might have
been selected since the inhibition of some compounds is weak.
Moreover, DENV4 Hel crystals were obtained near the pH used in
the TSA assay and it is unlikely that all the selected fragments tar-
get only the interface between the protein molecules in the crystal.
Altogether, these observations suggest that fragment binding
brings about conformational changes that cannot occur in the
crystal, and since the interactions are expected to be poor, crystal
soaking with the fragment hits has no effect on crystal lattice inter-
actions. Indeed, the structure of a complex of DENV Hel with AMP-
PNP was obtained by co-crystallization and not crystal soaking.
Interestingly, DENV Hel is a very dynamic enzyme (Luo et al.,
2008). Crystals made of DENV Hel in complex with RNA can
accommodate AMPPNP by soaking. The presence of RNA induces
a rearrangement of the quaternary structure that therefore en-
larges the RNA binding site and modifies the ATP binding cleft.
Moreover, flaviviral helicases can adopt several conformations
depending on the crystallization conditions and the expressed con-
structs (with or without the protease domain) (Assenberg et al.,
2009; Luo et al., 2010; Xu et al., 2006). All these reported studies
demonstrate that DENV Hel can undergo local or long-range rear-
rangements depending on the presence of ligands, on the protein
conditions and on the exact constructs used, suggesting that the
single conformation adopted by the protein in the ‘‘free’’ crystal
has a low probability of being well adapted to the screening of pro-
tein–ligand interactions by the soaking method. Co-crystallization
could be used as an alternative to soaking in order to obtain pro-
tein–ligand complexes amenable to X-ray crystallography, but
the throughput of the procedure would be greatly reduced and
the approach would become unsuitable for the discovery of large
numbers of fragment hits.

DENV3 MTase/AdoMet crystals soaked with selected fragments
were obtained in space group P21212 (cell unit parameters:
a = 61 Å, b = 185 Å, c = 51 Å, a = b = c = 90�) with two protein mole-
cules in the asymmetric unit. We were able to identify reliable
electron density corresponding to the soaked compound for 7 out
of the 32 fragments studied (�22% of the total), with resolutions
for the final refined structures in the 1.47–1.63 Å range and high
quality Rwork and Rfree values and, importantly, with high ligand
real-space correlation coefficients. Data collection and refinement
statistics for the seven hit crystal structures are given in Table 2.
All fragment hits from X-ray crystallography were subsequently
verified by repeating the experiments. However, we were unable
to obtain a crystal structure complex for the fragment hit with
the largest recorded DTm (fragment 182, 4.05 �C, Table 1) from
the TSA screening campaign, even while performing co-crystalliza-
tion experiments. The surface representation of DENV MTase along
with Fo–Fc maps displaying the ligand density for the seven hits are
shown in Fig. 2 summarizing the binding interfaces and illustrating
the presence of low-energy water molecules involved in efficient
fragment binding. The structural details concerning two of these
fragments (fragment 97 PDB code 4ctk and fragment 217 PDB code
4ctj) will be depicted here.

Briefly, the core structure of DENV MTase consists of a 7-
stranded b-sheet surrounded by four a-helices (Egloff et al.,
2002). Three distinct functional binding sites have been identified:
(i) the AdoHcy/AdoMet binding site serving as the AdoMet-binding
pocket during the methylation reactions, (ii) the GTP-binding site
which allows the specific recognition of the RNA cap-structure
and (iii) the RNA-binding site formed by a highly conserved and
positively charged groove. Analysis of the crystal structures indi-
cated that, among the seven fragment hits, four different binding
sites (I–IV) could be defined, which are depicted in Fig. 2, one over-
lapping with the GTP-binding site (site II with fragment 97 bound
in two different orientations to the GTP-binding site through p-
stacking interactions) and three novel binding sites (site I with
fragments 81 and 217, site III with fragment 95 and site IV with
fragments 91, 157 and 163) that will be explored for future DENV
MTase inhibitors.

As shown in Fig. 3, fragment 97 (thieno[2,3-b]pyrazin-7-amine),
bound in two different orientations to the GTP-binding site II, is
mainly stabilized by face-to-face p-interactions with Phe25 from
chain A. Additionally, the nitrogen atom N1 (for the two different
orientations) makes hydrogen-bonding interactions with the
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backbone carbonyl of Leu17 with 2.84 and 3.14 Å distance, and
Leu20 with 2.98 and 3.45 Å distance. All other contacts are Van
der Waals interactions and involve side chains of residues Leu17,
Leu20 and Arg22. A second fragment 97 stacks with the first one
(not shown in Fig. 3, see PDB code 4ctk) but its presence is not sig-
nificant since it does not bind to the protein.

Fragment 217 (2,3-dihydrobenzo[b]furan-5-carboxylic acid)
was observed at site I making ionic interactions between its carbox-
ylic acid moiety and the guanidinium groups of Arg241 and Arg247
with 2.79 and 2.63 Å distance, respectively. Additionally, the forma-
tion of a hydrogen-bonded water bridge also stabilizes fragment
217 and involves the nitrogen of the amide side chain of Asn240,
as well as the oxygen atom of the amide backbone of Leu237.

For the other fragments identified, we observed both hydropho-
bic packing as well as specific hydrogen-bond interactions with
either crystallographic water, target residues or water-mediated
interactions with target residues.

Our successful FBS-X campaign on DENV MTase took four
months. Recent developments in hardware and improvement in
data collection at synchrotron beamlines allowed high quality data
to be collected more rapidly. Moreover, the use of Pipedream (see
Section 2) reduced significantly the X-ray structure solution and
hit identification times.

3.3. Validation and characterization of fragment hits by enzymatic
assays

To confirm and further characterize the fragment hits identified
by TSA and FBS-X, and to prioritize the fragment hits for follow-up
chemistry and optimization, we next performed enzymatic assays
to assess the inhibitory activity of these fragments on DENV Hel
ATPase, N7- and 20-O-MTase. Because of the generally weak affinity
of fragments, the assays were carried out at high compound con-
centrations (500 lM to 1 mM range).

ATPase inhibition assays were performed in order to validate the
primary fragment screening by TSA. The results summarized in Ta-
ble 1 show that 11 out of 36 fragment hits have a significant effect
on ATPase assay, with inhibition potency higher than 25% at 2 mM.
Nevertheless, none of them reach 50% inhibition. These results en-
abled the validation of the TSA screening. However, since no co-
structure was obtained for DENV Hel, the functional study with
fragment hits identified by TSA screening was not pursued further.
Fig. 4. Inhibition of DENV3 N7- and 20-O-MTase activities by 9 fragment hits and Sinefung
MTase activity), 7MeGpppAC4 (for 20-O-MTase activity) and [3H]AdoMet in the presence
values of two to three independent experiments.
In DENV N7- and 20-O-MTase assays, which measure the inhibi-
tion of [3H]-AdoMet incorporation into viral mRNA cap (Barral
et al., 2013), all fragments were assayed in duplicate. We compared
the DENV 20-O-MTase inhibition (methylation of substrate
7MeGpppAC4 resulting in 7MeGppp20OMeAC4) to DENV N7-MTase
inhibition (methylation of substrate GpppA20OMe-RNA74 resulting
in 7MeGpppA20OMe-RNA74). As shown in Table 1 and Fig. 4 and 29
fragments weakly inhibit both N7- and 20-O-MTase activities (less
than 30%) at a concentration of 1 mM and 500 lM, respectively.
Fragments 95 and 216 show more potent inhibition of both
N7- and 20-O-MTase activities, while fragment 370 inhibits more
efficiently 20-O-MTase activity (79%) but show limited (17%) inhibi-
tion of N7-MTase activity.

Fragments with a percentage of inhibition greater than 30%, as
well as fragments discovered in the crystallographic screen, were
confirmed by IC50 value determination for both N7- and 20-O-
MTase activities (Table 1 and Fig. 5). In total, four fragments (43,
95, 216 and 370) inhibit at least one of the two MTase activities
at more than 30%. Only one of them (fragment 95) was discovered
by FBS-X. As expected, dose response curves indicate that frag-
ments 95 (Fig. 5), 216 and 370 inhibit both 20-O- and N7-MTase
activities but show a 5–11-fold stronger inhibition of 20-O-MTase
compared to N7-MTase activity, with IC50 values in the micromolar
to the submillimolar range (Table 1). Fragments 81, 91, 157 and
217 inhibit only the 20-O-MTase activity with IC50 values in the
submillimolar range. However, IC50 values for fragments 43, 97
and 163 were too weak to be measured (P10 mM) and aggregation
was detected at high concentration.

As described previously, fragment screening by X-ray crystal-
lography revealed three new and promising binding sites within
DENV MTase, since they were found to be inhibitory of at least
one of the two activities, whereas fragment 97 binding to the
GTP-binding site and 163 display a relatively weak IC50. It is worth
noting that compounds displaying low inhibition rates can pene-
trate into the crystals and reveal their successful binding in a crys-
tal structure.

Furthermore, out of the 32 fragments identified as hits by the
first TSA screen, two of them, fragments 216 and 370, which inhibit
both MTase activities with IC50 values ranging from 830 lM to
6.7 mM, were not observed to bind to the DENV MTase protein
crystals in soaking or co-crystallization experiments. It is remark-
able that according to these results, no obvious correlation
in as positive control. DENV3 MTase was incubated with GpppA20OMe-RNA74 (for N7-
of 1 mM of each fragment candidate as given in Section 2. Error bars represent SD



Fig. 5. Example of dose-dependent inhibition curves of DENV3 N7- and 20-O-MTase
activities by fragment 95.
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between potency observed in the enzymatic assay and probability
to obtain a crystal structure can be established. In that respect, the
optimization of poorly active inhibitors should nevertheless be
pursued to optimize their binding properties since they can affect
functions other than the protein enzymatic activities such as pro-
tein/protein interactions involved in the formation of the replica-
tion complex.

FBDD using in silico screening approaches (Chen et al., 2009;
Ekonomiuk et al., 2009a,b; Karelson et al., 2012; Knehans et al.,
2011) and/or focused libraries (Ismail et al., 2012; Schoenfeld
et al., 2013; Stammers et al., 2013; Steuer et al., 2011; Talamas
et al., 2013; Wyss et al., 2004) have already been applied to targets
from RNA viruses. Nevertheless, these strategies have the major
disadvantage of selecting a priori binding site(s) and therefore can-
not lead to the discovery of original allosteric sites. Our study
aimed at demonstrating the application of a random fragment-
based screening strategy for new anti-flaviviral hits and related
binding sites identification. The strategy was tested on two targets
involved in the replication of Dengue virus, DENV Hel and MTase.
Although hits were obtained from the primary screening (e.g. TSA)
for both targets, only the MTase responded well to the downstream
crystal soaking, leading to the discovery of three novel binding
sites and seven fragment hits.

To our knowledge, only one example of random FBS has been
conducted on an RNA virus target (Antonysamy et al., 2008),
namely HCV NS5b polymerase. In this study, the first-line screen-
ing relied on crystal soaking with fragment cocktails. About 2% of
fragment hits were identified, in line with our results for DENV
MTase. Nevertheless, our use of TSA as first-line screening has
greatly reduced efforts in crystallization, soaking and data analysis.
In the time course of this study, new high resolution structures of
DENV NS5 RdRp (Lim et al., 2013a) and NS3 protease (Noble et al.,
2012) have been published opening new perspectives for random
FBDD against Dengue virus.

The fragment hits identified against DENV MTase provide a
starting point for the development of larger, higher affinity mole-
cules that bind to allosteric sites. Thus, these results lay the struc-
tural foundation for the development of a new class of flaviviral
inhibitors. The development of these allosteric fragments into
high-affinity allosteric inhibitors will be pursued in the next stage
of this research project, with the guidance provided by virtual in
silico docking/modelling to help decision making for further opti-
mization of fragments by medicinal chemistry.
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