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Fragment-based docking was used to select a conformation for virtual screening from a molecular
dynamics trajectory of theWest Nile virus nonstructural 3 protease. This conformation was chosen from
an ensemble of 100 molecular dynamics snapshots because it optimally accommodates benzene, the most
common ring in known drugs, and two positively charged fragments (methylguanidinium and
2-phenylimidazoline). The latter fragments were used as probes because of the large number of hydrogen
bond acceptors in the substrate binding site of the protease. Upon high-throughput docking of a diversity
set of 18 694 molecules and pose filtering, only five compounds were chosen for experimental validation,
and two of them are active in the low micromolar range in an enzymatic assay and a tryptophan
fluorescence quenching assay. Evidence for specific binding to the protease active site is provided by
nuclear magnetic resonance spectroscopy. The two inhibitors have different scaffolds (diphenylurea and
diphenyl ester) and are promising lead candidates because they have a molecular weight of about 300 Da.

Introduction

West Nile virus (WNVa) and the closely related Dengue
virus are pathogenic members of the flavivirus family. They
are transmitted by mosquito bites. There are neither vaccines
nor effective drugs to fight encephalitis and other fatal
diseases caused by these flaviviruses, and about 2.5 billion
people are potential victims.1 Yet these diseases have received
much less attention than other tropical diseases. The non-
structural 3 protease (NS3pro) has been shown to be respon-
sible for cleavage of the viral polyprotein precursor and to
play an important role in the replication of flaviviruses.2,3 In
fact, site directed mutagenesis of the NS3pro cleavage sites in
the polyprotein precursor abolishes viral infectivity.3 There-
fore, NS3pro is a very promising target for drug development
against flaviviridae infections. Further, it is important to note
that three peptidomimetic inhibitors of the related hepatitis C
virus protease (about 20%sequence identitywithNS3pro) are
under late-stage clinical development.4-6 Several studies on
the development of peptidic inhibitors against flaviviral pro-
teases have been published,7-10 but only few nonpeptidic
inhibitors have been reported.11-14

The flaviviral NS3pro chain adopts a chymotrypsin-like
fold with two six-stranded β-barrels. The binding pocket is
small and very shallow with the catalytic triad (His51-Asp75-
Ser135) located at the cleft between the two β-barrels.15 It has
been reported that the catalytic activity of NS3pro is signifi-
cantly increased by the presence of a 47-residue region of the

nonstructural cofactor 2B (NS2B).16 Three X-ray structures
ofWNVNS2B-NS3pro in complex with inhibitors have been
solved: with the substrate-based tetrapeptide benzoyl-norleu-
cine-lysine-arginine-arginine-aldehyde (Bz-Nle-Lys-Arg-Arg-H,
PDB code 2fp7),15 with the tripeptide inhibitor 2-naphthoyl-
Lys-Lys-Arg-H (PDB code 3e90),17 and with bovine pancrea-
tic trypsin inhibitor (BPTI, PDB code 2ijo).18

Recently, we have identified a small-molecule inhibitor of
WNV NS2B-NS3pro by high-throughput docking into the
rigid X-ray structure.14 Given the intrinsic plasticity of the
WNV NS2B-NS3pro structure, we decided to take into
account flexibility in a second in silico screening campaign.

Currently most of the programs for docking allow for full
flexibility of the ligand,while taking into account the flexibility
of the receptor is still an area of active development.19-22 The
algorithms accounting for receptor flexibility can be classi-
fied into two categories. The first category includes programs
that allow for protein conformational changes upon inhibi-
tor binding. Such an induced fit23 approach can be achieved
by considering some of the receptor’s degrees of freedom
in the search algorithm. It has been shown that flexibility of
a few side chains in the binding site may lead to signifi-
cant improvement of the docking results.24-26 However, the
results depend on the rotamer library and/or selection of
flexible residues.27 Also, it is very difficult to implement
backbone flexibility, and thus, this is very often neglected
in flexible docking programs. The second group of programs
makes use of multiple conformations of the protein target,
such as those originating from different X-ray structures
(with and without inhibitors)28 or NMR ensembles,26,29 or
extracted from molecular dynamics (MD) or Monte Carlo
simulations.30-35 The multiple receptor conformations can
be subsequently used as targets for docking studies, and it
can be assumed that the different conformations represent
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diversity of the substrates present in the dynamics of the
unbound receptor. The rationale behind this approach is
based on a conformational selection mechanism.36-39

Here, we introduce a procedure for selecting a conforma-
tion for high-throughput docking from an ensemble of MD
snapshots or from a set of experimental structures of the same
protein. The selection is basedon the results of dockinga small
set of representative fragments. These fragments can be
chosen by exploiting the available knowledge on the natural
ligands and/or previously disclosed inhibitors. If such infor-
mation is not available, the representative fragments can be
selected from statistical analysis of the knowndrugs40 or using
medicinal chemistry experience. In the present application to
WNVNS2B-NS3pro, three rigid fragments are docked in 100
snapshots sampled along anMD simulation started from the
X-ray structure. The MD conformation with the most favor-
able binding energy for the three fragments is selected for
library docking. The three fragments are benzene, the most
frequent ring in known drugs,40 and two positively charged
fragments: methylguanidinum and 2-phenylimidazoline. The
latter two are used because known inhibitors ofWNVNS2B-
NS3pro have positively charged group(s) interacting with
several hydrogen bond acceptors in the nonprime part of
the substrate binding. The procedure for the selection of an
MD conformation on the basis of the docking of relevant
molecular fragments is validated by high-throughput docking
of a diversity set of 18 694 molecules. Following docking and
filtering of poses, five compoundswere tested in vitro. For two
of these five compounds low-micromolar inhibitory activity
and binding affinity are observed in an enzymatic assay and a
tryptophan fluorescence quenching assay, respectively. NMR
spectroscopy analysis provides evidence that they bind to the
substrate binding site of WNV NS2B-NS3pro.

Methods

Preparation of the WNV NS2B-NS3pro Structure for MD.

The coordinates ofWNVNS2B-NS3pro in the complexwith the
tetrapeptide aldehyde inhibitor Bz-Nle-Lys-Arg-Arg-H15 were
downloaded from the PDB database (PDB entry 2fp7). All
water molecules and the atoms of the inhibitor were removed.
The termini, including the spurious termini at the segment
missing in the X-ray structure (residues 28-32 in chain B), were
neutralized by the -COCH3 group and the -NHCH3 group at
the N-terminus and C-terminus, respectively. Side chains of
aspartates and glutamates were negatively charged, those of
lysines and arginines were positively charged, and histidines
were considered neutral. Internal constraints were relaxed by
energy minimization using CHARMM41,42 and the CHARMm
force field43 with a distance dependent dielectric function.

Conformation Selection by Fragment Docking into Multiple

MD Snapshots. An essential element of the present study is the
sampling of intrinsic protein flexibility byMDand selection of a
representative conformation by fragment docking. For sam-
pling, the protein molecule was immersed in a water sphere and
MD simulations were performed using the stochastic boundary
potential.44 Solvent molecules beyond 20 Å from the Oγ atom of
the Ser135 side chain were deleted, leaving 160 residues in
contact with the water sphere. Protein atoms outside the 20 Å
sphere were fixed. Furthermore, to prevent the solvent from
leaving the sphere, water molecules beyond 18.5 Å from the
center of the sphere were restrained by a quartic potential with a
well depth of -0.25 kcal/mol at 19.5 Å followed by a smoothly
rising repulsion.44 Atoms within the 18.5 Å inner region of the
20 Å sphere were not restrained. The simulations were pre-
pared and conducted using version c33b1 of CHARMM41,42

and the CHARMM22 all-atom force field43 with the TIP3P

model of thewatermolecules. A dielectric constant of 1was used
in the Coulombic energy term, and the default value of 12 Å was
employed for the nonbonding truncation thresholdwith shifting
and switching for the Coulombic and van der Waals energy,
respectively.43 The integration step was 2 fs. Before the produc-
tion run was started, the minimized structure was heated to
300K during 0.4 ns. Equilibration at 300Kwas also 0.4 ns long,
while the production runwas 1 ns. The protein was stable during
the MD simulation with a backbone root-mean-square devia-
tion (rmsd) smaller than 1.0 Å and small fluctuations in the
potential energy (see Supporting Information). During the 1 ns
production run 100 snapshots were saved every 5000 steps (i.e.,
every 10 ps) for evaluating the binding energy of threemolecular
fragments (benzene, methylguanidinium, and 2-phenylimidazo-
line) observed in several WNV NS2B-NS3pro inhibitors (Sup-
porting Information). Docking of the three fragments and
evaluation of binding energy taking into account electrostatic
desolvation energy was performed by SEED.45,46 A conforma-
tion accommodating the three fragments with very favorable
SEED energy was selected for high-throughput docking.

The total trajectory of 1.8 ns required about 2.5 days on a low
cost desktop. After the high-throughput docking study was
finished we begun to study the activation process by perform-
ing and analyzing a dozen of explicit water MD simulations of
15-80 ns each.39 Note that these longMD simulations required
several months of computer time and were not yet available at
the time of the high-throughput docking.

Preparation of the Library of Compounds for Docking. The
molecules for docking were selected from the September 2006
version of the ZINC library, which is a free database of
commercially available compounds.47 About 4.37 million com-
pounds from theZINC librarywere first clustered on the basis of
molecular similarity calculated by the program DAIM48 using
the leader clustering algorithm and a threshold of the Tanimoto
coefficient of 0.996. Cluster representatives with molecular
weight smaller than 250 Da or with less than two hydrogen
bond donors were discarded. Since the S1-S3 subpockets in the
substrate binding site are lined by 19 hydrogen bond acceptors
and 5 hydrogen bond donors, compounds with multiple hydro-
gen bond donors are expected to have higher chances to bind.
Only 18 694 compounds remained after clustering and filtering
from the initial library of more than four million molecules.
Final preparation of the 18 694 compounds for docking in-
cluded the assignment of CHARMm atom types, force field
parameters,49partial charges,50,51 and energyminimization with
a distance dependent dielectric function.

High-Throughput Docking and Pose Filtering. The fragment-
based docking of the database (of clustered and prefiltered
compounds) consists of four consecutive steps: (I) decomposi-
tion of each molecule of the library into mainly rigid fragments
by the programDAIM,48 (II) fragment docking with evaluation
of electrostatic solvation52,25 by the program SEED,45,46 (III)
flexible docking of each molecule of the library using the posi-
tion and orientation of its fragments as anchors by the program
FFLD,53,54 and (IV) final filtering of poses. The first three steps
are performed by in-house developed computer programs,
which have been described previously.55 Upon docking and
CHARMM minimization with distance dependent dielectric
function ε(r)=4r, the two following filters were applied: (1)
ratio of van der Waals interaction energy and molecular weight
more favorable than -0.09 kcal/g; (2) at least four intermole-
cular hydrogen bonds. Moreover, a script implemented in
CHARMM was used to weed out poses with unfavorable
binding modes. This script identified unfavorable interactions
between the small molecule and the protein, e.g., a hydrogen
bond donor (acceptor) not involved in a hydrogen bond and
within a distance of 3.5 Å from another donor (acceptor), or a
polar group buried in a hydrophobic cavity. It is important to
note that neither the scoring function of FFLD (step III) nor the
CHARMM minimization with distance dependent dielectric is
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able to identify such unfavorable interactions. A total of 69 790
poses (14% of the total number of poses) of 7057 compounds
(38% of all compounds) passed the filter of unfavorable inter-
actions. A total of 480 poses (of 178 compounds) passed all
filters andwere visually inspected. No scoring functionwas used
in ranking the compounds.

Computational Requirements. As mentioned above, the MD
simulation took about 60 h on a single 3.0 GHzXeon CPU. The
in silico screening of the 18 694 compounds, i.e., docking and
binding energy evaluation, took about 45 h on a Beowulf cluster
of 100 Opteron 1.8 GHz CPUs.

Enzymatic Assay and Tryptophan Fluorescence Quenching
Assay. The enzymatic assay with purified protein in solution
was performed as reported previously.7

Binding was also measured by a competition assay with a
noncovalently bound inhibitor (Kd= 4.6 μM) that quenched
tryptophan fluorescence upon binding in the protease active
site.56 Then 3.5 μM protein was titrated by this competitive
inhibitor (from 0 to 40 μM) in the absence or presence of 50 μM
1 or 2 in 50 mM Tris, pH 7.5, and 50 mM NaCl. An amount of
90 μL of each dilution was thereafter transferred to a UV-star
Greiner 96-well microplate. After 1 h of incubation at room
temperature, fluorescence was measured at 25 �C on a Biotek
Synergy4 microplate reader with λexe = 280 nm (bandwidth
10 nm) and λem=340 nm (bandwidth 20 nm). Fluorescence
intensities were corrected for inner-filter effect. Kd values of
compounds 1 and 2 were inferred from their effect on the Kd of
the reference compound as described previously.57

NMR Spectroscopy. Validation of the compounds binding to
the NS2B-NS3pro complex by NMR spectroscopy was per-
formed as described previously.14,58 Briefly, 15N-HSQC spectra
were recorded to assess the impact of the compounds on
stabilizing the 3D fold of the protein. The K96A single-point
mutant of the NS2B cofactor was employed because it signifi-
cantly reduced self-cleavage, preventing gradual buildup of
sample heterogeneities.59 Samples were prepared in 90% H2O/
10%D2O, 20mMHEPES buffer (pH 7.0), and 2mMDTT. The
complexes with compounds 1, 2, and 3 (compound 3 refers
to durene-bis-carbamimidothioate14,58 (Figure S3)) were pre-
pared by titrating 0.2, 0.3, and 0.9 mM protein solutions with a
concentrated solution of compound in DMSO-d6 to final con-
centrations of 1.3, 0.4, and 3.0mM, respectively. The INPHAR-
MA (interligand NOE for pharmacophore mapping) strategy
was used to verify binding of the compounds to the substrate
binding site.60 The binding affinity of compound 1 to WNV
NS2B(K96A)-NS3pro was determined by monitoring the che-
mical shifts of 15N-HSQCcross-peaks as a function of ligand-to-
protein concentration ratio. The ligand-to-protein ratio was
varied by titrating a 32mM solution of 1 into a 0.2 mM solution
of 15N/13C-labeled WNV NS2B(K96A)-NS3pro.

Analysis of Compounds Purity. Compounds 1 and 2 were
purchased fromTimTec and Sigma-Aldrich, respectively. Char-
acterization of the purity and identity was carried out by liquid

chromatography-mass spectrometry (LCMS). Analytical
LCMS was performed on an Applied Biosystems LC1100 with
Applied Biosystems API2000 MS, using a PHENOMENEX,
Onyx Monolithic C18 column, 50 mm � 4.6 mm. Gradient was
run using solvent A (HPLC grade acetonitrile) and solvent B
(0.1% formic acid in water) from 95:5 to 5:95 A/B. Final
compound purity was assessed using a Waters Acquity UPLC
with an Acquity C18 column, 2.1 mm � 50 mm, 1.8 m at 30 �C,
gradient of A (0.1% formic acid in water) and B (HPLC grade
acetonitrile) of 95:5 to 5:95 A/B. The LCMS analysis yields a
purity of 96.4% and 95% for compounds 1 and 2, respectively.

Availability of the Software. The software suite of programs
for high-throughput docking (DAIM, SEED,FFLD), including
input files, test cases and documentation, can be downloaded
from http://www.biochem-caflisch.uzh.ch.

Results and Discussion

Conformation Selection by Fragment Docking into Multi-

pleMDSnapshots.To select a conformation ofWNVNS2B-
NS3pro for in silico screening, three representative frag-
ments were docked using SEED45,46 into each of the 100
conformations saved during the MD run. Benzene is used as
a probe because it is themost frequent fragment in the known
drugs40 and in large databases of available compounds (more
than 40% of compounds in the ZINC library have a benzene
ring).48 The methylguanidinium group is present in the
inhibitors reported by Ganesh et al.,11 as well as in several

Figure 1. Binding energy of the three fragments docked by SEED45,46

into 100 conformations saved along the 1 ns MD trajectory of WNV
NS2B-NS3pro.The energy values for conformation 29are emphasized
by larger symbols. The horizontal lines represent the binding energy in
the X-ray structure (PDB code 2fp7).

Table 1. Calculated Binding Energy (kcal/mol) of the five Best Poses of Each Fragment

binding energy of best posesb

fragment protein conformationa 1 2 3 4 5

benzene X-ray -5.5 -5.5 -5.4 -5.4 -5.3

MD -8.1 -7.1 -6.6 -6.2 -6.1

methylguanidinium X-ray -17.3 -16.4 -13.5 -9.7 -9.0

MD -17.0 -13.2 -11.3 -10.3 -9.9

2-phenylimidazoline X-ray -16.5 -15.2 -13.6 -13.5 -12.0

MD -17.6 -16.8 -12.3 -11.9 -11.5
aThe rows with “X-ray” show the results upon docking into the crystal structure (PDB code 2fp715), while the rows with “MD” contain the results of

docking into the conformation 29, i.e., the snapshot saved after 0.29 ns of MD in explicit water. bThe binding energy is the sum of the van der Waals
interaction energy, screened electrostatic interaction, and protein and inhibitor desolvation terms.45,46 The electrostatic contributions are calculated in
the continuum dielectric approximation.25,52
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tetrapeptidic aldehyde inhibitors with one or more Arg side
chains.7 The 2-phenylimidazoline group is part of lowmicro-
molar inhibitors recently described by Bodenreider et al.56

The three fragments have very favorable binding energy in
the MD conformation 29: -17.0, -17.6, and -8.1 kcal/mol
for methylguanidinium, 2-phenylimidazoline, and benzene,
respectively (Figure 1 and Table 1). Therefore, conformation
29 is selected for docking. Conformation 33 has more favor-
able binding energy for methylguanidinium compared with
29 but not for benzene and 2-phenylimidazole. There are a
few conformations in the second half of the trajectory
(number larger than 50 in Figure 1) with favorable binding
energy for benzene, but they do not show optimal binding of
the two charged fragments. Note that the binding energy
calculated by SEED takes into account electrostatic deso-
lvation, in the continuum dielectric approximation, but does
not include the entropy penalty of the protein and ligand
upon complex formation so that these binding energy values
are more favorable than those measured experimentally for
small compounds.

Comparison of X-ray Structure andMD Snapshot Selected

by Fragment Docking. The protein structure was stable
during MD, and the values of potential, kinetic, and total
energy did not change significantly (time series of backbone
rmsd and energy are in the Supporting Information). The
overlap of the conformation 29 (i.e., theMD snapshot saved
after 0.29 ns) with the crystal structure of WNV NS2B-
NS3pro shows that the overall topology did not change and
the secondary structure is maintained as expected because of

the short simulation length (Figure 2). The backbone rmsd
between the two structures is 0.8 Å. Someof the side chains in
the substrate-binding site show different rotational states in
the X-ray structure and MD conformation 29. Also, dis-
placement of the backbone atoms of residues 129-132
results in a reduction by about 2 Å of the Thr132-Tyr161
side chain distance. It is interesting to investigate how the
conformational changes in the active site influence the dock-
ing and binding energy of the three fragments. The best pose
of benzene in the MD conformation 29 (-8.1 kcal/mol,
Table 1) forms more favorable van der Waals contacts with
atoms in the S1 pocket than the corresponding pose in the
X-ray structure, which has a binding energy of-5.1 kcal/mol
and ranks only sixth. In fact, the best four poses of benzene in
theX-ray structure are located in the S3 and S4 pockets while
the fifth is in S10 (Figure 3).

Both the methylguanidinium and 2-phenylimidazoline
have a positive charge and occupy the S1 and S2 pockets in
both structures with the most favorable pose in S2. In the
X-ray structure both fragments have the five most favorable
binding modes in the S2 pocket (Figure 3 and Figure S1 in
Supporting Information), while the best five positions are
distributed over the S2 and S1 pockets in theMD conforma-
tion 29.

High-Throughput Docking. The in silico screening of a
diversity set of 18 694 molecules extracted from the ZINC
library is schematically represented in Figure 4. The DAIM
decomposition of the 18 694 compounds yielded 5883 unique
fragments that were used for fragment-based docking by the
SEED/FFLD procedure followed by CHARMM mini-
mization in the MD conformation 29 (see Methods). Upon

Figure 2. S1 pocket in the X-ray conformation (green) and
MD snapshot 29 (colored by atom-type with carbon atoms in
yellow) upon optimal overlap of the backbone atoms of WNV
NS2B-NS3pro. The rmsd of backbone and side chain atoms of the
S1 pocket is 0.3 and 1.3 Å, respectively. Note the decrease of the
separation between the side chain hydroxyl oxygens of Tyr161 and
Thr132 (black dashed line).

Figure 3. Docking of fragments into the X-ray structure (left) and
the MD conformation 29 (right). The geometrical centers of the
best 20 poses of benzene (top), methylguanidinium (middle), and
2-phenylimidazoline (bottom) are represented by spheres. The large
blue sphere is the best pose among all. This pose together with four
black spheres represents the five poses with the most favorable
binding energy as evaluated by SEED.45,46 The surface of WNV
NS2B-NS3pro is colored by electrostatic potential with red and blue
for negative and positive potential, respectively. The figure was
prepared using PyMOL (Delano Scientific, San Carlos, CA), and
the APBS program65 was used for calculation of the electrostatic
surface.

D
ow

nl
oa

de
d 

by
 U

N
IV

 Z
U

R
IC

H
 o

n 
Se

pt
em

be
r 

29
, 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 J
ul

y 
2,

 2
00

9 
| d

oi
: 1

0.
10

21
/jm

90
04

48
m



4864 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 15 Ekonomiuk et al.

minimization, only the 480 poses (178 different compounds)
that passed a set of energy and structural filters were selected
for visual inspection. Poses with poor shape or electrostatic
complementarity and/or bad geometry of the intermolecular
hydrogen bonds were removed by visual inspection. Finally,
five compounds (shown in Supporting Information) were
ordered and two of them are active in biochemical and
biophysical tests (see below). Interestingly, upon docking
and CHARMM minimization into the X-ray structure, the
two active compounds did not pass the filters. In the crystal
structure, they have a ratio of van der Waals interaction
energy and molecular weight of -0.083 kcal/g, which is less
favorable than the threshold of -0.090 kcal/g.

Experimental Validation. Compounds 1 and 2 (Figure 4)
show low micromolar inhibitory activity for WNV NS2B-
NS3pro in the enzymatic assay, as well as micromolar
affinity according to NMR chemical shift changes and
fluorescence quenching measurements (Table 2). Specific
binding to WNV NS2B-NS3pro of these two compounds
was validated by NMR spectroscopy using 15N-labeled
protein. One-dimensional 1H NMR spectra were used to
assess any line broadening experienced by the low-molecular

Figure 4. Schematic picture of the in silico screening campaign. The
diversity set of 18 694 compounds was derived from the ZINC
library by clustering with the program DAIM and filtering out
molecules with fewer than two hydrogen bond donors and molec-
ular weight lower than 250 Da. The docking was performed by
DAIM/SEED/FFLD48,45,53 using conformation 29 ofWNVNS2B-
NS3pro as explained in the text.

Table 2. Experimental Validation of Compounds Identified by Docking into the MD Conformation 29a

compound

experiment measurement 1 2

enzymatic assayb IC50 2.8 ( 0.1 (0.34) 34.2 ( 0.1 (0.28)

tryptophan fluorescence assayc Kd 15 ( 1.6 (0.30) 16 ( 1.8 (0.30)

NMRd Kd 90 ( 40 (0.25)
aThe affinity is reported in μM, while the ligand efficiency64 values (in parentheses) are in kcal/mol per non-hydrogen atom. bConcentrations of

inhibitors that reduce activity by 50% were measured as described previously.7 cThe dissociation constants and error on the fit parameters were
measured as described previously.56 dDissociation constants were measured from changes in chemical shifts as explained in Methods (see also
Figure 5C). The Kd value of compound 2 could not be determined by NMR because the exchange between free protein and protein with bound
compound was slow on the NMR time scale.

Figure 5. Validation by NMR spectroscopy. All spectra were
recorded at 25 �C on a Bruker 800 MHz NMR spectrometer.
(A) Superimposition of the 15N-HSQC spectrum of WNV NS2B
(K96A)-NS3pro bound to 1 (magenta) onto the corresponding
spectrum of the complex with the previously characterized inhibitor
durene-bis-carbamimidothioate (compound 3)14,58 (blue). Resolved
cross-peaks of the complex with 3 are labeled, if the corresponding
cross-peak of the complex with 1 is at a significantly different
chemical shift. Residues of NS2B are labeled in italics. (B) Same
as (A) but with 2 instead of 1. (C) Binding affinity of 1 to WNV
NS2B(K96A)-NS3pro. The plot shows the change in chemical shifts
(15N chemical shifts of Ala36, Val100, and Ser137 and 1H chemical
shift of the amide proton of Glu101) of WNV NS2B(K96A)-
NS3pro as a function of increasing concentration of 1. TheKd value
derived from the curves is about 90 μM (90 ( 20, 90( 40, 70 ( 10,
and 90 ( 20 μM for the cross-peaks of Ala36, Val100, Glu101, and
Ser137, respectively).
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weight compounds, and 15N-HSQC spectra were recorded to
detect responses in the protein. Addition of either 1 or 2

dramatically improved the NMR spectrum of the protease,
leading to the appearance of many new cross-peaks (Figure
S2 in Supporting Information). In previous studies, similar
spectral responses had been reported for compounds that
were subsequently confirmed to occupy the substrate bind-
ing site by the observation of intermolecular NOEs.14,58

Binding to the substrate binding site is also suggested by
the similarity of the 15N-HSQCspectra of the complexeswith
compound 1 or 2 with the corresponding spectrum recorded
of the previously characterized inhibitor durene-bis-carba-
mimidothioate (compound 3; Figure 5A,B). Overall, the
chemical shift differences between the different complexes
are mostly small, in particular when comparing the com-
plexes with compounds 1 and 3.

Binding of compound 1 to the substrate binding site of
WNVNS2B-NS3prowas ultimately confirmed by aNOESY
spectrum recorded in the simultaneous presence of a 12-fold
excess of compounds 1 and 3. The experiment yielded cross-
peaks between resonances of the two compounds that were
mediated by the protein, indicating magnetization transfer

from compound 1 to the protein which is picked up by
compound 3 as compound 1 exchanges with compound 3

(Figure S3 in Supporting Information). The corresponding
experiment with compound 2 failed because it binds more
tightly than compound 3, leading to transferred NOEs only
between resonances of compound 2 (data not shown). Bind-
ing of compound 2 in the substrate binding site is indicated
by the fact that the amide of the active site histidine (His51)
showed some of the largest chemical shift differences be-
tween the complexes with different inhibitors (Figure 5).
Furthermore, compound 2 dramatically improved theNMR
spectrum of the protease as previously observed for inhibi-
tors that occupy the substrate binding site14,58 (Figure S2B).

The binding affinity of compound 1 was determined by
measuring the change of chemical shifts of the amide cross-
peaks of Ala36, Val100, Gln101, and Ser137 as a function of
increasing concentration of compound 1. A Kd value of
about 90 μM was obtained by fitting (Figure 5C). The
residues used for monitoring the binding affinity are located
about 10 Å from the substrate binding site. Cross-peaks of
residues closer to the active site were either not resolved or
suffered from extreme line broadening in the absence of

Figure 6. Predicted bindingmode of compounds 1 (left) and 2 (right) intoWNVNS2B-NS3pro. (Top) The atoms of inhibitors and some of the
protease side chains are shown as balls and colored with carbon in black, oxygen in red, and nitrogen in blue. The intermolecular hydrogen
bonds are shown by green dashed lines. The intermolecular van derWaals contacts (distance ofe4 Å) are shown by red dashed lines. Residues
of NS2B are labeled in italics. This illustration was prepared by Ligplot.66 (Bottom) The protease is shown by a cartoon model and colored
according to secondary structure. The side chains shown in sticks correspond to those in the top. This illustration was prepared by PyMOL
(Delano Scientific, San Carlos, CA).
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inhibitor. The binding affinity of compound 2 could not be
determined in this way because the exchange between free
protein and protein with bound compound was slow on the
NMR time scale.

The binding affinity of compound 1 measured by three
different experimental techniques ranges from 3 to 90 μM
(Table 2). These discrepancies may reflect intrinsic differ-
ences in the mechanism of the three assays. The 15N-HSQC
NMR spectra report directly on the binding of the com-
pound to the protein, and the binding affinity is derived from
the change of 15N and 1H chemical shifts of the backbone
amide resonances. On the other hand, the enzymatic assay
and tryptophan fluorescence quenching assay are both com-
petitive tests. The IC50 is derived in the enzymatic assay by
monitoring the competitive binding of 1 and the (non-
natural) substrate (Bz-nKRR-7-amino-4-methylcoumarin),
while theKd in the tryptophan fluorescence assay is obtained
by competition with a noncovalently binding inhibitor.
Discrepancies are also expected due to different conditions
of buffer and pH (for example, the conditions of the IC50

measurements include 20% glycerol in the buffer).
BindingMode.As mentioned above, the binding modes of

compounds 1 and 2 were obtained by automatic docking
with FFLD53,54 in the MD conformation 29 followed by
CHARMMminimization with rigid protein (Figure 6). The
docked structures show binding to the substrate binding site,
in agreement with the available NMR data. The 1,3-diphe-
nylurea scaffold of compound 1 links two amidino groups
that are involved in hydrogen bonds with acceptor groups in
the S1 and S2 pockets. The hydrogen bond acceptor group in
S1 is the Tyr130 backbone carbonyl oxygen, and in S2 there
are interactions with the Asp75 side chain as well as with the
NS2B Asp82 and the Gly83 backbone carbonyl oxygen. The
pose of compound 1 is further stabilized by van der Waals
interactions between the phenyl ring in the S1 pocket and the
side chains of Pro131, Thr132, and Tyr161, as well as
between the phenyl ring in the S2 pocket and the side chains
of His51 and NS2B Asn84.

The guanidinium group of compound 2 is involved in
hydrogen bond interactions with the backbone carbonyl
oxygens of Val72 and NS2B Asp82, as well as with the
carboxylates of Asp75 and NS2B Asp82. The pose is further
stabilized by van derWaals contacts between the phenyl ring
in the S2 pocket and the side chains of His51 and Asn152.
Moreover, there are van der Waals interactions between the
nitrophenyl moiety of compound 2 and the Tyr161 side
chain.

Conclusions

We have presented a procedure for selecting from an
ensemble of protein conformers a single structure for high-
throughput docking of large libraries of compounds. Upon
docking of a small set of representative molecular fragments
into all conformers, the structure that optimally accommo-
dates these fragments is chosen for high-throughput docking.
The fragment-based selection procedure has been applied to
an ensemble of 100 snapshots sampled by aMDsimulation of
WNV NS2B-NS3pro in explicit solvent using benzene,
methylguanidinium, and 2-phenylimidazoline as representa-
tive fragments. Benzene is the most common ring in known
drugs and chemical libraries, while the positive charge of
methylguanidinium and 2-phenylimidazoline was expected
to favorably interact with the large set of hydrogen bond

acceptors in the nonprime part of the substrate binding site of
WNV NS2B-NS3pro. Moreover, positively charged func-
tional groups are present in known inhibitors of flaviviral
NS3 proteases. It is important to note that our procedure for
choosing or prioritizing conformations of the target protein
for docking is not restricted to conformations generated by
MD but can be applied also to multiple NMR conformers
and/or X-ray structures. Furthermore, the representative
fragments used for the selection procedure can exploit
previous structural knowledge (e.g., kinase-privileged frag-
ments61) and/or medicinal chemistry experience (e.g., mole-
cules with druglike moieties62).

A diversity set of 18694molecules has been docked into the
MD snapshot of WNV NS2B-NS3pro selected by the frag-
ment-based procedure. Upon testing of only five compounds,
the diphenylurea 1 and diphenyl ester 2 have emerged as low-
micromolar inhibitors according to an enzymatic assay and a
fluorescence quenching assay. Specific binding of these two
inhibitors to the substrate binding site is suggested by the
striking similarity of the NMR spectra of WNV NS2B-
NS3pro with spectra previously recorded with inhibitors that
have been shown to bind to the S1 and S2 pockets.14,58 The
two inhibitors are involved in multiple hydrogen bonds and
van derWaals contactswith residues in the S1 and S2 pockets.
It is interesting to note that compounds 1 and 2 would not
have been identified by docking into the X-ray structure, as
their poses do not pass the van derWaals energy filter used in
this study. It is likely that the twophenyl rings of compounds 1
and 2 do not fit well in theX-ray structure, as suggested by the
calculated binding energy of benzenewhich is less favorable in
the crystal structure than in the MD snapshot selected for
docking (Table 1).

Finally, it is possible to combine our procedure for frag-
ment-based selection of a protein conformation from anMD
ensemble with a recently reported approach for focusing a
chemical library by docking and prioritizing molecular frag-
ments according to their binding energy.63 The combination
of the two methods is expected to efficiently find small
molecules that bind to (meta)stable conformers of the target
protein presenting orientations of side chains and aperture of
active site pockets different from those in the experimentally
determined structure.
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