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West Nile virus and dengue virus are mosquito-borne flaviviruses that cause a large number of human
infections each year. No vaccines or chemotherapeutics are currently available. These viruses encode a serine
protease that is essential for polyprotein processing, a required step in the viral replication cycle. In this study,
a high-throughput screening assay for the West Nile virus protease was employed to screen �32,000 small-
molecule compounds for identification of inhibitors. Lead inhibitor compounds with three distinct core
chemical structures (1 to 3) were identified. In a secondary screening of selected compounds, two compounds,
belonging to the 8-hydroxyquinoline family (compounds A and B) and containing core structure 1, were
identified as potent inhibitors of the West Nile virus protease, with Ki values of 3.2 � 0.3 �M and 3.4 � 0.6
�M, respectively. These compounds inhibited the dengue virus type 2 protease with Ki values of 28.6 � 5.1 �M
and 30.2 � 8.6 �M, respectively, showing some selectivity in the inhibition of these viral proteases. However,
the compounds show no inhibition of cellular serine proteases, trypsin, or factor Xa. Kinetic analysis and
molecular docking of compound B onto the known crystal structure of the West Nile virus protease indicate
that the inhibitor binds in the substrate-binding cleft. Furthermore, compound B was capable of inhibiting
West Nile virus RNA replication in cultured Vero cells (50% effective concentration, 1.4 � 0.4 �M; selectivity
index, 100), presumably by inhibition of polyprotein processing.

West Nile virus (WNV) and the four serotypes of dengue
virus (DENV1 to DENV4) have recently emerged as signifi-
cant human pathogens that cause millions of infections each
year and result in considerable morbidity and mortality (16,
26). WNV was introduced into the Western Hemisphere dur-
ing an outbreak in the United States in 1999. In the following
years, WNV has spread throughout much of North America
and has become a major public health concern (reviewed in
reference 7). Most WNV infections are asymptomatic; how-
ever, about 20% of cases are associated with mild flu-like
symptoms. A small fraction of these cases progresses to more-
severe clinical manifestations, including encephalitis and/or
flaccid paralysis. Currently, there are no approved vaccines or
antiviral therapeutics available for WNV-infected humans.

The WNV genome consists of approximately 11 kb of RNA
of positive polarity, which encodes a single polyprotein that is
processed co- and posttranslationally by the host signal pepti-
dase and the viral serine protease into at least 10 proteins. The
three structural proteins, capsid (C), prM, and envelope (E),
arise from the N terminus of the polyprotein, and the seven
nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) arise from the C-terminal portion during
processing at the endoplasmic reticulum of the host cell (7, 23).

The active form of the viral serine protease consists of a com-
plex of two proteins, NS2B and NS3. NS3 is a multifunctional
protein. The amino-terminal domain contains the serine pro-
tease catalytic triad, consisting of amino acid residues H51,
D75, and S135 (5). This domain interacts with NS2B, a re-
quired cofactor, to form the active serine protease (3, 8, 9, 14,
15, 33, 35). Fine mapping of the minimal domain of NS3 has
revealed that the amino-terminal 167 residues are sufficient for
cis-cleavage at the NS2B-NS3 junction (22).

The two-component NS2B/NS3 viral serine protease activity
plays a key role in flaviviral polyprotein processing. This is an
obligatory step prior to viral RNA replication, thus identifying
the viral serine protease as an excellent therapeutic target. The
protease cleavage sites in the polyprotein have a pair of basic
amino acids (R and K) at the P2 and P1 (occasionally there is
a Q at P2) positions, followed by a short-chain amino acid (G,
S, or A) at the P1� position (30). NS2B is an endoplasmic
reticulum integral membrane protein (12). It consists of a
conserved hydrophilic domain (NS2BH) and three hydropho-
bic domains; the former is essential both for interaction with
the NS3 protease domain (NS3-pro) and for protease activity
(9, 12, 14).

In a previous study using peptide substrates, we reported
that the interaction of DENV2 NS2BH with NS3-pro in-
creased the kcat/Km of NS3-pro from �3.3 � 103-fold to 7.6 �
103-fold (34). The crystal structures of the NS2BH cofactor
bound to NS3-pro of WNV and DENV2 were reported re-
cently, the former in the presence of a substrate-based inhib-
itor peptide covalently linked to the active site (1, 13). These
structures revealed the identities of the amino acid residues
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involved in substrate recognition and provided a structural
basis for the activation of NS3-pro by NS2BH. They also pro-
vided a rational explanation for the mutational effects of the
WNV NS2BH cofactor as well as for its role in the active
protease (10).

The goal of this study was to identify small-molecule inhib-
itors of the WNV protease. We employed previously described
in vitro protease assays (27, 34) adapted to a high-throughput
format. Further detailed biochemical and kinetic analyses of
representative compounds led to the identification of two lead
compounds (compounds A and B) that inhibited the WNV
NS2BH/NS3-pro in vitro. Compound B was also found to
inhibit WNV RNA replication in cultured cells when the rep-
licon RNA was delivered by infection with WNV particles
bearing replicon RNA (28). The kinetic data revealed that
compound B functioned as a competitive inhibitor. This con-
clusion is supported by molecular modeling, which shows that
there is only one plausible binding site for the compound
within the NS3-pro domain in the vicinity of the substrate
binding pockets.

MATERIALS AND METHODS

Materials. The high-throughput screening was done at Harvard Medical
School National Screening Facility—ICCB, Longwood (Boston, MA). The com-
pound libraries used in this study are NINDS Bioactives, Chemdiv 2, Maybridge
3, ICBG fungal extracts, Enamine 1, I.F. Lab 1, and Bionet 2. The seven com-
pounds were purchased from the following sources. compound A from ChemDiv
(vendor ID, 3460-0035), compound B from I.F. Lab (vendor ID, F0842-0004),
compound C from ChemDiv (vendor ID, C145-0031), compound D from I.F.
Lab (vendor ID, F0318-0154), compound E from ChemDiv (vendor ID, 3455-
0283), compound F from Maybridge (vendor ID, SP 01197), and compound G
from ChemDiv (vendor ID, C651-0606).

Expression of WNV and DENV2 NS2BH/NS3-pro in Escherichia coli and
purification. Procedures for the expression and purification of WNV (strain
EG101) and DENV2 (strain New Guinea C) cofactor NS2BH/NS3 protease
complexes were similar to those described elsewhere (27, 34). Briefly, E. coli
Top10 F� cells (Invitrogen, Carlsbad, CA) were transformed with the protease
expression plasmid. Cells were grown at 37°C until the optical density at 600 nm
was �0.5. Cells were then induced with 0.5 mM isopropyl-1-thio-�-D-galacto-
pyranoside (American Bioanalytical, Natick, MA) and incubated for 4 h at 37°C.
Cells were harvested by centrifugation (5,000 � g) for 15 min at 4°C, washed
once with a buffer containing 50 mM Tris-HCl (pH 7.5) and 200 mM NaCl,
centrifuged at 5,000 � g for 15 min at 4°C, and stored at �80°C until use.

Proteases were purified by suspending bacterial pellets in 50 mM HEPES (pH
7.0)–500 mM NaCl (buffer A) with 0.05 mg/ml lysozyme. Cells were incubated
for 30 min on ice after addition of a 10% stock solution of Triton X-100 (final
concentration, 0.5%). Cells were disrupted by sonication for 2 min, and the
soluble fraction was collected after centrifugation (15,000 � g) for 30 min at 4°C.
The soluble fraction was incubated for 1 h at 4°C with Talon resin (BD Bio-
science, San Jose, CA), which was preequilibrated in buffer A. The affinity resin
was centrifuged at 400 � g for 10 min at 4°C, washed three times with buffer A,
and packed into a column. Washing of the column was continued with buffer
A containing 10 mM imidazole, followed by elution of the protease with buffer
A containing 150 mM imidazole. The protease was concentrated and further
purified by Sephadex G-75 gel filtration chromatography. The purified protease
fractions were pooled and dialyzed against 1 liter of a buffer containing 50 mM
Tris-HCl (pH 7.5) and 300 mM NaCl, with four changes of dialysis buffer.
Aliquots (100 �l) were frozen at �80°C.

HTS protease assay. Our previously reported protease assays (100 �l) (27, 34)
were adapted for a 384-well plate format (30.1 �l). High-throughput screening
(HTS) assays were performed at the National Screening Laboratory for the
Regional Centers of Excellence in Biodefense and Emerging Infectious Diseases
(NSRB, Boston, MA). Microtiter plates were loaded sequentially with 14 �l of
the reaction buffer containing 200 mM Tris-HCl (pH 9.5) and 30% glycerol (TG
buffer) using the automated Wellmate (Matrix, Hudson, NH) and with 6 �l of
WNV protease (0.05 �M) in TG buffer containing 15 mM NaCl (3 mM final
concentration). Plates were then centrifuged at 1,000 � g for 3 min at room
temperature to mix samples and pool liquids at the bottoms of the wells. Inhib-

itor compounds (100 nl [5 mg/ml] in dimethyl sulfoxide [DMSO]) were added to
each well in duplicate by a pin transfer mechanism of a robotic delivery system.
The final inhibitor concentrations in the assays varied due to different molecular
weights of the compounds screened in the primary HTS. Plates were incubated
at room temperature to allow for formation of protease-inhibitor complexes. The
fluorogenic substrate t-butyl-oxycarbonyl (Boc)-Gly-Lys-Arg-7–amino-4-methyl
coumarin (AMC) (10 �l in TG buffer; final concentration in the reaction mixture,
50 �M) was added using the Wellmate, and the plates were centrifuged for 3 min
at 1,000 � g and incubated at room temperature for 15 min. Fluorescence was
measured at excitation and emission wavelengths of 385 nm and 465 nm, respec-
tively, on a Perkin-Elmer (Waltham, MA) spectrofluorometer. To validate the
assay conditions, aprotinin (bovine pancreatic trypsin inhibitor [BPTI]) was used
as a positive control. Assay mixtures containing DMSO were used as negative
controls. The average of fluorescence values in duplicate wells for a given com-
pound was used to determine the percentage of activity by taking the values
obtained with DMSO controls as 100%. Compounds that reduced the protease
activity by �50% were selected for further analysis.

Further analyses of protease inhibitor compounds. Compounds selected from
the HTS were further analyzed by in vitro protease assays performed in opaque
96-well plates. The enzyme kinetics was done under steady-state conditions.
Standard reaction mixtures (50 �l) containing 200 mM Tris-HCl (pH 9.5), 6 mM
NaCl, 30% glycerol, 67 nM either DENV2, WNV protease, or trypsin or 25 nM
factor Xa (New England Biolabs, Ipswich, MA), and 50 �M inhibitor in each
assay were incubated for 15 min at room temperature. Reactions were started by
the addition of the substrate Boc-Gly-Lys-Arg-AMC for the WNV protease,
Boc-Gly-Arg-Arg-AMC for the DENV2 protease, benzyloxycarbonyl (Z)-Gly-
Pro-Arg-para-nitroanilide for trypsin, or Boc-Ile-Glu-Gly-Arg-AMC for factor
Xa (Bachem, Torrance, CA), each at a final concentration of 100 �M, and
incubation was carried out at room temperature for 15 min. The absorbance of
each well containing para-nitroaniline was measured at 405 nm using a spectro-
photometer (Molecular Devices, Sunnyvale, CA). The fluorescence of AMC
released from the WNV or DENV2 substrate was measured using a Tecan
Geneios (Durham, NC) spectrofluorometer at excitation and emission wave-
lengths of 390 nm and 465 nm, respectively. Similarly, the WNV protease activity
was determined using the fluorogenic tetrapeptide substrate containing the P4-
to-P1 residues and the fluorogenic group 4-methoxy-�-naphthylamide (MNA) at
the P1� position (Z-Val-Lys-Lys-Arg-MNA). Fluorescence was measured using a
spectrofluorometer (Molecular Devices) at excitation and emission wavelengths
of 290 and 420 nm, respectively. Fluorescence values obtained with the no-
inhibitor control were taken as 100%, and those in the presence of inhibitors
were plotted as the percentage of inhibition of the control using Microsoft Excel.

To determine the Ki of an inhibitor, assays were performed using standard
conditions as follows. Four different inhibitor concentrations and a no-inhibitor
control (0 to 5 �M) were each assayed at eight or more substrate concentrations
ranging from 50 to 1,000 �M. In each assay, the enzyme and inhibitor were
incubated at room temperature for 15 min, followed by the addition of the
substrate. The reactions were allowed to continue for an additional 15 min
before measurement of fluorescence. The fluorescence values were converted to
micromoles per minute of AMC (or MNA) using a standard curve, and the Ki

values were determined using SigmaPlot (version 8.0) with a kinetics module
(version 1.1). All assays were done in triplicate.

Inhibition of WNV RNA replication in Vero cells. Inhibition of WNV RNA
replication was measured following infection of Vero cells with WNV reporter
virus particles (RVPs), which encapsidate the WNV subgenomic replicon en-
coding the Renilla luciferase reporter. The construction of the replicon and
methods for RVP production are described elsewhere (28). Briefly, WNV-RVPs
were produced by transfecting DNA expression plasmids that encoded virus
structural proteins (C, prM, and E) into a baby hamster kidney (BHK-21) cell
line that stably expressed the WNV subgenomic replicon. RVPs were harvested
at 48 h and frozen at �80°C. The titer of the RVP stock was determined on Vero
cells (28). The titers of WNV RVPs are typically 0.5 � 106 to 1.0 � 106 per ml.
The appropriate amount of RVPs to be added to Vero cells was determined from
the linear plot of RVP input versus luciferase signal. Infections were performed
with 200 �l of a 1-to-5 dilution of these stocks (approximately 1 � 104 RVPs at
a multiplicity of infection of 0.5 to 1.0). To measure the inhibition of replication,
Vero cells were pretreated with twofold serial dilutions of compound B in
minimal essential medium–10% fetal bovine serum–1% penicillin-streptomycin
(complete minimal essential medium). Thirty minutes after the addition of the
drug, 200 �l of WNV-RVPs was added to the cells. RVP-infected cells were
harvested at 48 h postinfection, lysed, and assayed for the luciferase signal
according to the manufacturer’s instructions (Promega, Madison, WI). The re-
sulting data were analyzed using a least-squares minimization nonlinear regres-
sion approach to derive a sigmoidal dose-response curve with a variable slope
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(GraphPad Prism, San Diego, CA). The 50% effective concentration (EC50)
corresponds to the concentration of drug required to inhibit infection by 50%.

To determine the toxicity of compounds for mammalian cells, Vero cells were
plated in 96-well black-walled microtiter plates with flat, clear bottoms at a
density of 5,000 cells/well. Cells were incubated for 24 h at 37°C in a 5% CO2

incubator. The indicated concentrations of compound B were prepared in Dul-
becco’s modified Eagle’s medium in 10% fetal bovine serum, added to the wells
in triplicate, and incubated further for 24 h. The viable cells were detected by a
CellTiter-Glo assay kit (Promega) according to the manufacturer’s instructions,
and the percentage of cytotoxicity was calculated in comparison to the values
obtained from 100% viable cells in no-compound control wells.

Molecular docking. The coordinates for the crystal structure of WNV (PDB
ID 2FP7) protease with the activating peptide (NS2BH) (13) were used for
molecular docking of the inhibitor compound B. The kinetic data revealed a
competitive mode of inhibition of the WNV protease by compound B. Therefore,
for molecular docking of the inhibitor compound, the substrate-based inhibitor
peptide was removed from the crystal structure of WNV protease, since the
substrate and inhibitor binding sites presumably would overlap. The FlexX mod-
ule of Sybyl 7.0 (Tripos, St. Louis, MO) was used to dock compound B into the
substrate-binding pocket. Since compound B has a chiral carbon, we docked both
enantiomers. For each enantiomer, a total of 50 energetically favorable confor-
mations of compound B were generated for molecular docking. We rank-ordered
these complexes based on the FlexX scoring functions. The top 10 favorable
complexes were then subjected to full energy minimization using the
DISCOVER forcefield (Accelrys Inc., San Diego, CA). The complex with the
lowest binding energy was selected for further analysis.

RESULTS AND DISCUSSION

Identification of inhibitors of the WNV protease by HTS.
The flavivirus protease is required for processing of the
polyprotein precursor prior to viral RNA replication and
therefore is an excellent target for the development of antiviral
therapeutics. In this study, we sought to identify small-mole-
cule inhibitors of the WNV protease. We screened 32,337
compounds from seven different libraries as described in
Materials and Methods. This primary HTS gave rise to 212
compounds that inhibited WNV protease activity by �50%
(Fig. 1A).

To select for compounds with drug-like physicochemical and
pharmacological properties, defined as “Lipinski’s rule of five”
(24), compounds identified in the HTS assay were next sorted
in silico using several different filters. The compounds were
selected based on potency (being active at �50 �M) and mass
(molecular size, �500 Da). To this list of compounds, addi-
tional filters were applied for selection (24) (Fig. 1A). Com-
pounds that met the following criteria were selected: (i) the
calculated value of the logarithm of the octanol-water partition
coefficient was lower than 5 (this C log P value is a determinant
of the solubility of the compound in aqueous media); (ii) the
sum of the numbers of nitrogen and oxygen atoms (H-bond
acceptors) was less than 10; (iii) there were fewer than five
H-bond donor atoms and fewer than 10 rotatable bonds (to
eliminate compounds that were too flexible); and (iv) the com-
pounds contained peptide-like (NHOCAO) bonds, which
would mimic protease substrates and likely bind to or near the
active site of the protease. Finally, compounds containing re-
active groups (such as C'N, SOH) that could covalently mod-
ify the amino acid side chains of protease were eliminated.

Based on these criteria, we obtained 98 compounds (0.003%
of the total number screened) that were divided into five
groups based on structural similarity. For example, two groups
of compounds have substituted quinoline rings (R1) that are
linked to either anONHOCAO or anONHO group (core 1

[Fig. 1B]). The compounds with core 2 are also assigned to two
groups depending on whether ONHOCAO is part of a five-
member or a six-member ring. The core 3 compounds have the
ONHOCAO moiety linked to a wide variety of R1 and R2
groups in chain-like structures. The range of the percentages of
inhibition of these 98 compounds in five groups is shown in
Table 1. Seven representative members of three core struc-
tures exhibiting high (78 to 86%), medium (66 to 72%), and
low (52 to 63%) percentages of inhibition in the primary HTS
were readily available from commercial sources (Fig. 2); of
these seven compounds, three each had cores 1 (compounds A,
B, and D) and 3 (compounds C, F, and G), and one compound
had core 2 (E).

FIG. 1. (A) Flow chart for the primary HTS and secondary assays.
The HTS identified 212 compounds, of which 150 compounds were
selected after the indicated filters were applied. Additional criteria
(filter 3) were applied for the selection of 98 compounds, which were
clustered into five groups based on their chemical structures. Three
compounds from each of the five groups with high, medium, and low
inhibitory activities were selected, and seven commercially available
compounds from this list were obtained for further analysis. (B) Gen-
eral structures of the three cores and five groups into which the 98
compounds were clustered. The ranges of inhibitory activities of these
compounds are given in Table 1.
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Dose-dependent inhibition of WNV protease by selected
compounds. The seven compounds were analyzed for inhibi-
tion of the WNV and DENV2 proteases in vitro (Fig. 3A and
B, respectively). Compounds with core 1, especially com-
pounds A and B, exhibited the highest inhibition of the pro-
teases. The Ki values of compounds A and B for the WNV
protease were determined to be 3.2 	 0.34 �M and 3.4 	 0.59
�M, respectively (Table 2). Both compounds were approxi-
mately 10-fold less effective in the assay performed with the
DENV2 protease and its preferred substrate, Boc-Gly-Arg-
Arg-AMC (Table 2). These results suggest that since the orig-
inal HTS was done using the WNV protease, the selected
compounds show some selectivity toward WNV protease over
DENV2 protease in the secondary screen. DENV2 and WNV
belong to different serocomplex subgroups; the former is one
of four dengue viruses, DENV1 to DENV4, in a distinct sub-
group, and the latter belongs to the Japanese encephalitis virus
serocomplex group, which includes Japanese encephalitis vi-
rus, St. Louis encephalitis virus, and Murray Valley encepha-
litis virus (23). The NS2B cofactor and the NS3-pro domains of
these two subgroups of flaviviruses, in addition to having in-
variant amino acid residues, show greater sequence identity
among members of the same subgroup than among members
of different subgroups. In comparison to the potencies of com-
pounds A and B, the single compound with core 2 (compound
E) displayed only modest inhibition of either protease (Fig. 3),
and therefore it was not pursued further. Compound C, with
core 3 (Fig. 2), inhibited WNV protease by �71% in the
presence of its preferred substrate, Boc-Gly-Lys-Arg-AMC
(Fig. 3A), with a Ki of 37.3 	 6.4 �M (Table 2). However, it
was twofold more effective against the DENV2 protease in the
presence of its preferred substrate, Boc-Gly-Arg-Arg-AMC,
with a Ki of 17.0 	 4.3 �M. The amino acid sequences in the
carboxy-terminal regions of the NS2BH cofactor domains of
DENV2 and WNV proteases differ (an alignment is shown in
Fig. 3C). Since this region plays a key role in the substrate
specificities of the proteases (N. Mueller and R. Padmanab-
han, unpublished data), it may explain the differences in the
preference of amino acid residue at the P2 positions of the
substrates and the inhibition profiles for these two proteases.
Since the Ki values of compound C were in the range of 17 to
37 �M for both proteases, it was not analyzed further in the
cell-based assay (see below).

Inhibition of WNV RNA replication by compound B. To
extend our biochemical studies, we evaluated the abilities of
the most potent inhibitors to block WNV RNA replication in

cultured cells. First, compounds A and B were evaluated for
their cytotoxicities on Vero cells using a luciferase-based assay
that measures ATP in living cells. Compound B exhibited mod-
erate cytotoxicity toward Vero cells in culture over the con-
centration range tested (cytotoxic concentration that reduced
the viable cell count by 50% [CC50], 140 	 1.98 �M) (Fig. 4).
On the other hand, compound A exhibited significantly higher
cytotoxicity toward Vero cells over a wider range of drug con-
centrations tested (data not shown). To avoid the complica-
tions of the cytotoxicity of compound A for the interpretation
of inhibition data, cell culture-based experiments were per-
formed with compound B. Renilla luciferase-expressing WNV
replicons packaged into RVPs were used for infection, fol-
lowed by the measurement of the reporter activity to assess the
efficacy of compound B.

Subgenomic flavivirus replicons that encode reporter genes
have been developed and used in the identification of cis- and
trans-acting factors (2, 19–21, 28, 32) and for characterization
of antiviral compounds and neutralizing antibodies (17, 25, 28,
29). In this study, we used, for the first time, the WNV RVPs
for evaluation of WNV protease inhibitor potency by infection
of mammalian cells in the presence and absence of the inhib-
itor compound. The advantages of using this approach are that
the RVPs are virus particles produced by complementation of
a WNV replicon with the virus structural proteins in trans, and
therefore, these experiments can be carried out under bio-
safety level-2 containment conditions. Moreover, the WNV
replicon RNA, delivered into the cytoplasm by infection of
cells with RVPs, initiates a cascade of events such as transla-
tion, polyprotein processing, assembly of the viral replicase
complex, and viral RNA replication. Since an inhibitor of the
viral protease is expected to interfere with polyprotein process-
ing, affecting all subsequent steps, its potency could be assessed
precisely by monitoring reporter gene expression as a function
of inhibitor concentration. Vero cells were treated with serially
diluted compound B and infected with RVPs. At 48 h postin-
fection, cells were harvested, and the luciferase activity was
measured at each inhibitor concentration (Fig. 5A). From
these analyses, the EC50 was determined to be 1.4 	 0.3 �M,

FIG. 2. Structures of the compounds selected for validation of the
HTS. The structures of the seven compounds (compounds A to G) that
were selected for further analysis are identified with their respective
core structures.

TABLE 1. Range of percentages of inhibition of 98 compounds
identified by the HTSa

Compound
core

Compound
group

Range of
inhibition (%)

1 1 86–75.0
1 2 86–52
2 3 83–51
2 4 83–50
3 5 72–50

a To determine the percentage of inhibition, HTS assays were performed in
384-well plates as described in Materials and Methods. The percentages of
inhibition of 98 compounds are averages of duplicate readings. The general
structures of the three cores and five groups are shown in Fig. 1B.
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and the selectivity index was 100. Similar results were obtained
when cells were harvested at 24 or 72 h postinfection (Fig. 5B).

Kinetic analysis of inhibition by compound B. Next, we
sought to determine the mode of inhibition of the WNV pro-
tease activity by compound B by following the kinetics of in-
hibition (Fig. 6). For these experiments, we used the fluoro-
genic tetrapeptide substrate Z-Val-Lys-Lys-Arg-MNA for the
WNV protease assay. The WNV protease has a threefold-
lower Km for Z-Val-Lys-Lys-Arg-MNA than for the tripeptide
substrate Boc-Gly-Lys-Arg-AMC (171.9 	 6.2 �M versus
737 	 150 �M, respectively [data not shown]). When the
inhibitor concentrations were gradually increased, there was a

FIG. 3. (A and B) Inhibition of WNV and DENV2 proteases by selected compounds. The inhibitory potencies of seven selected compounds
were determined using the WNV (A) and DENV2 (B) proteases. No I, no-inhibitor control (0.1% DMSO); BPTI, aprotinin (100 �M), used as
a positive control. Letters below the third to seventh bars correspond to compounds A (core 1), B (core 1), D (core 1), E (core 2), C (core 3), F
(core 3), and G (core 3). Compounds A to G were used at 50 �M in each assay. The error bars indicate standard deviations of the means from
experiments performed in triplicate. (C) Differences between the amino acid sequences in the carboxy-terminal regions of the NS2BH cofactor
domains of DENV2 and WNV proteases. This region is important for the formation of a substrate binding pocket on the NS3 protease domain
(N. Mueller and R. Padmanabhan, unpublished data). Asterisks indicate identical amino acids; dashes indicate conservative amino acid
substitutions.

FIG. 4. The cytotoxicity of compound B for Vero cells was deter-
mined as described in Materials and Methods. (A) Percentages of
cytotoxicity of compound B in Vero cells. The concentrations of com-
pound B are shown along the x axis. Error bars represent standard
deviations. Two independent experiments, each performed in tripli-
cate, gave similar results. (B) CC50 derived from data in panel A.

TABLE 2. Ki values of inhibitors

Compound
Ki (�M)a

DENV2-pro WNV-pro

A (core 1) 28.6 	 5.1 3.2 	 0.3
B (core 1) 30.2 	 8.6 3.4 	 0.6
C (core 3) 17.0 	 4.3 37.3 	 6.4

a To determine the Ki of an inhibitor, assays were performed using standard
conditions as described in Materials and Methods. For each compound, four
different inhibitor concentrations and a no-inhibitor control (0 to 5 �M) were
each assayed at eight or more substrate concentrations ranging from 50 to 1,000
�M. All assays were conducted in triplicate. Data are means 	 standard devia-
tions. DENV2-pro, DENV2 NS2BH/NS3-pro; WNV-pro, WNV NS2BH/NS3-
pro.
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concomitant increase in the apparent Km/apparent Vmax

(Km
app/Vmax

app) ratios, while the values of Vmax
app remained

essentially constant (Fig. 6). The results in Fig. 6 also indicated
a dose-dependent increase in the Km

app values of the protease
for the substrate with increasing concentrations of the inhibi-
tor, signifying that the inhibitor interferes with the substrate
affinity of the enzyme. These results are consistent with the
conclusion that compound B inhibits the enzyme in a compet-
itive manner. Similar results were obtained with the tripeptide
substrate Boc-Gly-Lys-Arg-AMC (data not shown).

Next, we examined whether compounds A, B, and C (Fig. 2)
could inhibit cellular serine proteases such as trypsin and fac-
tor Xa. We assayed trypsin using the chromogenic peptide
substrate Z-Gly-Pro-Arg-pNA, the optimal P1 and P2 residues
for trypsin (4), and we used the fluorogenic peptide substrate
Boc-Ile-Glu-Gly-Arg-AMC for factor Xa under the conditions
described under Materials and Methods. The compounds

FIG. 5. (A) The inhibition of WNV RNA replication by compound B was measured by infection of Vero cells with RVPs as described in Materials
and Methods. The y axis represents the Renilla luciferase activities of cell lysates as percent relative infection. The data were analyzed by nonlinear
regression using GraphPad Prism (solid line). The dashed lines represent the 95% confidence interval of this analysis. Error bars indicate the standard
errors of the means for experiments done in triplicate. Results are shown at 48 h after infection with RVPs. (B) Plot of EC50s at 24, 48, and 72 h
postinfection.

FIG. 6. Kinetics of inhibition of WNV protease by compound B.
WNV protease assays were performed at various inhibitor concentra-
tions (0, 1.5, 2.5, 5, and 10 �M) and substrate concentrations (10, 25,
50, 100, 150, 200, 300, and 400 �M) as described in Materials and
Methods. The values were plotted using SigmaPlot, version 8.0, with a
kinetic module (version 1.1). (A) Plot of the reciprocal values of ap-
parent Vmax (1/Vmax

app) against the concentration of compound B.
(B) Plot of Km

app/Vmax
app against the concentration of compound B.

The units for Vmax
app are �M/min; the Km

app and inhibitor concentra-
tions are micromolar concentrations. The experiments were repeated
three times with similar results. Results of a representative experiment
are shown.

FIG. 7. Effects of compounds against trypsin and factor Xa. The
effects of compounds A, B, and C (50 �M) on the protease activity of
trypsin (A) or factor Xa (B) were determined using a chromogenic
peptide substrate, Z-Gly-Pro-Arg-pNA (for trypsin), or a fluorogenic
peptide substrate, Boc-Ile-Glu-Gly-Arg-AMC (for factor Xa), as de-
scribed in Materials and Methods. Aprotinin was used as a positive
control. Error bars indicate the standard deviations of the means for
experiments done in triplicate.
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had essentially no inhibitory effect against trypsin or factor
Xa (Fig. 7).

Molecular docking of lead compound B into the WNV pro-
tease. The crystal structures of the WNV protease with the
NS2B cofactor peptide and substrate-based inhibitor peptide
or the trypsin inhibitor aprotinin have been reported recently
(1, 13). We used the crystal structure coordinates reported by
Erbel et al. (13) for identifying the potential binding site of
compound B in order to provide an explanation for its com-
petitive mode of inhibition (Fig. 6). Compounds within the
core structure 1 groups contain a hydroxyl moiety separated by
four carbons covalently bonded to anONHO group (Fig. 1B).

These compounds could potentially form hydrogen bonds with
residues of the S2-to-S4 pockets similarly to the substrate (Fig.
8). Compounds A and B, belonging to core structure 1 groups
(Fig. 2), contain one chiral center with the potential to interact
with the WNV protease, although the binding energy of the S
enantiomer is less favorable (�6 kcal/mol) than that of the R
form. The R enantiomer of compound B forms three hydrogen
bonds with the protease (Fig. 8A). Two of these come from the
nitrogen atom and the hydroxyl group in the 8-hydroxylquino-
line moiety of compound B to form hydrogen bonds with the
backbone nitrogen of I155 and with the backbone carbonyl
oxygen of G153, respectively. The third hydrogen bond is

FIG. 8. Molecular docking of compound B onto WNV protease. The WNV protease crystal structure coordinates (PDB ID code 2FP7) were
used for molecular docking. The solvent-accessible surface of the protein is shown in color-coded atoms (white, carbon; red, oxygen; blue,
nitrogen). The catalytic triad (H51, D75, and S135) is shown as a green surface. Compound B is represented by a stick model. Cyan, C-C bond;
red, yellow, and blue, C-O, C-S, and C-N bonds, respectively. (A) R enantiomer; (B) S enantiomer. The S1, S2, S3, and S4 pockets of the WNV
protease are labeled. The H bonds are shown as dotted lines.
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formed between the backbone carbonyl oxygen of F85 and the
nitrogen atom that connects the five-member ring of com-
pound B with other rings. These three hydrogen bonds stabi-
lize the interaction of compound B with the substrate-binding
pockets of the protease. In contrast to the R form, the S
enantiomer of compound B forms only two hydrogen bonds
(Fig. 8B). The two hydrogen bonds formed by the nitrogen
atom and hydroxyl group in the 8-hydroxylquinoline moiety of
compound B with I155 and G153 are similar to those of the R
form of the compound. The third hydrogen bond present in the
R enantiomer is not formed in the S form. Furthermore, dif-
ferences in energy between the two enantiomers are due to the
slightly unfavorable van der Waals interaction energy between
the sulfur-containing five-member ring and the protease, as
can be seen from the orientation of the ring. Amino acid
residues that are in close proximity (less than 6 Å) to atoms of
compound B include R78, D80, D82, N84, F85, Q86, and L87
of NS2BH and H51, T132, G151, N152, G153, V154, I155,
M156, P157, and Y161 of NS3-pro. According to this docking
model, both enantiomers interact with NS2BH as well as with
NS3-pro, which could block substrate binding to the protease
and thus inhibit the protease activity. Compound C, due to the
presence of three fused rings, docks in a different orientation
from those of compounds A and B, and its interaction energy
with protease is less favorable than theirs. While docking stud-
ies indicate that compound B forms two or three hydrogen
bonds with atoms in the backbone of amino acids G153, I155,
and F85, structural studies are needed to confirm these data.
The information gained from such structural studies is likely to
shed light on whether there is any preference of one enantio-
mer over the other for inhibition of the enzyme.

HTS provides a powerful complement to structure-based
rational design of small-molecule inhibitors of proteases, as is
evident from the success of this approach in the identification
of inhibitors of sudden acute respiratory syndrome coronavirus
(6) and human immunodeficiency virus type 1 proteases (11,
31). This study reports an in vitro HTS assay for the WNV
protease that led to the identification of inhibitors with a com-
mon core structure that inhibit the enzyme with Ki values in the
low micromolar range and inhibit RNA replication in cultured
cells with a low EC50. Recently, in another study, HTS was
employed to identify inhibitors of WNV protease activity.
These compounds, in contrast to the results of our study,
seemed to inhibit the interaction between the NS2B cofactor
and the NS3-pro domain in an uncompetitive manner (18).
Additional experiments on intracellular protein processing and
resistance selection may be necessary to confirm the protease
as the target of these compounds. Further work is necessary to
optimize the lead compounds identified in this study by a
structure-activity relationship approach, WNV infectivity as-
says, and viral protein expression. The HTS assay described in
this study could be applied for identification of small-molecule
inhibitors of other flaviviral proteases.
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