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Dengue virus (DENV) causes disease globally, resulting in an estimated 25 to 100 million new infections per year. No effective
DENV vaccine is available, and the current treatment is only supportive. Thus, there is an urgent need to develop therapeutic
agents to cure this epidemic disease. In the present study, we identified a potential small-molecule inhibitor, BP13944, via high-
throughput screening (HTS) of 60,000 compounds using a stable cell line harboring an efficient luciferase replicon of DENV se-
rotype 2 (DENV-2). BP13944 reduced the expression of the DENV replicon reporter in cells, showing a 50% effective concentra-
tion (EC50) of 1.03 � 0.09 �M. Without detectable cytotoxicity, the compound inhibited replication or viral RNA synthesis in all
four serotypes of DENV but not in Japanese encephalitis virus (JEV). Sequencing analyses of several individual clones derived
from BP13944-resistant RNAs purified from cells harboring the DENV-2 replicon revealed a consensus amino acid substitution
(E66G) in the region of the NS3 protease domain. Introduction of E66G into the DENV replicon, an infectious DENV cDNA
clone, and recombinant NS2B/NS3 protease constructs conferred 15.2-, 17.2-, and 3.1-fold resistance to BP13944, respectively.
Our results identify an effective small-molecule inhibitor, BP13944, which likely targets the DENV NS3 protease. BP13944 could
be considered part of a more effective treatment regime for inhibiting DENV in the future.

Dengue virus (DENV) (serotypes 1 to 4) belongs to the family
Flaviviridae, a group of enveloped RNA viruses that includes

the genera Hepacivirus, Flavivirus, and Pestivirus. The genus Fla-
vivirus consists of arthropod-borne disease agents such as yellow
fever virus (YFV), Japanese encephalitis virus (JEV), West Nile
virus (WNV), tick-borne encephalitis virus (TBEV), and DENV
(1). More than 70 members of the Flavivirus genus are important
human pathogens that cause significant morbidity and mortality
(2). DENV is a public health threat to an estimated 2.5 billion
people living in areas where dengue is epidemic, leading to 50 to
100 million human infections each year (3, 4). DENV infection
frequently leads to dengue fever, life-threatening dengue hemor-
rhagic fever (DHF), or dengue shock syndrome (DSS) (5–7). Ap-
proximately 500,000 cases of DHF and DSS have been reported
among more than 100 countries, causing approximately 12,500
deaths per year (3). Despite the tremendous efforts invested in
anti-DENV research, no clinically approved vaccine or antiviral
therapeutic agents are available for humans, and disease treatment
is limited to supportive care (4, 8, 9). Considering the spread of
this epidemic and the severity of DENV, an effective anti-DENV
drug is urgently needed.

DENV is an enveloped RNA virus consisting of a 10.7-kb sin-
gle-stranded, positive-polarity RNA genome associated with mul-
tiple copies of capsid proteins. DENV RNA is translated as a single
polyprotein upon entering the host cell and is cleaved by host
proteases and the virus-encoded two-component protease
(NS2B/NS3pro) into three structural proteins (C, M, and E) and
seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) to initiate viral replication (10–12). Three struc-
tural proteins and host cell membranes form the viral particles.
The nonstructural (NS) proteins take part in viral RNA replica-
tion, virion assembly (13–15), and evasion of the innate immune

response (16–20). The NS3 protein is a multifunctional enzyme,
acting as a protease (with NS2B as a cofactor) for polyprotein
processing, an RNA triphosphatase for capping nascent viral
RNA, and a helicase for unwinding the double-stranded replica-
tive form of RNA (21–23). The viral protease (NS2B/NS3pro)
consists of an N-terminal 184-residue NS3 protease domain
(NS3pro), which acts as a trypsin-like protease, with a serine pro-
tease catalytic triad (His51, Asp75, and Ser135) (24–26). The RNA
helicase and the NTPase domain are located in the C terminus of
NS3 (27). The recently reported crystal structure of the full-length
DENV NS3 molecule (28, 29) suggested that the protease and
helicase domains of DENV NS3 are likely to be highly interdepen-
dent in the viral life cycle. The pivotal role of NS3 in viral replica-
tion and virion assembly makes it an attractive target for the de-
velopment of anti-DENV inhibitors.

Viral proteases are considered good antiviral targets because of
their known enzymatic activities, as demonstrated by the nine
protease inhibitors of human immunodeficiency virus (HIV) cur-
rently in clinical use (30) and the two protease inhibitor drugs
approved for the treatment of hepatitis C virus (HCV), a member
of the Flaviviridae family (31–33). By analogy with the success of
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the HIV and HCV protease inhibitors, a number of approaches
have been employed to search for DENV NS3 protease inhibitors
(reviewed in references 8 and 34–37). One strategy used for this
purpose involves a specific target-based approach, e.g., an en-
zyme-based biochemical assay or structure-based virtual screen
(38–49). An alternative strategy is to use a replication-based ap-
proach, e.g., screening through virus infection assays or replicon
cell lines (50–52). Although no drug is currently approved for the
treatment of DENV infection, similar approaches have been suc-
cessfully applied in the search for novel HCV inhibitors, suggest-
ing the feasibility of these strategies.

Replicons are subgenomic, self-replicating RNA molecules
that contain the nucleotide sequences required for RNA replica-
tion, transcription, and translation but are not infectious (53).
The HCV replicon was successfully developed and used in a
broad-based, proprietary antiviral screening platform, leading to
the rapid development of anti-HCV drugs (reviewed in references
54–56). A number of potential novel HCV inhibitors derived from
the high-throughput (HTS) HCV replicon are currently in clinical
trials (57–59). Similarly, a subgenomic DENV RNA replicon sys-
tem has been established and used for testing and screening inhib-
itors of DENV replication (8, 52, 60–68). Although no DENV
inhibitors derived from HTS with the DENV replicon are in clin-
ical trials at present, a number of HCV drug candidates discovered
using the HCV replicon are in different stages of clinical trials,
demonstrating that HTS is powerful screening tool for searching
for antiviral inhibitors using replicons.

In this study, we performed HTS using the BHK-21 cell line
containing a stable reporter-DENV replicon to identify a small-
molecule inhibitor of DENV: BP13944, 1-hexadecanaminium,
N-ethyl-N,N-bis(2-hydroxyethyl)-bromide (1:1). BP13944 spe-
cifically inhibited all four serotypes of DENV but did not inhibit
JEV. Drug resistance assays suggested that BP13944 might target
the DENV NS3 protease and affect NS3 protease activity. The data
presented here may provide an alternative method for the devel-
opment of an NS3 protease inhibitor.

MATERIALS AND METHODS
Cell lines and virus strains. BHK-21 cells (ATCC CCL-10) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 4.5
g/liter glucose and 5% fetal bovine serum (FBS). The cells were cultured at
37°C in a 5% CO2 incubator. Aedes albopictus C6/36 cells (ATCC CRL-
1660) were cultured in RPMI 1640 medium supplemented with 5% FBS.
These cells were maintained at 28°C in a 5% CO2 incubator. Virus-in-
fected cells were grown in the respective media supplemented with 2%
FBS. Dengue virus type 2 (DENV-2) (Taiwanese strain PL046) (69) and
Japanese encephalitis virus (JEV) (strain RP-9) (70) were provided by
C. L. Liao (Institute of Microbiology and Immunology, National Defense
Medical Center, Taiwan). DENV-2 and JEV stocks were prepared in
C6/36 cells by infecting the cells at a multiplicity of infection (MOI) of 0.1
and 0.01 PFU/cell, respectively, with RPMI 1640 medium containing 2%
FBS, followed by incubation at 28°C until a cytopathic effect was observed.
The supernatant was harvested and stored with 20% FBS at �80°C. The
viral titer was determined in a plaque-forming assay in the BHK-21 cells.
The titers of DENV-2 and JEV stocks are generally approximately 1 � 108

and 1 � 109 PFU/ml, respectively.
E. coli and yeast strains. Competent cells of Escherichia coli strain C41,

a derivative of BL21(DE3) (71), were purchased frozen from OverExpress
Inc. (Brooklyn, NY). A standard yeast medium and standard transforma-
tion methods were used in this study (72). Saccharomyces cerevisiae
YPH857 was purchased from ATCC. The YPH857 genotype is MAT�
ade2-101 lys2-801 ura3-52 trp1-�63 HIS5 CAN1 his3-�200 leu2-�1 cyh2.

Competent yeast cells were prepared using the lithium acetate procedure
(72).

High-throughput screening. HTS was conducted at the Division of
Biotechnology and Pharmaceutical Research, National Health Research
Institutes, Taiwan. The compound libraries used in this primary screen
were purchased from Chemical Diversity Lab (San Diego, CA) and had a
purity of �95%. Compounds from a compound library with diverse
structures were provided as dimethyl sulfoxide (DMSO) stock solutions at
a concentration of 10 mM. Stable dengue replicon cells were plated at a
density of 4 � 103 cells per well in 96-well plates. The following day, the
stable replicon cells were treated with various compounds at 10 �M or
with DMSO as a control at 37°C for 24 h. The treated stable dengue
replicon cells were washed with phosphate-buffered saline (PBS) and
lysed with 20 �l/well of 1� lysis buffer (Promega; Renilla luciferase assay
system E2820), and the resultant luminescence was measured using Par-
adigm Luminescence (Beckman). Nucleoside analog inhibitors of NS5,
such as 2=-C-methyladenosine (50% effective concentration [EC50] �
4.58 	 0.77 �M), BP2109 (EC50 � 1.21 	 0.30 �M), and mycophenolic
acid (EC50 � 0.90 	 0.11 �M), were used as positive controls (73). The
luminescence readings were plotted against the log transformation of the
concentration of the compound, and a sigmoidal curve fit with a variable
slope was generated to determine the EC50 using Prism version 5 software
(GraphPad Software, San Diego, CA). Each data set was fitted separately.
The obtained data were reproducible, with less than a 15% difference
being observed in independent experiments. The standard deviation for
each data point was below 15% of the EC50. The results are presented as
the means 	 standard errors of the means (SEM) of duplicate determina-
tions from three independent experiments.

Cytotoxicity assay. The sensitivity of the cell lines to BP13944 was
examined using an MTS-based tetrazolium reduction assay, the CellTiter
96 AQueous nonradioactive cell proliferation assay (Promega G5430).
The BHK-21 cells were plated at a density of 1 � 104 cells per well in
96-well plates containing 120 �l of culture medium followed by incuba-
tion for 6 h. Then, one of the serially diluted compounds or DMSO (pos-
itive control) was added, followed by incubation for an additional 72 h.
Next, the MTS reagent was added to each well, followed by incubation for
1 h at 37°C in a humidified 5% CO2 atmosphere prior to reading at a
wavelength of 490 nm using an enzyme-linked immunosorbent assay
(ELISA) plate reader. All data are presented as the means 	 SEM from
three independent experiments.

Plaque-forming assay. BHK-21 cells were plated at a density of 2 �
105 cells per well in 6-well plates containing 1 ml of culture medium and
incubated overnight, after which 0.1 ml of a serially diluted virus solution
was added to 
70 to 80% confluent BHK-21 cells. After adsorption for 2
h, the virus solutions were replaced with either 0.75% methyl cellulose
(Sigma; M-0512)-containing DMEM with 2% FBS for DENV-2-infected
cells or 1.2% methyl cellulose-containing DMEM with 2% FBS for JEV-
infected cells. On the sixth day postinfection, the methyl cellulose solution
was removed from the wells, and the cells were fixed and stained with
crystal violet solution (1% crystal violet, 0.64% NaCl, and 2% formalde-
hyde) (74).

Viral yield reduction assay in cultured cells. BHK-21 cells were
plated at a density of 1 � 105 cells per well in 12-well plates containing 0.5
ml of culture medium, followed by incubation for 4 h at 37°C. The tested
compounds (500 �l) were added to the wells 16 h prior to the addition of
DENV-2 or JEV. The plates were then incubated for an additional 72 h at
37°C in a humidified 5% CO2 atmosphere. To quantify the viral yield in
the cells in the presence of BP13944, the supernatant of cells treated with
this compound were harvested and subjected to viral titer determination
via a plaque-forming assay conducted in BHK-21 cells. The mean values
and SEM were calculated from three independent experiments. The de-
tection limit was set to 10 PFU/ml.

Quantitative RT-PCR. To quantify the viral positive-strand RNA
present in the infected BHK-21 cells, RNA was isolated from the above-
mentioned cell samples using the Qiagen RNeasy kit, as described in the
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manufacturer’s protocol. The viral RNA was reverse transcribed to cDNA
using the Invitrogen ThermoScript reverse transcription (RT) kit with the
specific primer DV2.PS-R for detection of the positive-sense viral RNA,
based on the manufacturer’s protocol and as described previously (75),
with slight modifications (all primer sequences are in Table S1 in the
supplemental material). Real-time quantitative PCR was conducted to
quantify viral RNA. Each reaction was conducted in a 10-�l volume com-
prising 5 �l of cDNA, 1� TaqMan master mix (Roche), 200 nM each
primer (DV2.U2-F and DV2.L1-R), and a 50 nM concentration of the
hydrolysis probe, DV2.P1 (76) (TIB MOLBIOL). The LightCycler Taq-
Man master kit (Roche Biochemicals) and LightCycler 1.5 instrument
(Roche Biochemicals) were utilized in this study under the following con-
ditions: preincubation at 95°C for 10 min, followed by 45 cycles of three-
step incubations at 95°C for 15 s (denaturation), 60°C for 30 s (annealing
and elongation), and 72°C for 1 s (to complete elongation, with a single
fluorescence measurement). A linear relationship was established be-
tween the RNA copy numbers per milliliter and the corresponding thresh-
old cycle (CT) value over seven logs of the RNA concentration (correlation
coefficient, r � 0.99) (76).

RNA transcription and transfection. The plasmid containing the rep-
licon cDNA was linearized with XbaI. The DNA was then phenol-chloro-
form extracted, precipitated, and used as a template for in vitro transcrip-
tion with the SP6 Message mMachine kit (Ambion). RNA transcript levels
were quantified with a spectrophotometer, and the RNA was stored at
�80°C. The RNA was subsequently transfected into BHK-21 cells using
Lipofectamine 2000 (Invitrogen), according to the manufacturer’s proto-
col.

To perform luciferase assays, at each indicated time point, the medium
was removed, and the cells were washed with PBS, lysed by adding 100 �l
of lysis buffer (Promega; Renilla luciferase assay system), and assayed
according to the manufacturer’s protocol (Promega; Renilla luciferase
assay system). Duplicate wells were lysed at the indicated times and mea-
sured using a GloMAX 20/20 luminometer (Promega). To quantify the
replication efficiency, the relative luciferase activity was normalized to the
signal at 4 h posttransfection.

Transient replicon assay. A transient replicon assay was performed to
quantify the compound-mediated inhibition of viral translation and the
reduction of the viral RNA synthesis (77). BHK-21 cells were seeded in
24-well plates (2 � 104 cells per well), followed by incubation overnight.
Next, Lipofectamine 2000 (Invitrogen) was mixed with 0.5 �g of the wild
type or substitution dengue replicon RNA for one-well transfection, and
the cells were transfected according to the manufacturer’s instructions.
Either BP13944 (8 �M) or the control medium was then added to each
well, which were assayed for luciferase activities at the indicated times.
Duplicate wells were lysed to perform luminometry. For the luciferase
assays, 10 �l of lysate was mixed with 50 �l of the Renilla luciferase assay
reagent (Promega). For quantification of compound-mediated inhibi-
tion, the relative luciferase activity derived from the mock-treated cells
was set as 100% (78).

Isolation and characterization of resistant replicons. The selection
of resistant replicon cells was performed by growing the dengue replicon
cells in media containing an appropriate concentration of hit compounds.
Media containing the compounds were added to monolayers of dengue
replicon cells at 
25% confluence in the presence of 0.5 to 1 mg/ml G418.
Replicon cells maintained in the presence of DMSO were used as a con-
trol. After 6 to 8 weeks, total RNA from a pool of BP13944-resistant
replicon cells was isolated from the control replicon cells, and the homo-
geneous cell lines were treated with the compounds using TRIzol (Invit-
rogen, Carlsbad, CA), according to the manufacturer’s protocol. The
RNA was then amplified via RT-PCR, and the NS1 to NS5B PCR products
were gel purified and subcloned to the pCMV-DV2Rep vector (73) to
replace the parental NS1 to NS5B sequence through homologous recom-
bination in yeast. Finally, BP13944 drug-resistant replicon plasmids were
purified from the yeast cells and reamplified in E. coli strain C41. After

enzyme digestion, only replicon plasmids harboring the right inserts were
subjected to DNA sequencing analyses.

Construction of the DENV-2 replicon and an infectious clone con-
taining E66G substitution in the NS3 protease domain. To generate the
E66G substitution reporter replicon and infectious clone (full-length
DENV cDNA clone), the E66G substitution was introduced into the NS3
protease domain of the replicon and infectious clone. Two primer pairs,
D2/3817-F and E66G-R and E66G-F and D2/5800-R, were used to gener-
ate the fragments 3817-E66G and E66G-5800. These two PCR products
were gel purified and joined via overlapping PCR to form the fragment
containing the E66G substitution (3817-E66G-5800) for homologous re-
combination with the linearized DV2Rep (39) and DENV-2 infectious
clone plasmids (79) (digested with MfeI and SmaI). The E66G substitu-
tion replicon and infectious clone plasmids purified from yeast cells were
reamplified and maintained in E. coli strain C41. All the constructs were
sequenced to confirm the presence of the desired substitution and to
exclude external changes.

Construction of the recombinant NS2B/NS3 E66G substitution pro-
tease. The soluble recombinant NS2B/NS3pro protease complex is com-
prised of the partial NS2B cofactor (residues 49 to 92) and the partial NS3
protein, NS3 protease domain (residues 1 to 184). To generate the E66G
substitution protease plasmid, the E66G substitution was introduced into
the protease domain of the pGEX4T.NS2B/NS3pro plasmid using the
E66G-F and E66G-R primers. The parental and E66G substitution pro-
teases were then purified as described previously (39).

NS2B/NS3pro protease activity assay. Protease activity was assayed in
50 mM Tris buffer, pH 9.0, containing 10 mM NaCl and 20% glycerol.
Parental or E66G substitution protease (1 �M) was preincubated with
various test compounds (10 �M) at 37°C for 10 min and initiated by the
addition of synthetic peptide substrate Ac-TTSTRR-pNA (38) to a final
800 �M for an additional 2 h of incubation time. Reaction was stopped by
sodium citrate, pH 4.5 (625 �M), and read at A405 on a Multilabel HTS
counter of Wallac Victor2 (PerkinElmer). Aprotinin (3 �M) was used as a
positive control. Fifty-percent inhibitory concentrations (IC50s) were de-
termined as described previously (38) using Prism version 5 software
(GraphPad Software, San Diego, CA) and measured at least twice from
independent triplicate experiments. The results represent the means 	
SEM from duplicate determinations from three independent experi-
ments.

Statistical analysis. The data were compared in parallel with Prism
version 5 software (GraphPad Software, San Diego, CA). The statistical
significance of the differences between the means of the experimental
groups was analyzed using Student’s t test with Welch’s correction to
measure the two-tailed P values. P values less than 0.05 were considered
statistically significant.

RESULTS
Identification of BP13944 as an inhibitor of the DEN virus. To
search for novel inhibitors of the dengue virus, we performed a
cell-based high-throughput screening (HTS) assay, as described
previously (73), and screened approximately 60,000 small mole-
cules at a single concentration of 10 �M. A BHK-21 cell line con-
taining a DENV-2 Renilla luciferase replicon was used in the HTS.
HTS was performed in a 96-well format with a signal-to-noise
ratio of 466.7 and a Z= value of 0.74. The compounds that reduced
luciferase activity by �90% with a 50% cytotoxic concentration
(CC50) of �15 �M were defined as “hits.” The applied HTS
procedure resulted in a hit rate of 0.02%.

About 12 inhibitor candidates were obtained after a second
screening by their inhibitory effect on DENV yield. One of the
inhibitor candidates, BP13944 (a quaternary ammonium salt; Fig.
1), is similar to the structure of BP2109, an NS2B/3 protease in-
hibitor, in our previous report (39). BP13944 caused inhibition in
the cell-based replicon assay (EC50 � 1.03 	 0.09 �M) and anti-
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DENV effects in the virus yield reduction assays (Fig. 2). The
DMSO- and BP13944-treated BHK-21 cells were infected with the
DENV-2 virus (MOI of 0.1 or 1), and the viral titers in the culture
medium were assayed at 72 h postinfection. The compound re-
duced viral yields in the cells infected at MOIs of both 0.1 and 1.0
in a dose-dependent manner. A more than 10,000-fold reduction
in the viral titer was observed when the medium contained 12 �M
BP13944. These results indicate that BP13944 is a potential inhib-
itor of DENV-2.

Dose-dependent inhibition of all four DENV serotypes by
BP13944. To verify that the primary observed antiviral activity
was not due to compound-mediated cytotoxicity, we performed a
cytotoxicity assay based on the cellular metabolism of an MTS-
based tetrazolium salt. No suppression of cell viability was ob-
served when the cells were incubated with 40 �M BP13944. The
CC50 of the compound was found to be 72.40 	 0.95 �M. To
eliminate any possible BP13944-mediated cytotoxicity, the antivi-
ral activity of BP13944 was tested at concentrations below 15 �M
(resulting in 100% cell viability). BP13944 must be active against
all four serotypes of DENV for it to be considered a valuable anti-
DENV agent. We performed the viral yield reduction assay in
parallel against all four serotypes of DENV. As illustrated in Fig. 3,
8 �M BP13944 greatly decreased the viral titers of all four DENV
serotypes in the culture medium. The viral yields of DENV-1, -2,
-3, and -4 were decreased 457-, 14,333-, 801-, and 3,826-fold,
respectively, compared to the respective DMSO-treated controls.
These results indicate that BP13944 is a potentially therapeutic
compound against all four serotypes of DENV.

BP13944 selectively reduces the viral yield of DENV. To ex-
amine the antiviral spectrum of BP13944, the viral yield reduction
assay was also performed against JEV. BHK-21 cells were infected
with JEV or DENV (MOI of 0.1) in the presence or absence of 12
�M BP13944. When the effects of the compound on the two vi-

ruses were compared, it was found that the viral yield of JEV did
not show the marked suppression observed for DENV (Fig. 4).

BP13944 reduces the level of viral RNAs in cells infected with
DENV-2. To determine which steps of the DENV life cycle are
suppressed by BP13944, we performed quantitative RT-PCR to
verify whether BP13944 affects viral RNA replication. After
BHK-21 cells had been treated with 12 �M BP13944 for 16 h, the
cells were infected with DENV-2 and then analyzed to determine
the viral RNA levels in the cells at 72 h postinfection. As shown in
Fig. 5, the cells infected at MOIs of 0.1 and 1.0 and treated with
BP13944 displayed 7- and 17-fold reductions in positive-strand
viral RNA levels, respectively. The results implied that BP13944
reduced the replication of DENV-2 viral RNA by affecting the
synthesis of positive-strand DENV-2 RNA.

BP13944 inhibits the replication activity of cells harboring
the DENV-2 replicon. To further validate the mechanistic func-
tion of BP13944, the DENV-2 replicon was transcribed in vitro
and transfected into BHK-21 cells to distinguish the inhibition of
the viral translation from the inhibition of RNA synthesis. Lucif-
erase activity was monitored at 4, 8, 24, 48, and 72 h posttransfec-

FIG 1 Structure of BP13944. A potential DENV inhibitor identified from the
screening.

FIG 2 BP13944 suppresses the viral yields of DENV-2. Mock- and com-
pound-pretreated BHK-21 cells were infected with DENV-2 at an MOI of 0.1
(filled circles) or 1.0 (open circles) in the absence or presence of BP13944 and
analyzed to determine the viral yield in the culture medium at 72 h postinfec-
tion. Error bars indicate the standard errors of the means (SEM) from three
independent experiments.

FIG 3 BP13944 inhibits all four serotypes of DENV. BHK-21 cells were incu-
bated with 8 �M BP13944 and infected with the four serotypes of DENV at an
MOI of 0.1. The viral yield in culture medium was determined via plaque
formation assays at 72 h postinfection. The mean values and SEM from three
independent experiments are plotted. **, P � 0.0001.

FIG 4 BP13944 selectively inhibits the viral yield and NS2B/NS3 protease
activity of DNEV. BHK-21 cells infected with JEV or DENV-2 at an MOI of 0.1
were maintained in the absence or presence of 12 �M BP13944. The viral yields
in the culture medium at 72 h postinfection were determined via plaque for-
mation assays. The mean values and SEM from three independent experiments
are plotted. ***, P � 0.0001.
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tion (Fig. 6). The luciferase activity reached a peak level at approx-
imately 48 h posttransfection and was maintained at that level
until 72 h posttransfection in the absence of BP13944. Because the
luciferase activity peaked both within the first 8 h posttransfection
and after 24 h posttransfection (representing viral translation and
RNA replication, respectively [61]), we measured luciferase activ-
ity at 4, 8, 24, 48, and 72 h posttransfection. BP13944 had a min-
imal effect on the Rluc signal detected at 4 and 8 h posttransfec-
tion. However, the signal was significantly reduced by 49%, 73%,
and 91% at 24, 48, and 72 h posttransfection, respectively (Fig. 6).
Our data demonstrated strong suppression of viral RNA synthesis
by BP13944.

Selection and characterization of BP13944-resistant repli-
con cells. To identify the antiviral mechanism and the molecular
target of BP13944, we obtained the BP13944-resistant replicon
cells by serially passaging DENV-2 replicon cells in the presence of
0.5 mg/ml G418 and increasing the concentrations of BP13944 (1
to 5 �M). Replicon cells maintained in the presence of DMSO
were used as a control. Compared to the parental cells, the EC50s
for the parental and a pool of BP13944-resistant replicon cells
were calculated as 1.03 	 0.09 �M and 13.93 	 0.92 �M, respec-
tively, in experiments performed in parallel. The BP13944-resis-
tant replicon cells exhibited 13.5-fold higher resistance than the
parental replicon cells. The total viral RNAs from a pool of
BP13944-resistant replicon cells was isolated and amplified by
RT-PCR, and the PCR products for the NS1 to NS5 region were
cloned into yeast cells. Plasmids were then purified from 10 inde-
pendent yeast colonies and amplified in E. coli cells. Only five
plasmids from 10 E. coli colonies harboring the full-length NS1 to
NS5 insert were identified and subjected to DNA sequencing anal-
yses. The obtained sequencing data (NS1 to NS5) revealed that
three of the five clones had accumulated a consensus amino acid
substitution (E66G) in the central region of the NS3 protease do-
main (Table 1). The other mutations were found to be sporadic
mutations among the NS1 to NS5 region. Interestingly, 12 out of a
total of 25 mutations were located within the NS3 gene. The DNA
sequencing results implied that the consensus E66G substitution
may be related to the drug resistance to BP13944.

The E66G substitution in the NS3 protease domain confers
resistance to BP13944 on the DENV replicon, recombinant
DENV, and recombinant NS2B/NS3 protease complex. To iden-
tify the determinant of BP13944 resistance, the E66G substitution
was introduced into the NS3 protease domain of the parental
DV2Rep replicon (39). The E66G substitution in the NS3 protease
region reduced the BP13944 susceptibility of the E66G substitu-
tion replicon. The EC50s for the parental and substitution repli-
cons were calculated as 0.76 	 0.25 �M and 11.54 	 2.91 �M,
respectively, in the transient replicon assay. The E66G substitu-
tion replicon exhibited 15.2-fold-higher resistance than the pa-
rental replicon (Fig. 7A). The E66G substitution was also intro-
duced into the NS3 protease domain of the parental infectious
DENV-2 cDNA clone (79), and similar results were observed in
this DENV-2 infectious clone system. The recombinant E66G
substitution DENV showed a resistance level that was higher than
that of the parental DENV. The EC50s for the parental and recom-
binant E66G substitution DENV strains were calculated as 0.23 	
0.01 �M and 3.95 	 0.72 �M, respectively (Fig. 7B). The EC50 of
the recombinant E66G substitution DENV was approximately
17.2-fold higher than that of the parental DENV. We further pre-
pared a recombinant NS2B/NS3 protease consisting of the partial
NS2B cofactor (residues 49 to 92), the NS3 protease domain (res-
idues 1 to 184) with or without the E66G substitution. The amino
acid E66G substitution in the NS3 protease region reduced the
BP13944 susceptibility of the E66G substitution protease. The
IC50s for the parental and E66G substitution proteases were cal-
culated as 22.63 	 0.74 �M and 71.10 	 0.79 �M, respectively
(Fig. 7C). The E66G substitution protease exhibited a 3.1-fold-
higher resistance than that of the parental protease. The glycine
substitution at residue 66 in the NS3 protease region is therefore
crucial for drug resistance. Thus, our results from three different
assay systems indicated that the residue at position 66 in the NS3
protease region is the major determinant of BP13944 resistance
and suggested that the molecular target of BP13944 may be the
NS3 protein, possibly NS3 protease.

DISCUSSION

In this study, we used a stable reporter-DENV replicon cell line to
identify BP13944 as a DENV inhibitor that shows a selective anti-

FIG 6 Inhibition of DENV-2 viral RNA replication by BP13944. Analysis of
BP13944 through transient replicon assays. BP13944 inhibits viral replication
stages (24 to 72 h) rather than viral translation stages (4 to 8 h). The replicon
was transfected into BHK-21 cells maintained in the absence or presence of 8
�M BP13944. Luciferase activity was monitored at the indicated times post-
transfection. The numbers above the BP13944 treatment times represent the
percentages of the luciferase signals relative to the mock-treated controls
(100%), and the error bars represent the SEM from three independent exper-
iments. *, P � 0.05; **, P � 0.005.

FIG 5 Effect of BP13944 on the replication of DENV-2 viral RNA. BHK-21
cells infected with DENV-2 at an MOI of 0.1 and 1.0 were maintained in the
absence (open bars) or presence (filled bars) of 12 �M BP13944 for 72 h. The
accumulation of positive-strand DENV-2 RNA in the cells was determined via
TaqMan fluorogenic quantitative RT-PCR. RNA copy numbers were deter-
mined using standards, which were measured with a spectrophotometer. The
mean values and SEM from three independent experiments are plotted.
**, P � 0.005.
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viral spectrum and inhibitory activity in vitro. We found that
BP13944 was an effective inhibitor of the viral yield and viral RNA
replication of the four DENV serotypes and of the cytopathology
induced by these serotypes. Sequencing analyses of isolated
BP13944-resistant replicons revealed that an E66G substitution
was frequently present within the NS3 protease region. Introduc-
tion of the E66G substitution into parental DENV replicon, infec-
tious cDNA, and NS2B/NS3 protease constructs conferred resis-
tance to BP13944. Because the E66 residue is located within the
interface between the protease and helicase domains of the DENV

NS3 protein (28, 29), BP13944 likely affects protease function by
binding to the interface, thus reducing DENV replication.
BP13944 may therefore provide a novel approach for inhibiting
the DENV NS3 protease.

The replicon-based approach for screening small-molecule in-
hibitors of DENV has the potential to identify inhibitors of viral
and host targets. The results of two different experimental meth-
ods indicate that BP13944 might target the DENV NS3 protease.
First, BP13944 selectively inhibits all four serotypes of DENV but
does not inhibit the closely related JEV (Fig. 3 and 4). This specific

TABLE 1 Sequencing analyses of the dengue NS1 to NS5 genes from clones derived from BP13944-resistant DENV replicons

Sequence

Encoded amino acid at the indicated position

NS1 NS2A NS2B NS3 NS4B NS5

9 150 185 257 68 122 201 17 13 30 66 137 203 224 279 410 473 600 239 67 289 399 402

Parental K W S R E L L M I E S Y T N I I I E E F K
Clone F
1 R G H G K
2 L L G P V S E
3 R G S T G T F
4 V P S
5 G V

FIG 7 The E66G substitution within the DENV NS3 protease domain in the DENV replicon, infectious cDNA clone, or NS2B/NS3 protease results in BP13944
resistance. (A) BP13944 susceptibility of the parental and E66G substitution DENV replicon. The curves were fitted based on the transient replication activity
assay as percentages of the control value (DMSO-treated controls). BHK-21 cells were electroporated with equal amounts (100 ng/2 � 105 cells) of parental or
E66G substitution replicon RNA and treated with BP13944 at the indicated concentrations. (B) Resistance analyses of the recombinant parental and E66G
substitution DENV. BHK-21 cells were infected with parental and E66G substitution DENVs at an MOI of 0.1 and treated with BP13944 at the indicated
concentrations. The EC50s were determined by calculating the viral yield at 72 h postinfection via plaque formation assays. (C) BP13944 susceptibility of the
parental and E66G substitution NS2B/NS3 proteases. The curves were fitted based on the observed enzyme activity as a percentage of the control value (DMSO
treated). The IC50s of the parental and E66G substitution NS2B/NS3 proteases, corresponding to a 50% reduction in the protease activity assay, were calculated
as 22.63 	 0.74 �M and 71.10 	 0.79 �M, respectively. (D) Multiplication kinetics of parental and E66G substitution DENVs in BHK-21 cells. Growth curves
were conducted at an MOI of 0.1, and the limit of detection was �10 PFU/ml. The viral yields in culture medium at each time point were determined by plaque
formation assays. The mean values and SEM from three independent experiments are plotted.
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antiviral activity excludes the possibility that DENV inhibition by
BP13944 occurs because of compound-mediated cytotoxicity.
Second, resistance analyses of BP13944 revealed a consensus
amino acid substitution (E66G) in the NS3 protease domain
(NS3pro) (Table 1) that was able to confer resistance to BP13944
on the DENV replicon, infectious clone, and recombinant NS2B/
NS3 protease constructs (Fig. 7). The fact that the inhibitory effect
of BP13944 on DENV-2 and -4 was greater than that on DENV-1
and -3 (Fig. 3) indicates that BP13944 exerts a different degree of
inhibition in the different serotypes of DENV and JEV. We sus-
pected that the different susceptibilities of the various serotypes of
DENV and JEV to BP13944 may result from differences in the
amino acid sequences of the NS3 protease. We aligned and inves-
tigated the region of DENV NS3pro that may be responsible for
the differential susceptibility of DENV and JEV to BP13944 (see
Fig. S1 in the supplemental material). The degree of conservation
of the NS3pro amino acid sequence of DENV-1 compared to
those of DENV-2, DENV-3, DENV-4, and JEV was shown to cor-
respond to 69% identity (81% similarity), 74% identity (84% sim-
ilarity), 64% identity (75% similarity), and 53% identity (65%
similarity), respectively. In general, the amino acid sequence of
NS3pro (residues 1 to 184) is more conserved among DENV se-
rotypes than between DENV and JEV. This finding may explain
the differential susceptibilities of DENV and JEV to BP13944.
Analysis of the phylogenetic tree constructed from the DENV
NS3pro amino acid sequences revealed that two clusters exist,
with DENV-2 and DENV-4 being located in one cluster and
DENV-1 and DENV-3 in another (data not shown). The more
effective inhibitory effect of BP13944 on the viral yields of
DENV-2 or -4 than that on DENV-1 or -3 (Fig. 2) may result from
the degree of conservation of the NS3pro amino acid sequences of
NS3pro in DENV. Further studies are required to identify the
binding region of BP13944 to the DENV-2 NS3 protein and to
explain the differential susceptibilities of DENV-2 and JEV to
BP13944.

The chemical structure of BP13944 consists of a long aliphatic
side chain and one quaternary ammonium bromide, which is sim-
ilar to the structure of the reported DENV NS2B/NS3 protease
inhibitor BP2109 (39). BP2109 was identified via HTS using a
DENV enzyme-based protease assay in a previous study by our
group. There is one interesting observation that the pretreatment
of BP13944 in cells is essential for its maximum inhibitory effect of
BP13944 on DENV yield (see Fig. S2 in the supplemental mate-
rial), which is similar to the inhibitory effect of BP2109 on DENV
yield (data not shown). We suspected that the requirement of
pretreatment in cells of BP13944 and BP2109 may be related to
their characteristics of quaternary ammonium salt since charged
small molecules affect the diffusion through lipid bilayer environ-
ment with difficulty (80). Resistance analyses of BP2109 suggested
that an E80K substitution in the NS2B region could confer resis-
tance to BP2109. We found that the E80K substitution does not
confer resistance to BP13944 on the DENV replicon in a transient
replicon assay (data not shown). In these transient replicon assays,
replicons with the E66G substitution in the NS3 protease region
did not show altered susceptibility to BP2109 (data not shown).
These results implied that BP13944 and BP2109 inhibit the func-
tion of the DENV NS3 protease possibly through binding to dif-
ferent amino acid residues of the NS3 protease.

BP13944 appeared to exert a much more potent effect in the
DENV-2 viral yield reduction assay (EC50 � 0.23 	 0.01 �M)

than in the enzyme-based protease assay (IC50 � 22.63 	 0.74
�M) (Fig. 7). A similar phenomenon was observed regarding the
inhibition of the DENV replication by BP2109. This inconsistency
likely occurred because of the applied artificial enzyme-based pro-
tease assay, which is performed using the soluble recombinant
NS2B/NS3pro protease complex, consisting of only the partial
NS2B cofactor (residues 49 to 92) and the partial NS3 protein
(protease domain, residues 1 to 184). The activity of the artificial
NS2B/NS3pro protease complex may not fully represent the phys-
iological function of the full-length NS2B/NS3 in vivo. The finding
that glycerol or gelatin enhances the activity of the NS2B/NS3pro
protease complex is consistent with this hypothesis (38). Because
the three transmembrane helices of NS2B that anchor the active
NS2B/NS3 protease to the endoplasmic reticulum (ER) are absent
(8), the in vivo environment of the protease is completely different
from the in vitro artificial assay system, which supports the above-
given hypothesis. The recently reported crystal structure of full-
length DENV NS3 (28, 29) suggests that the protease domain of
NS3 increases its affinity for nucleotides, participates in RNA
binding, and enhances the helicase activity of the protein. Studies
addressing the HCV NS3 protease (81), in which the helicase do-
main of NS3 has been found to enhance the enzyme-based pro-
tease activity of NS3/NS4A, support the interdependency of the
protease domain and helicase domain of the NS3 protein com-
plex. It is likely that the two enzymatic domains of DENV NS3 are
highly interdependent in the virus life cycle. These results may
explain why BP13944 appeared to be more potent in the viral yield
reduction assay than in the enzyme-based protease assay.

Our findings that BP13944 strongly blocks DENV RNA syn-
thesis (�91%) without suppressing viral translation in transient
DENV-2 replicon-based kinetics assays (Fig. 6) and that the E66G
substitution in the NS3 region confers resistance to BP13944 (Fig.
7) suggested that BP1944 inhibits DENV by targeting the NS3
protease. Further kinetic analysis suggested that BP13944 may in-
hibit the NS2B/NS3 protease-substrate complex through an un-
competitive mechanism (data not shown), followed by the sup-
pression of polypeptide processing and blockage of viral RNA
replication. A similar inhibitory mechanism was suggested in a
study addressing a novel noncompetitive inhibitor of the HCV
NS3/NS4A protease discovered in an X-ray crystallographic frag-
ment screen using the crystal structure of the full-length HCV
NS3/NS4A holoenzyme (82). This HCV protease inhibitor blocks
the function of the NS3 protein by binding to the interface be-
tween the protease and helicase domains of the HCV NS3 protein.
Two facts support the idea that BP13944 may have a similar in-
hibitory mechanism as the HCV NS3/NS4A protease inhibitor
(82). The first is that the key BP13944-resistant residue E66 was
located at the interface between the protease and helicase domain
of the DENV NS3 protein (83). The second is that BP13944 was
not apparently affecting the DENV NS3 helicase activity (IC50 �
50 �M) (see Fig. S3 in the supplemental material). We suspect that
the molecular mechanism by which BP13944 inhibits DENV is
either through interfering with NS3 protease activity by binding to
the interface between NS3pro and NS3 helicase domains or acting
as a protease inhibitor that abolishes proteolytic activity by di-
rectly binding to the active site. Interestingly, the results (Fig. 5)
showed that BP13944 reduced the level of DENV RNA accumu-
lation and the production of virus particles by 
1 log and 
3 logs,
respectively. It implied that BP13944 possibly also interferes with
a stage of virus life cycle other than the stage of viral RNA replica-
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tion. Further studies are needed to clarify the mode of action of
BP13944.

The identification and characterization of BP13944 represents
the first step in the development of this compound as a potential
anti-DENV therapeutic agent. Based on recent experimental,
crystallographic, computational docking, and mutagenesis analy-
ses of HCV and/or DENV NS3 proteins, we propose that BP13944
displays an inhibitory mechanism, interfering with NS3 protease
activity, possibly rather than binding to the active site of the NS3
protease. Further work is required to determine the detailed mo-
lecular mechanism by which BP13944 interacts with NS3 protein
and inhibits DENV replication. Understanding the interaction be-
tween BP13944 and the NS3 protein will facilitate the develop-
ment of additional novel DENV inhibitors.
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