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Policresulen, a novel NS2B/NS3 protease inhibitor,
effectively inhibits the replication of DENV2 virus in
BHK-21 cells
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Aim: Dengue is a severe epidemic disease caused by dengue virus (DENV) infection, for which no effective treatment is available. The
protease complex, consisting of nonstructural protein 3 (NS3) and its cofactor NS2B, plays a pivotal role in the replication of DENV,
thus may be a potential target for anti-DENV drugs. Here, we report a novel inhibitor of DENV2 NS2B/NS3 protease and its antiviral
action.

Methods: An enzymatic inhibition assay was used for screening DENV2 NS2B/NS3 inhibitors. Cytotoxicity to BHK-21 cells was
assessed with MTT assay. Antiviral activity was evaluated in BHK-21 cells transfected with RIu-DENV-Rep. The molecular mechanisms
of the antiviral action was analyzed using surface plasmon resonance, ultraviolet-visible spectral analysis and differential scanning
calorimetry assays, as well as molecular docking analysis combined with site-directed mutagenesis.

Results: In our in-house library of old drugs (~1000 compounds), a topical hemostatic and antiseptic 2-hydroxy-3,5-bis[(4-hydroxy-
2-methyl-5-sulfophenyl)methyl]-4-methyl-benzene-sulfonic acid (policresulen) was found to be a potent inhibitor of DENV2 NS2B/NS3
protease with ICs, of 0.48 pg/mL. Furthermore, policresulen inhibited DENV2 replication in BHK-21 cells with IC5, of 4.99 ug/mL,
whereas its 1C5, for cytotoxicity to BHK-21 cells was 459.45 pg/mL. Policresulen acted as a competitive inhibitor of the protease, and
slightly affected the protease stability. Using biophysical technology-based assays and molecular docking analysis combined with site-
directed mutagenesis, we demonstrated that the residues GIn106 and Arg133 of DENV2 NS2B/NS3 protease directly interacted with
policresulen via hydrogen bonding.

Conclusion: Policresulen is a potent inhibitor of DENV2 NS2B/NS3 protease that inhibits DENV2 replication in BHK-21 cells. The bind-

ing mode of the protease and policresulen provides useful hints for designing new type of inhibitors against the protease.
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Introduction

Dengue virus (DENV) belongs to the Flaviviridae family and is
primarily spread by mosquitoes. According to a WHO report,
approximately 50 to 100 million people in subtropical and trop-
ical regions of the world are infected with DENV annually!..
There are four antigenically distinct viral serotypes for DENV,
including DENV1, DENV2, DENV3 and DENV4"?, among
which DENV?2 is the most prevalent®.. Infection with any of

the four serotypes will result in severe epidemic diseases, such
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as dengue fever (DF), and even fatal diseases, including den-
gue hemorrhagic fever (DHF) and dengue shock syndrome
(DSS)¥ 3!, The development of an efficient vaccine or antiviral
drugs is thus extremely necessary. However, vaccine develop-
ment against DENV is challenging because of the antibody-
dependent enhancement effect (ADE) (ie, infection by one sero-
type of DENV can enhance the probability of infection by any
of the other three serotypes)'®, and for more complicated bar-
riers in anti-virus drug discovery”?, there are not yet effective
antiviral drugs in the market against DENV, although many
drug lead compounds have been discovered!" ",

The DENV genome, a positive-sense single-stranded RNA,
encodes a single poly-protein precursor that consists of three
structural proteins (C, M, and E) and seven nonstructural
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proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).
Previous studies have shown that NS3 contains two functional
domains: a serine protease at the N-terminus and an RNA

(1214 NS2B is an essential element

helicase at the C-terminus
that acts as a co-factor to greatly enhance the activity of NS3
by 3300- to 6600-fold"> '\, As a viral protease complex, NS2B/
NS3 is mainly in charge of cleaving the viral poly-protein
precursor to generate structural proteins and nonstructural
proteins, and the disruption of NS2B/NS3 protease function
distinctly inhibits viral replication”. Therefore, the NS2B/
NS3 protease is considered as an attractive target for anti-
DENV drug development. In fact, the treatment of human
immunodeficiency virus (HIV) and hepatitis C virus (HCV)
infections serve as successful precedents for targeting key viral
proteases[ls'zol.

Currently, the discovery of a NS2B/NS3 protease inhibitor
mainly involves the design of peptidomimetics with similar
structures to the substrate of the NS2B/NS3 protease and
screening small molecule inhibitors by random or virtual
screening strategies against commercial compound libraries.
For example, one cyclopentapeptide was proposed as an inhib-
itor of the DENV2 NS2B/NS3 protease”, and MrlA, a type of
conotoxin, was also determined to be an inhibitor for this pro-
teasel™. Recently, varied types of potential inhibitors against
the DENV2 NS2B/NS3 protease have been reported™ I,
but few inhibitors exhibited antiviral activities. Therefore, it is
urgent to discover novel NS2B/NS3 protease inhibitors with
high activities against dengue virus.

In the current work, we performed an enzymatic inhibi-
tion assay to discover inhibitors of this recombinant DENV2
NS2B/NS3 protease in vitro against our in-house library of old
drugs, and 2-hydroxy-3,5-bis[(4-hydroxy-2-methyl-5-sulfo-
phenyl)methyl]-4-methyl-benzenesulfonic acid (policresulen,
Figure 1A), a clinical medication used for debridement and
antimicrobial applications in gynecology™
covered to be a novel inhibitor of this protease. The subse-

, was finally dis-

quent discovery of its antiviral properties demonstrated that
policresulen could efficiently reduce the replication of DENV2
in BHK-21 cells. Additionally, the molecular mechanism of
policresulen against the DENV2 NS2B/NS3 protease was
further investigated by binding affinity, thermal stability and
molecular docking assays. Our results have demonstrated that
policresulen might have potential in the treatment of DENV
infection, and the expounded binding pocket of policresulen
for this protease may provide useful data for designing new
inhibitors against DENV.

Materials and methods

Materials

All reagents were of analytical grade and were obtained com-
mercially. Policresulen was purchased from Anhui Dexinjia
Bio-Tech Co (Ji-nan, Shangdong Province, China). Dimethyl
sulfoxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT) were purchased from
Sigma (St Louis, MO, USA). Yeast extract and tryptone were
purchased from Oxoid (Basingstoke Hampshere, England).

Dulbecco’s modified Eagle’s medium (DMEM) was acquired
from Invitrogen (Carlsbad, CA, USA), and fetal bovine serum
(FBS) was acquired from Gibco (Grand Island, NY, USA).
CMS5 chips and resin were purchased from GE healthcare (Pis-
cataway, NJ, USA). Bz-Nle-KRR-AMC was synthesized by
Shanghai GL Biochem. The mMESSAGE MEGAscript® T7 Kit
was acquired from Ambion (TX, USA). The Renilla Luciferase
Assay Kit was acquired from Promega (Madison, WI, USA).
The Fast Mutagenesis Kit was acquired from Beijing Trans-
Gene Biotech (Beijing).

Cell culture

Baby Hamster Syrian Kidney (BHK-21) cells were cultured in
DMEM containing 10% FBS, 100 units/mL penicillin and 100
pg/mL streptomycin at 37 °C in a humidified 5% CO, incuba-
tor.

Expression and purification of the DENV2 NS2B/NS3 protease
The pET15b-DENV2 CF40-Gly-NS3pro185 plasmid was
donated by Prof Chun-guang WANG (Institute of Protein
Research, Tongji University). The plasmid was transformed
into Escherichia coli BL21, and DENV2 NS2B/NS3 protease
expression and purification were mainly carried out accord-
ing to the published approach®. Briefly, Escherichia coli BL21,
transformed with the recombinant plasmid, was cultured in
1 L of Luria-Bertani medium containing 1 mmol/L ampicil-
lin, 0.5 mmol/L chloramphenicol and 0.2% (w/v) glucose at
37 °C, and then induced with 0.1 mmol/L isopropyl -D-1-
thiogalactopyranoside (IPTG) until the ODgy reached 0.6 after
an additional 8 h at 16 “C. Bacteria were collected by centrifu-
gation at 12 000xg for 5 min at 4 °C. The harvested bacteria
were suspended in 20 mL of lysis buffer [50 mmol/L HEPES,
300 mmol/L NaCl, and 5% (v/v) glycerol, pH 7.5], lysed by
probe sonication on ice, and then centrifuged at 12 000xg for
60 min at 4 °C. The supernatant was mixed with Ni**-NTA
resin in a column and incubated for 8 h at 4 °C. The column
was then extensively washed with 100 mL of washing buffer
(10 mmol/L imidazole, 500 mmol/L NaCl, and 20 mmol/L
Tris, pH 8.0), and the protein was slowly eluted with 20 mL of
elution buffer (120 mmol/L imidazole, 500 mmol/L NaCl, and
20 mmol/L Tris, pH 8.0). To obtain high purity of the protein,
the eluted protein was further purified by Superdex 75 Gel
Filtration. Finally, the purified protein was concentrated and
stored at -80 °C.

Enzymatic inhibition assay

The enzymatic inhibition assay was performed in Greiner
Black 96-well plates according to the published approach!™.
Briefly, 100 pL of reaction mixtures containing 50 mmol/L
Tris-HCI (pH 8.5), 20% v/v glycerol, 10 mmol/L NaCl, 1
mmol/L CHAPS, 200 nmol/L NS2B/NS3 protease and the
compound dissolved in DMSO were pre-incubated at 37 °C
for 30 min, and the reaction was then started by the addition
of the substrate (Bz-Nle-KRR-AMC) to a final concentration of
100 pmol/L. Aprotinin (1 pmol/LP") was used as a positive
control. DENV2 NS2B/NS3 protease activity was monitored
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by the increase in fluorescence with a microplate spectropho-
tometer. The excitation and emission wavelengths were set at
380 and 460 nm, respectively. To determine the 50% inhibitory
concentration (ICs) of policresulen, different concentrations of
policresulen (0, 0.001, 0.01, 0.1, 0.5, 1, 10, and 20 pg/mL) were
prepared. The ICs, value was calculated using Origin 5, and
the inhibitor type was determined using the Lineweaver-Burk
plot®,

Cytotoxicity assay

The sensitivity of cell lines to policresulen was investigated
using an MTT assay. Briefly, BHK-21 cells were seeded into
96-well plates containing 100 pL of culture medium at a den-
sity of 1x10° cells per well and were incubated overnight at
37 °C. Different concentrations of policresulen (0, 50, 100, 200,
400, 800, 1600, and 3200 pg/mL) were added and cultured for
48 h. Subsequently, 25 pL of MTT (5 mg/mL) was added and
incubated for an additional 4 h. Finally, 125 pL of SDS-isobu-
tanol-HCI solution (10% SDS, 5% isobutanol, and 12 pmol/L
HCl) was added to each well and thoroughly mixed for 2 h
to dissolve the formazan crystals. The optical absorption of
570 nm was measured with a multimode microplate reader
(Varioskan, Thermo Scientific, USA). The cell viability in each
well was calculated by the following equation: Viability rate
(%) = (Asznm of wells that contained the drug/Asy . of free
well)x100%",

Luciferase assay

The reporter pACYC-DENV2-RIuc2A replicon (Rlu-DENV-
Rep) was used to evaluate the translation and synthesis of
DENV2 RNA. RNAs were transcribed from the pACYC-
DENV2-Rluc2A replicon in vitro using a mMESSAGE MEGA-
script® T7 Kit according to the manufacturer’s protocols. BHK-
21 cells transfected with Rlu-DENV-Rep RNAs at MOI=0.1
were seeded into 24-well plates containing 200 pL of culture
medium at a density of 5x10° cells per well and were incu-
bated for 1 h at 37 °C. Varied concentrations of policresulen
(0, 0.882, 1.76, 3.53, 7.06, 14.11, and 28.22 pg/mL) were then
added to the medium and incubated for 48 h at 37 °C. After
removing the medium, the cells were washed once with PBS,
followed by the addition of 100 uL lysis buffer to each well.
Fifty microliters of luciferase substrate was then added into
the sample wells (20 pL cell lysates), which was assayed for
luciferase signal with a multimode microplate reader (Varios-
kan Flash). The inhibition rate of policresulen was obtained
from the following equation: Inhibition rate (%)=(1-lucifer-
ase intensity of wells with drug/luciferase intensity of free
wells)x100%. ICs, was calculated using the trimmed Kérber
method™.

Surface plasmon resonance (SPR) technology-based assay

The binding affinity of policresulen for the DENV2 NS2B/
NS3 protease was investigated using an SPR technology-based
Biacore T200 instrument (GE Healthcare). Purified NS2B/NS3
protease was immobilized on CM5 chips in a standard amine-
coupling reaction in 10 mmol/L sodium acetate buffer (pH
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4.0) at 25°C. Before immobilization, the chip was equilibrated
with HBS-EP buffer [10 mmol/L HEPES, 3 mmol/L EDTA,
150 mmol/L NaCl, and 0.005% (v/v) surfactant P20, pH 7.4] for
120 min. Different concentrations (0.24, 0.35, 0.49, 0.71, 1.00,
1.44, 2.06, and 2.94 pg/mL) of policresulen dissolved in HBS-
EP buffer were then injected into the chips with a flow rate
of 30 puL/min for 2 min, followed by disassociation for 4 min.
The equilibrium dissociation constant (Kp) of policresulen was
calculated using a 1:1 Langmuir binding model based on the
Biacore T200 evaluation software.

Ultraviolet-Visible (UV) spectral analysis

UV spectral analysis was used to investigate the interaction
between the DENV2 NS2B/NS3 protease and policresulen.
The UV spectrum was monitored using a U-2010 Spectropho-
tometer. In the assay, a 20 pumol/L NS2B/NS3 sample was
prepared in a solution of 50 mmol/L HEPES (pH 7.5) and 300
mmol/L NaCl. The NS2B/NS3 protease was then incubated
with policresulen at 25 °C for 10 min in the dark. UV spectra
were detected in the range of 190-340 nm at room tempera-
ture. Experimental data are the average values of at least three
measurements and were corrected by subtracting a blank
obtained under the same conditions.

Differential scanning calorimetry (DSC) assay

The DSC experiment was performed with a VP-Capillary
DSC System (GE Healthcare) under a stream of N,. Protein
samples were dialyzed against a 50 mmol/L HEPES (pH 7.5),
300 mmol/L NaCl buffer overnight at 4°C. The test sample
consisted of protein alone or protein with policresulen, respec-
tively. The dialysate was used as a reference, and all samples
were filtered before use. Two hundred microliter samples
were then added into 96-well plates until the plates were
loaded into the calorimeter at 10 °C. The scan temperature
ranged from 10 to 110 °C with a heating rate of 1.5 *C/min.
The mid-feedback mode was selected, and the Cp value was
read every 3 s. The thermal transition midpoints (Tm) of sam-
ples were analyzed using Origin 5.0 software.

Molecular docking

The molecular docking of the inhibitor policresulen in the
substrate binding pocket of the DENV2 NS2B/NS3 protease
was performed using the Schréodinger program Maestro (Ver-
sion 9.2) according to the previously published protocol™*")
using the structure of NS2B/NS3 protease in PDB ID 2M9Q
as the model. For docking, the structure of the protein was
prepared by Protein Preparation Wizard and the inhibitor by
Ligprep[38, 39]
tion between the protein and inhibitor.

. Gulie was used to study the binding conforma-

Site-directed mutagenesis of the NS2B/NS3 protease

Mutant plasmids for DENV2 NS2B/NS3 (NS2B/NS3-Q106G,
NS2B/NS3-R133G, and NS2B/NS3-Q106G/R133G) were
generated using the Fast Mutagenesis Kit (TransGene Biotech,
Beijing, China). Site-directed mutagenesis of the residues was
performed on pET15b-DENV2CF40-Gly-NS3pro185 accord-



Table 1. The primers of DENV2 NS2B/NS3 mutant gene.

Primers Sequence (5'-37)

Q106G-Sence ATGGAGCCTATAGAATCAAGGGGAAAGGGATTC
Q106G-AntiSence CCCTTGATTCTATAGGCTCCATCTTCCAGTTCG
R133G-Sence ACAATGTGGCACGTCACAGGAGGTGCTGTCCT

R133G-AntiSence TCCTGTGACGTGCCACATTGTGTGGAATGTTCC

ing to a modified recombinant PCR method"". The oligo-

nucleotide sequences of the primers used to generate DENV2
NS2B/NS3 mutant genes are listed in Table 1. All mutants
were confirmed by DNA sequencing. Escherichia coli BL21 was
transformed with mutant genes and used for the expression
of mutant proteins. The method for the expression and puri-
fication of the mutant proteins was similar to that used for the
wild-type protein.

Results

Policresulen is an inhibitor of the DENV2 NS2B/NS3 protease

To discover DENV2 NS2B/NS3 protease inhibitors, we
performed a screening assay based on an enzymatic test
against our in-house library of old drugs (~1000 compounds),
and the agent 2-hydroxy-3,5-bis[(4-hydroxy-2-methyl-5-sulfo-
phenyl)methyl]-4-methyl-benzenesulfonic acid (policresulen,
Figure 1A) was finally identified as a potent inhibitor of the
protease, with an IC5;of 0.48 pg/mL (Figure 1B).

To exclude the possibility of interference from policresu-
len on the substrate or on DENV2 NS2B/NS3 protease in the
enzymatic inhibition assay, the following experiments were
conducted. First, a similar enzymatic inhibition assay without
the NS2B/NS3 protease was performed to detect the effect of
policresulen on the substrate. As shown in Figure S1, the pres-
ence of policresulen did not influence the fluorescence of the
substrate. Second, to exclude the possibility of policresulen-
inhibited DENV2 NS2B/NS3 protease enzymatic activity due
to the weak acidity of the compound, circular dichroism (CD)
was carried out. As indicated in Figure S2, policresulen ren-
dered no effects on the structure of the NS2B/NS3 protease,
even at 20 pg/mL, which was the maximum concentration
used in the enzymatic inhibition assay.

In addition, the MTT assay results demonstrated a very low
cytotoxicity for policresulen in BHK-21 cells, as indicated by
the fact that more than 50% of BHK-21 cells remained viable,
even though policresulen reached concentrations as high as
459.45 pg/mL (Figure 1C). Moreover, this result also con-
firmed that the weakly acidic property of policresulen had no
effect on the tested cells, which is consistent with the CD spec-
tral results (Figure S2).

Because policresulen is a mixture of several analog com-
pounds!, electrospray ionization mass spectrometry (ESI-
MS) was performed for the policresulen used in our work to
characterize the precise molecular weight of every component.
The pseudo molecular ion peak (negative ion mode) profiles of
policresulen are shown in Figure S3. Two ion peaks (387.1 and
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Figure 1. Policresulen functioned as an inhibitor of DENV2 NS2B/NS3
protease. (A) Chemical structure of policresulen. (B) The dose-dependent
inhibitory effect of policresulen against DENV2 NS2B/NS3 protease. (C)
The cytotoxicity of policresulen was evaluated by MTT assay. BHK-21 cells
were treated with different concentrations of policresulen for 48 h.

774.7) with the highest relative abundances represent compo-
nent B and its dimer, respectively. In addition, there was an
obvious ion peak (587.0) that represents component C, which
suggests that there are three components of the policresulen
used in our work.

Taken together, these results indicated that policresulen is
an efficient inhibitor of DENV2 NS2B/NS3 protease with low
cytotoxicity in BHK-21 cells.

Policresulen inhibited the replication of DENV2
Given that policresulen has been determined to inhibit the
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Figure 2. Policresulen efficiently inhibited the replication of DENV2. (A)
BHK-21 cells transfected with RIu-DENV-Rep were treated with different
concentrations of policresulen for 48 h. The cells were harvested, and
luciferase activities were measured using Renilia Luciferase Assay Kit.
(B) The inhibitory rate of policresulen at different concentrations against
DENV2 replicon was converted from luciferase activity.

DENV2 NS2B/NS3 protease, we next evaluated its potential
antiviral activity against DENV2 on the cellular level. Rluc-
DENV2-Rep which includes a reporter gene (Renilla luciferase,
Rluc) and the full genome of DENV2 (pACYC-DENV2-Rluc2A
replicon) were used to examine the antiviral effects of policre-
sulen™. In this assay, DENV2 RNA, which included an Rluc
gene transcribed from Rluc-DENV2-Rep, was transfected
into BHK-21 cells, and the ability of the virus to replicate was
monitored by detecting the activity of Renilla luciferase at 48 h
post-infection. As indicated in Figure 2A and B, policresu-
len could effectively inhibit the luciferase activity in a dose-
dependent manner, with an ICs, of 4.99 pg/mL. This result,
combined with that from the cytotoxicity assay, shows a high
therapeutic index (TI) for policresulen of 92.07.

Policresulen acted as a competitive inhibitor of the DENV2
NS2B/NS3 protease

Inhibitor type assay Because policresulen has been determined
to be a DENV2 NS2B/NS3 protease inhibitor able to efficiently
suppress the replication of DENV2, we next investigated the
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Figure 3. Policresulen as a competitive inhibitor exhibited binding affinity
to DENV2 NS2B/NS3 protease. (A) Kinetic analysis of policresulen
against NS2B/NS3 protease via double reciprocal plots of 1/V versus 1/[S].
(B) Secondary plot of [S]/V versus different concentrations of policresulen.
The inhibitory constant value was then determined using linear regression
analysis. (C) Binding ability of policresulen to DENV2 NS2B/NS3 protease.
The K, value of policresulen to NS2B/NS3 protease was fitted with 1:1
Langmuir binding model by BiacoreT200 evaluation software. R, for
policresulen binding to NS2B/NS3 protease was 257.8 Ru.

manner in which it inhibits the DENV2 NS2B/NS3 protease.
As shown in Figure 3A, the Lineweaver-Burk plot analysis
from the enzymatic inhibition data indicates that policresulen
acted as a competitive inhibitor against the DENV2 NS2B/
NS3 protease with an inhibitory constant (K;) value of 0.27
pg/mL (Figure 3B).



Surface plasmon resonance (SPR) technology-based assay Next,
the binding affinity of policresulen against the DENV2 NS2B/
NS3 protease was detected using an SPR technology-based
Biacore assay, in which the interaction between policresu-
len and the immobilized protease is reported as a sensor-
gram, which is a plot of the binding response represented
by response unit (RU) versus time. From the SPR assay
sensorgrams, slow off-rate binding kinetics were observed
between policresulen and the NS2B/NS3 protease in the
binding model, and the same results were also discovered in
other small molecule-protein interactions™™. Additionally, the
gradual increases in RU values as compared to the changes
in policresulen concentrations demonstrated specific binding
of policresulen to the NS2B/NS3 protease. The dissociation
equilibrium constant (Kp) value of policresulen from the pro-
tease was thereby fitted to 0.35 pg/mL (Figure 3C), and the
Rnax value for policresulen binding to NS2B/NS3 protease was
257.8 Ru. Therefore, policresulen was determined to be a com-
petitive inhibitor able to bind directly to the DENV2 NS2B/
NS3 protease.

Policresulen reduced the stability of the DENV2 NS2B/NS3
protease

To further elucidate the molecular mechanism used by policre-
sulen in the inhibition of the DENV2 NS2B/NS3 protease,
ultraviolet-visible (UV) spectral analysis and differential scan-
ning calorimetry (DSC) assays were carried out.

UV spectral analysis It is well-known that proteins have two
strong absorption peaks of ~ 190-250 nm and ~ 280 nm™* *°\.
Here, there are two strong absorption peaks at 232 and 278
nm in the UV spectra of the DENV2 NS2B/NS3 protease. As
shown in Figure 4A, the incubation of policresulen with the
protease caused a red shift of 7 nm for the peak at 232 nm and
a decrease in the absorbance intensity, while no changes were
observed for the absorption peak at 278 nm. These results
implied an interaction of policresulen with the DENV2 NS2B/
NS3 protease, which is consistent with the result of the SPR
assay. The red shift of the absorption peak at 232 nm demon-
strated the changed microenvironment of the peptide bond in
the DENV2 NS2B/NS3 protease in the presence of policresu-
len™* 1,

DSC assay Considering that the result of the UV spectral
analysis has revealed that policresulen binding induced
changes in the peptide bond microenvironment of the prote-
ase, a DSC assay was then applied to investigate the stability
of the protease. In this assay, the thermal transition midpoint
(Tm), which is related to changes in the conformation of the
protein, was detected. As shown in Figure 4B, the Tm value
for the DENV2 NS2B/NS3 protease alone was 51.5 °C, and an
incubation of policresulen with the protease caused a slight
decrease in the Tm value of the protease to 51.17 °C. This
result thus implies that policresulen binding to the DENV2
NS2B/NS3 protease reduced the thermal stability of the pro-
tein, but this change was not significant.
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Figure 4. Policresulen reduced the stability of DENV2 NS2B/NS3
protease. (A) UV spectra of NS2B/NS3 protease (20 umol/L) in presence
or absence of policresulen (23.52 ug/mL). Blue curve: absorbance
spectrum of NS2B/NS3 protease. Red curve: absorbance spectrum of
the protease with policresulen. Green curve: absorbance spectrum of the
protease with policresulen (subtracting the effect of policresulen). Black
curve: absorbance spectrum of policresulen. (B) The thermal stability
of NS2B/NS3 protease combined with or without policresulen was
evaluated by DSC thermograms. The temperature of the peak of thermo
curve represented the thermal transition midpoints (Tm). Tm value of the
protease (black curve) was 51.5 °C, and Tm value of the protease with
policresulen (red curve) was 51.17 °C.

Structural analysis of the DENV2 NS2B/NS3 protease in a
complex with policresulen

Molecular modeling To better understand the method of policre-
sulen binding to the NS2B/NS3 protease, a 3D binding model
of policresulen in the substrate binding site of the protease
was investigated by molecular docking. For docking analysis,
a protein structural model was prepared using the representa-
tive conformer of the NMR structure of the DENV2 NS2B/
NS3 protease (PDB ID: 2M9Q), and all amino acid numberings
(Figure 5) were based on the sequence of recombinant DENV2
NS2B/NS3 protease. Given that the compound with the struc-
ture in Figure 6A is suggested to be one of the major active
components of policresulen (PubChem CID: 3050404)™*", this
structure for policresulen was thus used for docking analysis.
As illustrated in Figure 6B-D, on the left side of policresulen,
the oxygen of the sulfo group formed a hydrogen bond with
the GIn106 side chain in the P1 region of the protease, and
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Figure 5. Amino acid sequence in DENV2 NS2B/NS3 protease. The residues marked in bold are part of NS2B amino acid sequence. The residues
marked in underline are His-tag. The residues 71-79 marked in underline and italics are the G;-S-G, flexible linker in recombinant DENV2 NS2B/NS3
protease. The amino acids of NS3 sequence are highlighted in gray. The locations of the amino acid mutations to generate the variants are indicated by

rectangle and the substitute residues are also shown in the rectangle.

the phenol group formed a hydrogen bond with the carbonyl
group of the main chain of GIn114. In the middle section of
policresulen, the benzene moiety formed hydrophobic interac-
tions with residues I1e109, Ile115, and Val131 in the hydropho-
bic P2 region of the protease, and the sulfo-group may exhibit
electrostatic interactions with His130. On the right side of
policresulen, the oxygen of the sulfo-group formed hydrogen
bonds with the side chains of residues Thr132 and Argl133 in
the positive P3 region of the protease.

In all, policresulen interacted with residues GIn106, GIn114,
Thr132 and Argl33 of the DENV2 NS2B/NS3 protease
through hydrogen bonding and residues Ile109, Ile115, Val131
through hydrophobic bonding.

Mutation analysis based validation To validate the binding
model of policresulen to the protease that was suggested by
the docking results, two typical residues in the binding site
of the protease for policresulen, GIn106 and Argl33 (Figure 5
and 6), were chosen for investigation. Single or double site-
directed mutagenesis of the protease (Q106G, R133G, and
Q106G/R133G) was thereby carried out.

The mutants Q106G, R133G and Q106G/R133G were
expressed and purified using an approach similar to that used
for the wild-type protein, and enzymatic assays indicated
that mutagenesis of either of these two residues exhibited
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no effects on the enzymatic activity of the protease (Figure
54). As shown in Figure 7A-C, mutation of either of these
two residues caused a large decrease in the inhibitory activ-
ity of policresulen against the protease, as is indicated by the
increases in the ICs, values for the mutants (ICs: Q106G, 4.99
pg/mL; R133G, 4.3 pg/mL; and Q106G/R133G, 60.8 png/mL).
Notably, the double site-directed mutagenesis (Q106G/
R133G) rendered the greatest influence on the inhibition of
the protease by policresulen, given that it had the largest ICs,
value among the three mutants. These results all demonstrate
that residues GIn106 and Arg133 are responsible for policresu-
len inhibition of the DENV2 NS2B/NS3 protease.

In addition, to further confirm that the decreased inhibitory
activity of policresulen against the mutants was due to the dis-
ruption of its binding affinity for the mutants, an SPR-based
Biacore assay was carried out. In this test, the purified mutant
proteases were immobilized on CM5 chips with 4500-5000
response units (RU), which is similar to the related assays for
the wild-type DENV2 NS2B/NS3 protease. As expected, the
binding affinity of policresulen for any of the three mutants
(Q106G, R133G, Q106G/R133G) was significantly reduced
compared to that of the wild-type protease (Figure 7D-F), and
the double site-directed mutant Q106G/R133G exhibited the
weakest binding affinity for policresulen compared with the
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Figure 6. Putative binding mode of policresulen interacting with DENV2 NS2B/NS3 protease. (A) Structure of the major active constituent of
policresulen. (B) Binding pose of policresulen at the substrate binding site of DENV2 NS2B/NS3 protease. Hydrogen bonds were shown as pink dotted
lines. The poses were prepared using PyMol (http://pymol.sourceforge.net/). (C) Ligplots showed the hydrogen-bond and hydrophobic interactions
between policresulen and DENV2 NS2B/NS3 protease. (D) The DENV2 NS2B/NS3 protease surface was colored according to electrostatic potential.

The binding subareas were labeled as P1, P2 and P3.

Q106G and R133G mutants. These results thus further con-
firmed that the GIn106 and Argl33 residues are responsible
for policresulen binding to the DENV2 NS2B/NS3 protease.
Therefore, all aforementioned mutation analyses verify that
the GIn106 and Argl133 residues are important for the bind-
ing of policresulen to the DENV2 NS2B/NS3 protease and the
inhibition of protease activity, and they further support the
docking model of the protease in a complex with policresulen.

Discussion

To date, several DENV proteases have been identified as
potential targets for the discovery of anti-DENV inhibitors,
including NS2B/NS3, NS4B and NS5"**!, and the NS2B/NS3
protease is particularly important because of its essential role
in the replication of DENVP?. In fact, an inhibition strategy

involving the protease complex and facilitated by a co-factor
enzyme has been successfully applied in the discovery of anti-
viral drugs against human immunodeficiency virus (HIV) and
hepatitis C virus (HCV)®, and several inhibitors targeting
the HCV NS3/4A protease have already entered into clinical
trials®**",

Recently, varied types of potential inhibitors against the
DENV2 NS2B/NS3 protease have been discovered!" >3 5%
and have provided important structural information for anti-
DENV drug development. In our current work, given a strat-
egy for new drug discovery that is based on using old drugs
to quickly achieve data for preclinical and early clinical trials
and thus possibly accelerate new drug development speed!™,
we constructed a platform in the discovery of DENV2 NS2B/
NS3 protease inhibitors by targeting an in-house library of old
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Figure 7. Mutation analysis verified the binding sites of policresulen against DENV2NS2B/NS3 protease. (A-C) ICs, of policresulen against NS2B/N33
(Q106G), NS2B/NS3 (R133G) and NS2B/NS3 (Q106G/R133G) were determined as (A) 4.99 yg/mL; (B) 4.3 pg/mL; (C) 60.8 yg/mL, respectively. (D-
F) Biacore sensorgrams were obtained from injections of policresulen at 2.94 ug/mL over the immobilized. (D) NS2B/N33 (Q106G). (E) NS2B/NS3
(R133G) or (F) NS2B/NS3 (Q106G/R133G). The sensorgram of policresulen at 2.94 ug/mL binding to wild type NS2B/NS3 was shown in dashed line

as a control.

drugs. The results demonstrated that policresulen functioned
as a novel inhibitor of the DENV2 NS2B/NS3 protease and
efficiently suppressed the replication of the DENV2 virus with
a high therapeutic index, which has greatly supported the
availability and efficiency of this drug discovery platform. It
is expected that this platform may also expand its application
in discovering effective inhibitors against other viruses, and
policresulen may have potential as a drug lead compound for
the treatment of DENV.

In addition, the details of policresulen binding to the
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DENV2 NS2B/NS3 protease have been illuminated by a series
of biophysical technology-based assays and molecular docking
analysis combined with site-directed mutagenesis. Residues
GIn106 and Argl33 of the protease directly interacted with
policresulen via hydrogen bonding, which is an interaction
that is very different from that used by the previously reported
inhibitors, which bind to the catalytic triad residues (His51,
Asp75, and Ser135) of the protease®™ . Therefore, this newly
determined binding arrangement between policresulen and
the protease is expected to provide useful hints for designing



new types of anti-DENV2 NS2B/NS3 protease inhibitors.

Notably, policresulen is an organic acid with hemostatic and
antimicrobial activities, and it is used as a clinical medication
in gynecology for the treatment of vaginitis®. Here, we found
that policresulen could also function as a DENV2 NS2B/
NS3 inhibitor able to effectively suppress the replication of
the DENV?2 virus, and this finding has extended the potential
pharmacological applications of this agent.

In summary, we discovered that policresulen, when used
as a novel DENV2 NS2B/NS3 protease inhibitor, exhibited
potent antiviral activity. The determined binding conforma-
tion of policresulen and the protease may provide useful hints
for designing new types of effective inhibitors against DENV,
and policresulen may be used as a potential antiviral drug
lead compound against DENV.
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