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Zika virus (ZIKV), an emerging arbovirus, has become a major human health concern globally due to its asso-
ciation with congenital abnormalities and neurological diseases. Licensed vaccines or antivirals against ZIKV are
currently unavailable. Here, by employing a structure-based approach targeting the ZIKV RNA-dependent RNA
polymerase (RdRp), we conducted in silico screening of a library of 100,000 small molecules and tested the top
ten lead compounds for their ability to inhibit the virus replication in cell-based in vitro assays. One compound,
3-chloro-N-[({4-[4-(2-thienylcarbonyl)-1-piperazinyl]phenyl}amino)carbonothioyl]-1-benzothiophene-2-car-

boxamide (TPB), potently inhibited ZIKV replication at sub-micromolar concentrations. Molecular docking
analysis suggests that TPB binds to the catalytic active site of the RARp and therefore likely blocks the viral RNA
synthesis by an allosteric effect. The ICsq and the CCso of TPB in Vero cells were 94 nM and 19.4 pM, respec-
tively, yielding a high selective index of 206. In in vivo studies using immunocompetent mice, TPB reduced ZIKV

viremia significantly, indicating TPB as a potential drug candidate for ZIKV infections.

1. Introduction

Zika virus (ZIKV), a mosquito-borne pathogen, was originally iso-
lated in Uganda in 1947 (Dick et al., 1952) and only sporadic cases of
virus outbreaks in humans were reported in Africa and Asia in the next
six decades (Mecharles et al., 2016; Munoz et al., 2016). However, in
the past ten years, it has rapidly emerged and spread to the regions of
Asia, Europe, and the Americas (Aliota et al., 2017; Chan et al., 2016;
Deseda, 2017; Weaver et al., 2016). Although the majority of infections
in humans are asymptomatic, recent ZIKV infections have been linked
to a variety of congenital disorders including microcephaly and fetal
growth restriction (Carteaux et al., 2016; Cauchemez et al., 2016; Chan
et al., 2016; Coyne and Lazear, 2016; Cugola et al., 2016; Lazear and
Diamond, 2016; Miner and Diamond, 2017; Mlakar et al., 2016) as well

as Guillain-Barre syndrome in adults (Avelino-Silva and Martin, 2016;
Nascimento et al., 2017; Parra et al., 2016). These severe consequences
and the large-scale spreading of the virus have imposed a significant
threat to human health worldwide (Fauci and Morens, 2016; Gulland,
2016; Roos, 2016). So far, no vaccine or drug for preventing or treating
this viral disease is available (Shan et al., 2016). Therefore, it is urgent
to develop countermeasures against this viral epidemic (Rather et al.,
2017; Salam et al., 2017).

ZIKV is classified into the genus Flavivirus in the family Flaviviridae,
which is similar to Dengue virus (DENV), West Nile virus (WNV),
Japanese encephalitis virus (JEV) and Yellow fever virus (YFV). It has a
single positive-strand RNA genome of ~11 kilobases and replicates
using viral RNA-dependent RNA polymerase (RdRp). Since the RdRp is
a key enzyme for ZIKV replication, it is an attractive target for antiviral
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drug development (Duan et al., 2017; Ramharack and Soliman, 2017;
Wang et al., 2017). During replication, the viral positive-sense RNA
genome is translated into a single polypeptide that is subsequently
cleaved by viral and host proteinases to generate three structural pro-
teins (capsid, C; precursor membrane, PrM; and envelope, E) and seven
non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5) (Baronti et al., 2014; Perera and Kuhn, 2008). The NS5 is the most
conserved among the NS proteins and contains two domains: the me-
thyltransferase (MTase) domain at the N-terminus (residues 1-264) and
the RdRp domain at the C-terminus (residues 275-903). The MTase is
required for mRNA capping and stabilization to facilitate translation
process, to escape detection of the viral mRNA by the host innate im-
mune sensors as well as for cap-independent methylation with yet un-
known functions (Coutard et al., 2017), whereas the RARp domain is
required for RNA synthesis. The structure of ZIKV RdRp, like other
RdRps of flaviviruses, adopts a typical right-hand shape architecture
which includes three subdomains: fingers, thumb and palm (Duan et al.,
2017; Godoy et al., 2017; Upadhyay et al., 2017; Zhao et al., 2017). A
large cavity is formed at the junction of the three subdomains. The
cavity contains the catalytic site for RNA polymerization, RNA entry
and exit channels, and NTP entry channel as well as a large priming
loop which plays an important role in regulating RNA synthesis and
elongation. This large cavity in the RdRp of other viruses has become a
major target for antiviral drug development (Choi and Rossmann, 2009;
Duan et al., 2017; Shi and Gao, 2017). We have chosen this cavity in
ZIKV RdRp for structure-based drug design. In silico screening approach
was employed to search for compounds that target this large cavity.
Here, we identify a small molecule compound that inhibits ZIKV re-
plication with high potency and propose its potential as a drug candi-
date for further development against ZIKV.

2. Materials and methods
2.1. Compounds

Ten lead compounds (Table 1) were purchased from Hit2Lead
Company (ChemBridge Corporation, San Diego, California). Each
compound was dissolved in dimethyl sulfoxide (DMSO) to prepare stock
solutions of 10 mM and 1 mM and was stored at — 20 °C. The compound
1 (c1) used in this research is 3-chloro-N-[({4-[4-(2-thienylcarbonyl)-1-
piperazinyl]phenyl}amino)carbonothioyl]-1-benzothiophene-2-carbox-
amide (TPB). Based on 'H NMR and LC-MS (ELSD, DAD 200-400 nm,
MSD APCI positive) analyses by the provider, the compound is = 95%
pure. Mycophenolic acid (MPA) and Ivermectin (IVM) were purchased
from Sigma (St. Louis, MO) and resuspended in DMSO to prepare stock
solutions. All the compounds used have =95% purity.

2.2. Cells and viruses

Vero (Cercopithecus aethiops, CCL-81), HTR-8/SVneo human tro-
phoblast (CRL-3271), and NTERA-2 human embryonal carcinoma (CRL-

Table 1
Docking scores of the top 10 compounds.

Compound Molecular Weight Score

1 541.108 —118.794
2 455.528 —118.36
3 525.572 —118.358
4 516.638 —118.097
5 476.480 —-117.319
6 539.618 —-116.087
7 484.618 —-115.823
8 471.592 —115.789
9 471.574 —115.724
10 482.443 —114.333
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1973) cells were obtained from ATCC. The cells were grown and
maintained in Dulbecco's modified Eagle's medium (DMEM) containing
10% heat-inactivated fetal bovine serum (FBS) and penicillin/strepto-
mycin (PS) in humidified chamber with 5% CO, at 37 °C. Zika virus
strain PRVABC59 and MR766 were obtained from Barbara Johnson and
Brandy Russell at the Centers for Disease Control and Prevention, Fort
Collins, Colorado, USA. The viruses were passaged once in Vero cells to
prepare stocks and were stored at —80 °C in small aliquots. Titers of the
stock viruses were determined by plaque assay using Vero cells as de-
scribed previously (Annamalai et al., 2017).

2.3. Molecular modeling and in silico screening

The ZIKV RdRp structure was modeled based on sequence homology
using Modeller 9 program (Webb and Sali, 2014). The DENV-3 RdRp
structure (PDB: 2J7U) (Yap et al., 2007) was used as the template. In
silico screening was performed using Molegro Virtual Docker (MVD)
(Molegro ApS, Aarhus, Denmark). The docking site was defined using a
ray-tracing algorithm. This resulted in a cavity with a volume of ap-
proximately 1034 cubic A. A receptor grid was built within this cavity
with a resolution of 0.2 A and a radius of 13 A from the geometric
center of the cavity in the ZIKV RdRp model. A 100,000 compound
library from ChemBridge (Chembridge DIVERSet™ Chemical Library,
ChemBridge Corporation, San Diego, California) was used for this vir-
tual screening. All structural analysis were conducted in the Discovery
Studio 4.0 (Biovia, San Diego, CA).

2.4. Inhibition assays

Vero cells were seeded in a 96-well plate with the density of
6000 cells per well. In the initial screening study, the compound
(1 uM)-virus (0.1 PFU/cell) mixture in virus growth medium (VGM)
[DMEM containing 2%FBS, PS, 20 mM hydroxyethyl piperazine ethane
sulfonic acid (HEPES), 1 mM sodium pyruvate, and non-essential amino
acids] was added to the cells and incubated for 72 h. In a separate
experiment conducted using 12-well plates, the cells were first infected
with the virus at 0.1 PFU/cell and following adsorption, the cells were
washed twice in PBS and incubated in VGM containing 1 uM con-
centrations of the drugs. The cell culture media were collected at
72-96 h post-infection and assayed for infectious virus by plaque assay
and viral genome copies by quantitative RT-PCR. In all subsequent
studies, cells in 12-well plates were infected with ZIKV at MOI of
0.1 PFU/cell and following virus adsorption for 1 h at 37 °C, VGM
containing various concentrations TPB was added to the cells and in-
cubated as above. Clarified supernatants from the infected cells were
then used to determine infectious virus or genome copies as above.

2.5. ATP-based cell viability assay

A modified ATP based cytopathic effect (CPE) assay was used for
this study based on the CPE method for anti-DENV drug development
described previously (Che et al., 2009). Vero cells (approximately
30,000 per well) were seeded in a black 96-well plate for 24 h before
the experiment. Cell monolayers were treated with various concentra-
tions of the drugs for 4 days at 37 °C. The ATP concentration was
measured following manufacturer's recommendations using CellTiter-
Glo kit from Promega (Madison, Wisconsin). Luminescence was re-
corded using a Veritas Microplate Luminometer at 420 nm. The 50%
cytotoxic concentration (CCsp) was calculated by a non-linear regres-
sion analysis of the dose-response curves.

2.6. Quantitative real time RT-PCR
ZIKV viral RNA was detected using RT-qPCR on a C100 Thermal

Cycler and the CFX96 Real-Time system (Bio-Rad). Viral RNA (VRNA)
was extracted from culture supernatant using a QIAamp Viral RNA Mini
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3-chloro-N-[({4-[4-(2-thienylcarbonyl)-1-piperazinylJphenyl}amino)
carbonothioyl]-1-benzothiophene-2-carboxamide (TPB).

kit (Qiagen) and TagMan Fast Virus 1-Step Master Mix (Life technolo-
gies) (Yuan et al, 2016). ZIKV primers and probe (ZIK-
F:CCGCTGCCCAACACAAG; ZIK-R:CCACTAACGTTCTTTTGCAGACAT;
PCR Probe: ZIK-P: AGCCTACCTTGACAAGCAATCAGACACTCAA) were
used for quantitative RT-PCR (RT-qPCR) with the following parameters:
50 °C 30min, 95 °C 5min, (95 °C 30 S, 58 °C 1min) X 40 cycles. RNA
standard concentrations were determined based on the back calculation
with OD values and molecular weights and were generated through
serial dilution with R> > 0.95.

2.7. Pharmacokinetic (PK) study design

For PK studies, groups of Balb/C mice (n = 3) were injected in-
traperitoneally with doses of 5 mg/kg or 25 mg/kg of body weight of
TPB in 5% dextrose, plasma was collected from the animals at various
times post-injection and stored at —80 °C until analysis by LC-MS/MS
for TPB concentrations. Plasma drug levels were subjected to non-
compartmental analysis (WinNonlin ver. 6.4 Certera Inc., Princeton,
N.J.). The predicted steady-state levels > 500 ng/ml were estimated
using a twelve h dosing of 25 mg/kg dose of the compound in mice.

2.8. Determination of drug concentration in plasma

TPB was dissolved in DMSO at 1 mg/ml. Working standard solutions
were then prepared in 50% methanol in water from the stock solution.
Standards (an eight-point calibration curve) and quality controls (at
three levels) were prepared by spiking the working standard solutions
to blank mouse plasma. One hundred pl aliquot of plasma was mixed
with 25 pl of internal standard spiking solution (rilpivirine 1000 ng/ml
in 50% acetonitrile in water), 1.5 ml ethyl acetate was added and
vortexed vigorously for 15 min. The tubes were centrifuged at 1700 x g
for 5 min and 1.3 ml supernatant was evaporated to dryness under a
stream of nitrogen at 40 °C. The dried extract was reconstituted with
0.1 ml of 50% acetonitrile in water and 5 pl was injected into the LC-
MS/MS instrument. The dynamic range of the method was 25-4000 ng/
ml.

An Agilent 1200 HPLC system (Agilent Technologies, CA, USA)
coupled with AB Sciex API 3200 Q Trap with an electrospray ionization
source (Applied Biosystems, Foster City, CA, USA) was used. The mass
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Fig. 1. Structure-based screening of inhibitors of ZIKV tar-
geting the viral RNA-dependent RNA-polymerase (RdRp).
(A) Structure of ZIKV RdRp generated by homology mod-
eling. The three subdomains are colored individually,
Fingers (cyan), Thumb (blue) and Palm (red). The catalytic
active site and the priming loop are labeled. Docking of TPB
on the active site of RARp and the contacts with the two
aspartic residues (D535 and D665) along with the three
hydrogen bonds are indicated. (B) The chemical structure of
TPB (molecular weight of 541.108). (C) A larger view of the
boxed area in A is shown for clarity. (D) The space-filing
model of the boxed area in A is shown along with the bound
TPB. TPB binding at the palm subdomain is shown.

transitions m/z 541.2 — 330.2 and 541.2 — 212.2 for analyte and m/z
367.2 — 195.2 for internal standard were monitored. Chromatographic
separation was carried out on Phenomenex Synergi Polar-RP
(150 x 2.0 mm, 4y) column with isocratic mobile phase consisting of
0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B)
(20:80 v/v) at a flow rate of 0.5 ml/min. The retention times of analyte
and internal standard were 2 and 1.2 min respectively.

2.9. Viral inhibition test in mice

Balb/C mice were obtained from the Jackson Laboratory (Bar
Harbor, ME, USA). After acclimatization for four days, groups of ani-
mals (n = 6 per group) were injected intraperitoneally with 25 mg/kg
body weight dose of TPB diluted in saline or saline alone (no drug
control). Following three injections at 12 h intervals, 500 PFU of
PRVABC59 virus diluted in PBS was inoculated into each mouse by the
subcutaneous (SC) route. Blood was collected by retro-orbital bleeding
under anesthesia at days 2, 3, 4, 5, and 6 post-infection. Viral genome
copies in the plasma were determined by RT-qPCR.

2.10. Statistical analysis

Data were analyzed using GraphPad Prism software version 6.0.
Unpaired two-tailed Student's t-test for pairwise comparison between
the groups to determine significant differences in viral loads (RNA le-
vels and infectious titer) was performed. Data were represented as
means ( = SEM).

2.11. Ethics statement

All procedures involving animals were conducted in accordance
with the guidelines established in the Guide for Care and Use of
Laboratory Animals of the National Institutes of Health, USA. The
protocol was approved by the Institutional Animal Care and Use
Committee at the University of Nebraska-Lincoln. Animals were housed
in Life Sciences Annex building at the University. Mice were anesthe-
tized with isoflurane prior to inoculation and all efforts were made to
minimize animal suffering.
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3. Results

3.1. In silico screening of a compound library against ZIKV polymerase
(RdRp) loops

Since the crystal structure of ZIKV RdRp was not available when this
project was initiated, we generated a three-dimensional model of ZIKV
RdRp through structural modeling based on the analog of DENV-3
RdRp structure (PDB: 2J7U) (Yap et al., 2007). The choice of the DENV-
3 RdRP structure as the template was due to its high level of protein
sequence homology (65% identity and 78% similarity) and the high
resolution (1.8 A) of the structure. The predicted ZIKV RdRp structure
superimposed closely with the recently solved crystal structure (Duan
et al., 2017) of ZIKV RdRp (Fig. S1) with C-alpha atom RMSD of 2.519.
The target site appears to fit well and the relative larger RMSD value
should be mainly from the flexible loops and the outer layers of the
three domains. Like RdRp structures in other flaviviruses, the ZIKV
RdRp structure model showed a very similar right-handed architecture
with fingers, palm and thumb subdomains (Fig. 1A). Subsequently, we
conducted in silico screening of a library of 100,000 small molecule
compounds against the catalytic active site on the ZIKV RdRp molecule.
The active site is in the palm subdomain which is critical for de novo
RNA synthesis performed by ZIKV RdRp. Based on the in silico screening
data, the top 10 compounds with highest docking scores are shown in
Table 1. The molecular weights of these compounds are also similar
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(around 500 Da) which are in the appropriate range of druggable
compounds.

3.2. Cell-based inhibition test of the lead compounds against ZIKV infection

Examination of PRVABC59 ZIKV growth in Vero cells in the presence of
1 uM concentrations of the compounds (c1-c10) showed that c1, 3-chloro-
N-[({4-[4-(2-thienylcarbonyl)-1-piperazinyl]phenyl }amino)carbonothioyl]-
1-benzothiophene-2-carboxamide (TPB, Fig. 1B), exhibited the highest in-
hibitory activity among the 10 lead compounds tested. While the ZIKV
growth was inhibited (as determined by genome copies in the culture su-
pernatants) by > 99% in cells treated with TPB compared to the vehicle-
only treated cells (Fig. 2A), ¢6 and c10 also inhibited virus growth by nearly
70-80%. Infectious virus yield was inhibited by at least 1000-fold in the
presence of 1 uM c1 (Fig. 2B) whereas c¢6 and c10 inhibited the yield by
nearly 10-fold at the same concentrations. Although the majority of the
compounds could be readily seen bound to the target site, c1, ¢6, and c10
appeared to have made additional contacts with the priming loop as well as
other regions in the RdRp target site (Fig. S2A and B). From molecular
docking analysis, it appears that c1 interacts with residues in the target site
of the viral RdRp (Fig. 1C-D). Three hydrogen bonds of TPB are in direct
contact with two aspartic acid residues (D535 in motif A and D665 in motif
C) in RdRp (Fig. 1C). Since these two aspartic acid residues as well as D665
are highly conserved residues in the target and active site of all RdRps of
flaviviruses and play critical roles in coordinating divalent metal ions
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Fig. 3. Validation of the antiviral effect of TPB in the pM range. (A) Cells infected with
PRVABC59 virus were incubated in the presence of various concentrations of TPB for
96 h. Culture supernatants were titrated for viral genome copies (A) and infectious virus
(B). Data are from three independent experiments with error bars showing + SEM.
Statistical analysis was performed using unpaired two-tailed Student's t-test to determine
significance of difference. ****, p < .001. (C) Western blot analysis of E protein ex-
pression in virus-infected cells in the presence of various concentrations of TPB. Relative
mobility of molecular mass markers are shown on the left.
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(Mg* ™), TPB could potentially be a highly promising anti-ZIKV as well as
anti-flavivirus drug candidate. So, from the initial cursory screening studies,
TPB was shown to inhibit ZIKV replication significantly.

We then tested the inhibitory activity of TPB in a dose-dependent
manner in the pM range. The results show that even at 0.5 pM con-
centration of TPB, significant inhibitory activity against ZIKV replica-
tion was observed. Both genome copy numbers (Fig. 3A) and infectious
virus (Fig. 3B) in the supernatants were reduced by over 100-fold at this
concentration of TPB. Although TPB at 1 uM reduced virus growth by
over 1000-fold, further increase in TPB concentration did not result in
further inhibition (Fig. 3A-B). Viral E protein synthesis in infected cells
was also significantly inhibited at 0.5 uM TPB and was undetectable at
higher concentrations (Fig. 3C). These results suggest that TPB is a
potent inhibitor of ZIKV replication.

3.3. ZIKV growth inhibition of by TPB

Since we used the contemporary isolate of ZIKV (PRVABC59, iso-
lated from a patient in Puerto Rico in 2015) in our initial studies, we
wanted to determine if TBP also has antiviral activity against the his-
torical isolate of the virus. Our results suggest that the MR766 Ugandan
isolate was also sensitive to inhibition by TPB at the concentrations
tested (Fig. 4A). The extent of MR766 virus growth inhibition appeared
to be similar to that of the PRVABC59 virus (Figs. 3 and 4A). Overall, it
appears that maximal ZIKV growth inhibition by TPB could be achieved
at 1 or 2 uM concentrations and further increase had no significant
inhibitory effect, indicating that the TPB inhibitory target is saturable at
these concentrations. In addition, not only TPB inhibited ZIKV growth
in Vero cells (Fig. 3), but also it inhibited the virus growth in other cells
such as human trophoblast cell line HTR-8 (Fig. 4B) as well as the
human testicular cell line NTERRA (Fig. 4C) that are known to be the
targets of ZIKV infection in humans. Overall, these studies suggest that
TBP inhibits both the contemporary and historical isolates of the virus
and that the inhibition is not cell-type dependent.

3.4. Characterization of TPB antiviral activity in vitro: ICse and CCsg

3.4.1. Inhibitory concentration 50 (ICsq) determination

To characterize the anti-ZIKV potency of TPB, we conducted studies
to determine the inhibitory concentration 50 (ICsp). We used serial 2-
fold dilutions of TPB and treated the Vero cells infected with
PRVABC59. The culture supernatants were assayed for infectious virus
by plaque assay and expressed as % virus yield relative to the virus
yield without TPB. The data were statistically analyzed and the ICso
concentration was determined to be about 94 nM (Fig. 5A). The ICsq
value of TPB in the 10-100 nM range also suggests that TPB is a strong
inhibitor of ZIKV and a potential drug candidate for further develop-
ment.

3.4.2. Cellular cytotoxicity 50 (CCsp) determination

Low level of cellular cytotoxicity is an essential criterion for drug
development. It also suggests whether the drug's inhibitory effect is
independent of cellular cytotoxicity due to the presence of the drug.
Therefore, we conducted cell viability assay to determine the cellular
cytotoxicity 50 (CCsp) concentration of TPB. Our results show that CCsg
of TPB is 19.4 uM (Fig. 5B). The selectivity index 50 (SIso, CCs0/ICso) is
calculated to be 206. This high SIs, also suggests that TBP is not only a
potent inhibitor of ZIKV at sub-micromolar concentrations but is also
nontoxic to the cells.

3.4.3. Comparison of TPB inhibition with other known inhibitors of ZIKV
To further compare the potency of TPB relative to other identified
ZIKV inhibitors, we examined two inhibitors that have been recently
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C Fig. 4. TPB inhibition of ZIKV is strain and cell-
type independent. (A) Inhibition of MR766 virus
75 by TPB. The experiments were conducted as in
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shown to inhibit ZIKV replication. Mycophenolic acid (MPA) is an im-
munosuppressant drug used to prevent rejection in organ transplanta-
tion and was shown to inhibit DENV RNA replication (Diamond et al.,

2
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2002). In a screen of FDA-approved drugs for inhibition of ZIKV in-
fection, MPA at 1 uM was found to inhibit infection of cells in vitro by
ZIKV by over 99% (Barrows et al., 2016). Likewise, Ivermectin (IVM),
an anti-parasitic drug (Omura and Crump, 2017), which also inhibits
YFV infection (Mastrangelo et al., 2012), was found to inhibit ZIKV
infection strongly at 10 uM (Barrows et al., 2016). A side-by-side
comparison of the inhibitory potency of TPB with MPA and IVM shows
that while TPB inhibited ZIKV yield by over 1000-fold, MPA and IVM
inhibited virus yield by approximately 10- to 20-fold (Fig. 6). These
results suggest that TPB is more potent in inhibiting ZIKV as compared
to MPA or IVM.

3.5. Antiviral activity of TPB in vivo

Since TPB was found to be a potent inhibitor of ZIKV replication in
vitro, we wanted to examine if it also inhibits virus replication and
viremia in an immunocompetent mouse model. Although im-
munodeficient mice models have been developed to study ZIKV pa-
thogenesis and drug development (Julander et al., 2017; Lazear et al.,
2016; Rossi et al., 2016; Zmurko et al., 2016), less expensive im-
munocompetent mice models with limited clinical manifestations have
also been used to examine viremia in vaccine studies (Larocca et al.,
2016). Therefore, we first conducted a pharmacokinetics (PK) analysis
of TPB in immunocompetent Balb/C mice to examine the stability and
in vivo retention of the drug. The results of PK studies suggest that TPB
is retained in the mouse plasma at approximately 100 ng/ml level
10-12 h post-injection at the two doses tested (Fig. 7A). Based on non-
compartment analysis of the data, it was estimated that steady-state
levels > 500 ng/ml of TPB (~1 uM) could be achieved using a twelve
hour dosing at 25 mg/kg dose of the compound in mice. To examine the
effect of the drug on ZIKV growth in mice, groups of mice (n = 6) were
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Fig. 7. Inhibitory efficacy of TPB in mice. (A) Pharmacokinetics (PK) analysis of TPB in mice using two different doses as shown. (B) Genome copies at various days post-infection in the
plasma of individual mice treated without (continuous lines) or with (discontinuous lines) TPB. (C) Data from the mice groups in panel B. Error bars show + SEM. Statistical analysis was
performed using unpaired two-tailed Student's t-test to determine significance of difference. ****, p < .001. (D) TPB mean concentrations in mice plasma at various days post-infection.

Error bars show + SEM.

injected with the drug at 25 mg/kg dose and subsequently infected with
500 PFU of ZIKV. Virus load in the plasma of the animals at 24 h in-
tervals was determined. Results of virus growth (genome copies) in
individual animals (Fig. 7B) show that these immunocompetent mice
supported transient ZIKV growth and the level of viral RNA detected on
day 4 post-infection was nearly 40-fold lower in mice injected with the
drug as compared to the group injected with the vehicle (5% dextrose)
alone (Fig. 7C). The transient nature of viremia in these animals has
also been noted previously (Larocca et al., 2016; Yu et al., 2017). The
level of TPB in the plasma on average reached nearly 270 ng/ml by 2
days post-infection (Fig. 7D). Although this level of TPB was not op-
timal for maximal virus growth inhibition as observed under in vitro
conditions, the results suggest that TPB exerts significant growth in-
hibition of ZIKV in vivo.

4. Discussion
Through in silico screening of a library of 100,000 small molecules,

we identified TPB as a potential anti-ZIKV drug candidate. Subsequent
in vitro and in vivo studies demonstrated that TPB exhibits potent
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inhibitory activity against ZIKV at sub-micromolar concentrations. The
inhibitory activity was shown to be against both the African and Asian
genotypes representing the historical and contemporary isolates of the
virus. In addition, the inhibitory effect of TPB is cell-type independent
at least in the cells tested in this study. The ICso and CCso of TPB were
determined to be 94 nM and 19.4 uM, respectively, yielding an Slso
value of over 200. Such high SI5, value suggests that TPB has a strong
potential for an effective anti-ZIKV drug with little to no cytotoxicity.
TPB is a non-nucleoside compound which makes it more valuable in
the drug development field since non-nucleoside inhibitors (NNI) of
viral RdRps are considered to inhibit through allosteric effect by
blocking RNA replication/transcription. Thus, they are more selective
for viral targets only and with significantly less side-effects (Lim et al.,
2015, 2016; Malet et al., 2008). Furthermore, since TPB was docked to
the active site of the ZIKZ RdRp forming three hydrogen bonds in direct
contact with two aspartic acid residues (D535 in motif A and D665 in
motif C) in RdRp (Fig. 1C), it makes this compound a promising anti-
ZIKV drug candidate. The aspartic acid residues (D535/D665 or D535/
D665/D666) are highly conserved in the active sites of all RdRps of
flaviviruses and play essential roles in coordinating with two divalent
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metal ions (Mg**) for initiation of ribonucleotide polymerization
(Butcher et al., 2001; Choi and Rossmann, 2009; Duan et al., 2017;
Godoy et al., 2017; Ng et al., 2008; Yap et al., 2007; Zhao et al., 2017).
The binding of TPB to these active site residues and possibly blocking of
this active site must be very efficient, which may likely explain the
potent inhibitory activity of TPB at sub-micromolar concentrations.
However, further work on in vitro binding of the polymerase with TPB
leading to inhibition of RdRp activity needs to be validated experi-
mentally. Additionally, the binding of TPB to NS5 may alter its inter-
action with other NS proteins involved in virus genome replication,
leading to inhibition. Future studies will reveal the mechanism of in-
hibition of NS5 function by TPB.

We have evaluated TPB toxicity using ATP-based as well as MTT-
based (data not shown) assays. Results from both methods were similar
and suggested that there were no observed cellular toxicity in vitro.
When TPB was administered at 25 mg/kg dose, all mice appeared
normal over a six-day period. However, if TPB is to be tested for its
potential use as a drug candidate, detailed investigation needs to be
conducted to assess its toxicity in vivo.

Since the ZIKV RdRp model used in this research was generated
from homology modeling using the DENV-3 RdRp structure, it is pre-
sumed that TPB and other lead compounds could be tested for anti-
DENV activity. Additionally, for other flaviviruses such as Japanese
Encephalitis Virus (JEV) for which the RdRp has the highest homology
level in protein sequence to that of ZIKV RdRp (Lu and Gong, 2013;
Upadhyay et al., 2017), it is possible that TPB could also be effective
against JEV. Although there are some observed structural differences
such as in the Ring motif F, the active site is highly conserved in the
flavivirus RdRps. Of special note here are the two aspartic acid residues
(D535/D665) that are present in the catalytic pocket of RdRp that
provide a foundation for TPB binding.

In conclusion, through the in silico screening approach, we have
identified a non-nucleotide compound, TPB, which shows a potent in-
hibitory activity against ZIKV infection in vitro as well as in vivo. TPB is
a novel non-nucleoside inhibitor targeting the active site of ZIKV RdRp.
This compound also opens the perspectives for anti-flavivirus drug
design.
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