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Abstract 

Zika virus (ZIKV) is a flavivirus, and ZIKV infections in the past 15 years have been linked to Guillain-

Barre syndrome and severe complications during pregnancy associated with congenital Zika syndrome. 

There are no approved therapies or vaccines for ZIKV. In recent years, advances in structure-based drug 

design methodologies have accelerated drug development pipelines for identifying promising inhibitory 

compounds against viral diseases. Among ZIKV proteins, NS2B-NS3 protease is an attractive target for 

antiviral drug development due to its vital role in the proteolytic processing of the single polyprotein. To 

find potential inhibitors against ZIKV, we used molecular docking at the NS2B-NS3 protease active site 

as a virtual screening approach with small molecules diverse scaffold-based library with rigorous drug-

likeness filters. The top-hit compounds with stable molecular dynamics trajectories were then subjected to 

in-vitro efficacy testing against ZIKV. In docking and molecular dynamics simulation studies, compound 

F1289-0194 showed stable binding to the NS2B-NS3 protease active site. Furthermore, viral load assays, 

immunofluorescence, and plaque reduction assays demonstrated that compound F1289-0194 significantly 

reduced ZIKV load and replication in Vero cells while maintaining cellular integrity. Thus, the compound 

F1289-0194 merits further investigation as a novel inhibitor against ZIKV replication.  

Keywords: Zika virus, NS3 protease, NS3 helicase, MTase, RdRp, flavivirus, drug targets, small 

molecule inhibitor 
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1. Introduction 

Following the first major Zika virus (ZIKV) outbreak in 2007 (1) and the subsequent epidemic of 2015-

16, no therapeutics or vaccines have become available to treat or prevent ZIKV infection specifically. 

Although the number of ZIKV cases has diminished globally, transmission continues in regions where it 

has become endemic, outbreaks in new regions continue to occur, and significant risks remain for future 

epidemics (2–4). This is cause for alarm, particularly among pregnant individuals, due to the virus's 

association with developmental and neurological abnormalities in the fetus (5–7). 

ZIKV is an enveloped positive-strand RNA arbovirus in the Flaviviridae family. ZIKV RNA is 

synthesized within virus-induced replication vesicles derived from the endoplasmic reticulum (8–10). The 

viral genome encodes a single polyprotein that is hydrolyzed by the viral and host proteases into three 

structural (C, prM, E) and seven non-structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) proteins 

(11, 12). Of these, the non-structural protein NS3 is an excellent drug target as it has protease and helicase 

domains and possesses enzymatic activity for ZIKV replication.   

The NS3 protein has protease and helicase domains, thus making it an excellent drug target due to its 

multifunctional role in viral replication (13, 14). As a protease, NS3 is a key enzyme for the proteolytic 

processing of the polyprotein, which requires  NS2B as a co-factor for its enzymatic activity (15–17). 

Together, NS2B and NS3 protease form the NS2B-NS3 protease complex. Apart from this proteolytic 

function,  the NS2B-NS3 protease complex is thought to play other functional roles, including 

involvement in the replication complex formation, interaction with other viral proteins, NS4B and NS5, 

interaction with the polymerase, and in modulation of host immune response and pathogenesis (18–21).  

In addition, NS3 also functions as a helicase, which is required to unwind the RNA at the time of viral 

RNA synthesis, while the NTPase activity of the helicase domain provides energy for RNA intermediate 

unwinding (20, 22). The structural characterization of the NS3 helicase suggests that the substrate-binding 

site, the RNA binding site, and ATP binding site would be important targets for the inhibitor discovery 
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(23). Previously, some small molecules and nucleoside analogs have been identified that have the 

potential to inhibit the helicase and NTPase activity in Hepatitis C virus and dengue virus (24–27). 

Therefore, NS3 helicase inhibition could be important in inhibiting viral replication in ZIKV.  

NS5 is the largest protein encoded by the ZIKV and has a crucial role in viral replication, making it 

another potential target for inhibitor discovery. The NS5 protein has two domains, MTase and RdRP, 

where both domains perform a specific functional role in replication. The MTase domain methylates the 

RNA cap, enabling the virus to evade the host immune response, and this characteristic makes MTase an 

attractive drug target (28, 29). The RdRp domain synthesizes the (-) sense RNA from the (+) sense 

template, and the synthesized strands are used to translate the polyprotein and replicate (+) sense RNA for 

the packing as viral genome into the nascent virus particle (30, 31). This domain also interacts with NS3 

and host proteins and acts as an antagonist for IFN response (22, 32). Diversity in the functional roles the 

RdRp domain an attractive target for antiviral therapeutics against ZIKV. 

In contrast to many prior approaches that have explored the use of repurposed drugs (33), our objective 

here is to discover novel compounds that could target NS3 or NS5 to inhibit ZIKV replication. To achieve 

this, we took a computational drug discovery approach using docking and simulation coupled with further 

in vitro validation using virological assays. A key caveat with drug discovery studies is potential cellular 

toxicity limiting their application. Here, we identify compounds with an anti-protease activity that not 

only limits ZIKV load but is safe to use in human cells. 

2. Material and methods 

2.1. Site mapping and grid generation 

For NS5 MTase (PDB ID: 5KQR) and NS5 RdRp (PDB ID: 5WZ3), we have generated a site map using 

the SiteMap software module (Schrödinger) and based on the site score, druggability score, and key 

residues in predicted sites, best binding site was chosen. A grid was generated on the selected binding site 

of both enzyme domains. The grid center coordinates X, Y, and Z for the grid on NS5 MTase 
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corresponded to 13.04, 5.02, and 5.84 Å, and for NS5 RdRp corresponded to 35.71, 3.49, and 76.27 Å, 

respectively. For NS2B-NS3 protease (PDB ID: 5LC0), we used the same grid (ligand binding site) on 

the active site of NS2B-NS3 protease, as taken in our previous study (34). For NS3 helicase (PDB ID: 

5GJC), we used our previously reported NTPase site where ATP hydrolysis occurs during the helicase 

enzyme activity (35, 36).  

2.2. Ligand preparation 

We used a library of small molecules (18098 compounds) from the LifeChemicals compound database. 

The compounds in the LifeChemicals library distinguish themselves from others because they are drug-

like small molecules with high binding affinities to their targets, as predicted by ligand-based or receptor-

based techniques. They also have compounds that share scaffolds with other reported targeted molecules, 

such as those having antiviral and anticancer properties. These compounds were prepared using the Epik 

program (Schrödinger) to calculate protonation states and OPLS 2005 Force Field (Schrödinger) for 

ligand minimization and stereoisomers. 

2.3. Molecular docking  

The glide scoring function of the Schrödinger suite is highly accurate and reliable for screening molecules 

and identifying hits based on atomic-level interaction and energy-based scoring before performing an 

experimental investigation. We used three different precisions of virtual screening sequentially: High 

Throughput Virtual Screening (HTVS), Standard Precision (SP), and Extra Precision (XP). Initially, all 

the molecules were docked against the catalytic site of NS2B-NS3 protease enclosed by a grid, as 

mentioned in section 2.1. Upon docking, the compounds showing the best docking score, binding energy, 

and interactions with the catalytic residues of ZIKV NS2B-NS3 protease were manually screened. The 

interaction of the top 10 molecules based on the docking score from each library is summarized in Table 

S1. Among the 30 top compounds, F1289-0194, F2477-0054, F3260-0474, and F6252-4720 were 

selected based on their low molecular weight and higher similarities with the existing compounds in the 
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PubChem compound database. These four compounds were docked with NS3 helicase, NS5 MTase, and 

NS5 RdRp to analyze the binding interaction with these proteins further.  

2.4. Binding-free energy calculation 

Using approaches similar to those used previously by members of our group (37–39), we calculated the 

binding free energy of ligands binding at the protease active site. The obtained poses were subjected to 

binding energy calculation using the Prime utility (Schrödinger), which employs the MM-GBSA method 

to calculate the binding energy of the complex (40). Prime was shown to be a very efficient tool to 

calculate the binding energy of the protein-ligand complex and provide the best pose of a ligand with the 

protein.  

2.5. Molecular dynamics simulation 

The Desmond simulation package embedded in the Schrödinger suite was used for MD simulation by 

following previously described protocols (38). We used NS2B-NS3 protease docked complex with 

compounds F1289-0194, F2477-0054, F3260-0474, and F6252-4720 for MD simulation. Briefly, the 

protein-ligand complex was enclosed in the center of an orthorhombic box with an edge distance of 10 �, 

and the rest simulation box was filled with a TIP4P water model. The setup included 0.15 M NaCl and 

charges neutralized with counterions for proper electrostatic distribution. The steepest descent method 

was employed for energy minimization with up to 5000 iterations containing ten steps. Finally, the 

production run was carried out for 200 ns using the Nose-Hoover thermostat and Martina-Thomas-Klein 

(MTK) barostat methods for temperature and pressure coupling throughout the simulations.  

2.6. NS2B-NS3 protease inhibition assay 

NS2B-NS3 protease inhibition assay (see the purification protocol as described previously (41)) was 

performed in 10 mM Na-phosphate buffer (pH 7) containing 1 mM TCEP, 1 mM CHAPS, and 20 % 

glycerol. NS2B-NS3 protease was incubated for 20 minutes with the respective compounds. Afterward, 

the compound-NS2B-NS3 protease complex was mixed with the substrate (Bz-nKKR-AMC; for details, 
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see the previous report (34)). In 50 μL reaction volume, the final NS2B-NS3 protease concentration was 

kept at 5nM, and the reaction was performed in triplicates in a multi-well plate (complete black 96 well). 

The fluorescence intensity of the reaction was monitored using a multi-well plate reader 

(infiniteM200PRO: TECAN) with an excitation wavelength of 360 nm and emission wavelength of 460 

nm at every 5-minute interval. Fluorescence (Ft - Fo; Fo: initial fluorescence, Ft: Fluorescence after 15 

minutes) was converted to nM of AMC release using a standard curve plotted using fluorescence of free 

AMC. Further, velocity (AMC release[nM]/minute] was plotted as the function of substrate [µM] to 

compute inhibition constant (Ki) using GraphPad Prism.  

2.7. Cell viability assay 

Vero cells were grown in DMEM/F12 culture media supplemented with 10% FBS, incubated in a 5% 

CO2 incubator at 37 °C, and passaged at 80-90% confluency. Cells were seeded in a flat bottom 96 well 

plate (100 μL/well culture media volume) at 4,000 cells/well and incubated overnight in a 5% CO2 

incubator at 37 °C. On the next day, 100 µL of two-fold serially diluted compound samples in 

DMEM/F12 media were added to the respective well at a final concentration range of 3.25 to 200 µM and 

incubated further for 48 hrs. To each well, 15 µL of the 12 mM MTT stock solution was added, and cells 

were incubated at 37 °C. After 4 hours, media was removed from the wells, and the formazan was 

dissolved in 100 µL of 100% DMSO. Afterward, the absorbance was monitored 10 minutes post-

incubation at 540 nm, and a reference was taken at 640 nm. The following equation used the subtracted 

absorbance (Abs540-Abs640) to estimate the percentage of cell viability.  

% Cell viability = [ Abs treated/ Abs non-treated] * 100 

2.8. ZIKV infection 

As used in our previous report, a Brazilian strain (Paraiba 2015) of the ZIKV was used to infect the Vero 

cells under biosafety level 2 (34). Incubation at each step was done at 37 °C in a 5% CO2 incubator. Wells 

in a 24-well plate were seeded with 40,000 Vero cells/well using DMEM/F12 culture media 
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supplemented with 10% FBS and incubated overnight. Infection was done at 0.1 multiplicity of infection 

(MOI) with 0.5 ml of culture media without FBS, incubated for one hour, and then washed twice with 

PBS. Cells were treated with fresh media containing 12.5 to 100 µM of the tested compounds. Dilutions 

of the compounds were prepared from 50 mM stock (in 100 % DMSO) by two-fold serial dilution in 

DMEM/F12 media supplemented with 10% FBS. The supernatant was collected 48 hours post-infection 

(hpi) for RNA extraction and stored at -80 °C until further use.    

2.9. Estimation of viral load 

Viral RNA was isolated from 140 µL of supernatant from the 48 hpi sample using the QIAamp Viral 

RNA Mini Kit (Qiagen), following the included protocol. RNA levels were quantified by one-step qRT-

PCR on an ABI 7500 Fast Instrument (40 cycles under standard cycling conditions) using TaqManRT 

enzyme Mix with primer/probe for the ZIKV as described previously (34). The viral load (equivalent per 

ml) in the supernatant was determined by a standard curve produced by the 10-fold serially diluted ZIKV 

RNA from known stock and expressed as a log10 scale. The data were analyzed using GraphPad Prism by 

one-way ANOVA Dunnett's test. Data were statistically significant for the p-value < 0.05.  

2.10. Immunofluorescence 

Vero cells were grown on chambered slides (Millipore Sigma) for the immunofluorescence studies. ZIKV 

infection and compound treatment were similar to the experimental setup in 24-well plates. Treated cells, 

48 hpi were fixed with 4% paraformaldehyde after washing three times with PBS. Cells were blocked 

with 1% BSA for 1 hour and incubated overnight at 4°C with the primary antibody for the capsid protein 

of ZIKV, followed by a secondary antibody labeled with Alexa 488 fluorophore for 1 hour at room 

temperature. Cells were stained with DAPI and mounted with mounting media. The fluorescent image 

was taken using a Zeiss LSM880 Confocal Laser Scanning Microscope. The data were analyzed using 

GraphPad Prism by one-way ANOVA Dunnett's test. Data were considered to be statistically significant 

for the p-value < 0.05.  
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2.11. Plaque assay 

In a 6-well plate, 5 x 105 cells/well were seeded and grown overnight. Afterward, the media was removed 

and washed with PBS. The supernatant sample of ZIKV-infected cells with different compound 

concentrations was taken and serially diluted 10-fold in DMEM/F12 culture media. Then infection was 

done with 0.5 ml of serially diluted ZIKV sample per well and incubated for 1 hr. The media was 

removed, cells were washed twice with PBS, overlaid with 4 ml of overlay media (1:1 ratio of mixed 2% 

Oxoid agar and 2X MEM media, at 54oC), and incubated for 3-4 days at 37°C with 5% CO2. Cells were 

fixed with 1 % formaldehyde solution (1-2 ml) for 1 hour. The formaldehyde was discarded, and the 

overlay plug was carefully removed using a spatula. To each well, 1 ml of crystal violet solution was 

added, and incubation proceeded for 10 minutes on the rocker. Excess crystal violet solution was 

discarded and rinsed in each well with distilled water. Plaques were counted and estimated as a plaque-

forming unit (PFU)/ml. 

3. Results 

3.1. Virtual screening of small molecules 

For virtual screening, we initially used NS2B-NS3 protease as a target for docking the ligand at the 

binding site where a boronate inhibitor was bound in its crystal structure (PDB ID: 5LC0). Based on the 

docking score, binding energy, interacting amino acid residues, similar molecules in the PubChem 

database, and molecular weight we selected F1289-0194, F2477-0054, F3260-0474, and F6252-4720 as 

potential candidates (Figure S1). These compounds are stabilized at the active site of NS2B-NS3 protease 

by forming H-bonds, salt bridges, π-π bonds, and hydrophobic interactions with crucial amino acid 

residues (Figures 1 & S2). The docking score of the selected compounds, F1289-0194, F2477-0054, 

F3260-0474, and F6252-4720, is found to be -6.98, -6.95, -6.85 and -6.01 kcal/mol, respectively. 

Importantly, these compounds also interact with the catalytic residues (Asp75, His51) of NS3 protease. 

The interaction of the key amino residues of the NS2B-NS3 protease with these compounds is 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 15, 2022. ; https://doi.org/10.1101/2022.12.15.520558doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.15.520558
http://creativecommons.org/licenses/by-nd/4.0/


summarized in Table S1. These small molecules show stable binding at the NS2B-NS3 protease active 

site determined by molecular docking and simulation. We further checked the likelihood of the interaction 

of these molecules with other ZIKV enzymes. So, using the same molecular docking strategy, we docked 

all four compounds onto the druggable sites of the ZIKV NS5 MTase, NS5 RdRp, and NS3 helicase. 

Here, F1289-0194 showed good binding affinity at the druggable sites of these enzymes with multiple 

interacting bonds (Figure 2). The H-bond, salt bridge, π-π bonds, π-cation bonds, and hydrophobic 

interaction with the amino acid residues of these enzymes stabilize all these compounds. Moreover, 

F1289-0194 has shown a higher docking score of -7.03 kcal/mol against MTase, indicating that in 

addition to NS2B-NS3 protease, the NS5 MTase of ZIKV could also be a target for this compound. 

Compound F2477-0054 has shown a docking score of -5.66 kcal/mol, -4.34 kcal/mol, and -4.25 kcal/mol 

at the MTase, RdRp, and helicase, respectively (Figure S3). F3260-0474 has shown a docking score of -

4.58 kcal/mol, -4.15 kcal/mol, and -3.17 kcal/mol at the MTase, RdRp, and helicase, respectively. F6252-

4720 has shown a docking score of -4.28 kcal/mol, -2.85 kcal/mol, and -4.11 kcal/mol at the MTase, 

RdRp, and helicase, respectively (Figure S3).  

3.2. Molecular dynamics simulation shows stable binding of selected small molecules at NS2B-NS3 

protease active site 

The stability of ligand-protein interactions was further analyzed by Molecular dynamics (MD) simulation 

over 200 ns (Figure 3 & Figure S4, S5). All four selected compounds complexed with NS2B-NS3 

protease were subjected to simulation to examine the dynamic behavior and conformational change. The 

RMSD plot revealed that compounds F1289-0194, F2477-0054, and F3260-0474 demonstrated stability 

at the active site of NS2B-NS3 protease with deviation from ~1.5 to 2.0 Å (Figure 3A & S4A). F6252-

4720 showed low stability at the active site with an RMSD of ~4 Å (Figure S4A). Except for F6252-4720, 

all the compounds showed minimal fluctuating RMSF values (Figure 3B & S4B). Rg revealed that the 

compactness of the ligand-protein complex for all the compounds was maintained over the simulation. 

F6252-4720 showed high Rg at time points between ~110-120 ns but later decreased drastically and 
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maintained compactness again (Figure 3C & S4C). Ligand-protein complex formed 2 to 4 H-bonds in 

docking (Figures 1 & S2), and these bonds with NS2B-NS3 protease were maintained during simulation 

(Figures 3D & S4D). In addition, these molecules also maintain their interaction like hydrophobic, ionic, 

and water bridge contacts with the NS2B-NS33 protease active site over the simulation (Figure S5). 

F1289-0194 maintain its contact predominantly with Trp 50, His51, lys54, Tyr68, Trp69, Gly70, Val72, 

and Asp 75 of NS3 protease during the course of simulation (Figure 3D). F2477-0054 maintain its contact 

predominantly with Glu43, Cys80, Lys84, Asp129, Tyr130, Gly133, Thr134, Ser135, Tyr150, Gly151, 

Val155 and Tyr161 of NS3 protease during the course of simulation (Figure S5B). F3260-0474 maintain 

its contact predominantly with Asp83 and Phe84 of NS2B cofactor and His51, Asp75, Asp129, Ser135, 

Gly151, Asn152, Gly153, Val154, Val155, Lys157, Asn158, Gly159, Ser160 and Tyr161 of NS3 protease 

during the course of simulation (Figure S5C). F6252-4720 maintain its contact predominantly with Val49 

and Asp83 of NS2B cofactor and Thr27, Arg28, Gly29, Leu30, His51, Ser56, Ala57, Arg64, Tyr130, 

Pro131, Ala132, Gly133, Thr134, Ser135, Tyr150, Gly151, Gly153, Val155, Asn158, and Tyr161 of NS3 

protease during the course of simulation (Figure S5D). This compound maintains maximum interaction 

fraction by water bridges, thus making the least stable molecule at the protease active site. Overall, the 

interactions fraction is higher for F1289-0194 and F2477-0054 among all four compounds. 

3.3. NS2B-NS3 protease inhibition by selected small molecule 

The inhibition potential of all four selected compounds against NS2B-NS3 protease of ZIKV was 

assessed using an enzyme inhibition assay. Enzyme kinetic parameters such as Vmax and Km for NS2B-

NS3 protease are changing in the presence of increasing compound concentration compared to the 

absence of compounds (Figure S6). To check the mode of enzyme inhibition, we plotted the data points 

indicated in Figure S6 to the Lineweaver-Burk plot (Figure S7). We found that the compound F6252-

4720 shows an inhibition constant (Ki) of 196.5 ± 29.42 µM for a mixed model of enzyme inhibition. The 

inhibition constant (Ki) of the other three compounds (F1289-0194, F2477-0054, and F3260-0474) was 

not determined may be due to the requirement of very high compound concentration to inhibit protease 
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activity. So, the possibility of the other target, such as MTase, helicase, and RdRp enzyme of ZIKV, must 

be explored. 

3.4. Small molecule F1289-0194 inhibits ZIKV replication                         

In the virtual screening, the compounds F1289-0194, F2477-0054, and F3260-0474 showed a good 

binding affinity and stability at the protease active site. Based on the highest docking score and stability at 

the NS2B-NS3 protease active site, we selected compound F1289-0194 for testing the inhibition potential 

of ZIKV in vitro. We checked its toxicity to Vero cells, finding that the cells showed 90-100% viability 

up to 100 µM of the compound (Figure S8). Thus, we chose a 0 to 100 µM treatment range in the viral 

assays. Treatment with F1289-0194 at the selected concentration range to ZIKV-infected Vero cells (48 

hpi) led to a significant reduction (**p < 0.01 at 12.5 µM, ***p < 0.001 at  25 µM and **p < 0.01 at 50 

µM) in viral load in the supernatant, compared to non-treated (0 µM) sample, shown in Figure 4A. To 

validate the viral load assay, we examined the inhibition potential of F1289-0194 using 

immunofluorescence and plaque reduction assays. The cells were imaged, and ZIKV-capsid positive cells 

were quantified upon treatment with F1289-0194 (25 µM and 50 µM) for 48 hpi. Immunofluorescence 

analysis showed a significant reduction (****p < 0.0001) in ZIKV-capsid positive cells at both 25 and 50 

µM treatment with compound F1289-0194 compared to a DMSO control (Figure 4B & C). Also, the 

plaque reduction assay revealed that the F1289-0194 treatment significantly reduced the number of 

plaques compared to DMSO and ZIKV controls (Figure 4D) at 105-fold dilution of ZIKV stock. Plaques 

in each treatment were estimated in PFU/ml (Figure 4E) relative to the non-treated (DMSO/ZIKV only). 

Compound F1289-0194 did not show its inhibition effect when the Vero cells were treated with the 

compound before ZIKV infection (Figure 5). This also implies that the compound F1289-0194 does not 

obstruct ZIKV entry into Vero cells. However, it may interfere with some crucial replication or 

maturation step in the ZIKV life cycle. From this, we suggest that inhibition of ZIKV replication in Vero 

cells might be due to broad inhibition of NS2B-NS3 protease and other non-structural proteins of ZIKV.  

3.5. Inhibition potential of other selected small molecules against ZIKV 
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We also investigated the inhibition potential in vitro for the other three compounds (F2477-0054, F3260-

0474, and F6252-4720) from the selected list of the screened compounds against ZIKV. First, we checked 

their toxicity to Vero cells, where cells showed 90-100 % viability at up to 100 µM of the compound 

(Figure S8). Thus, we choose a 0 to 100 µM treatment range for these compounds for ZIKV-infected cells 

in the viral assays. Treating ZIKV-infected Vero cells with these compounds for 48 hpi at the indicated 

concentration led to a significant (**p < 0.01) reduction of viral load in the supernatant compared to non-

treated (0 µM) cells (Figure S9). 

4. Discussion 

In the past, many infectious viruses have emerged and re-emerged, with some becoming a global threat to 

public health (42, 43) e.g., the ongoing pandemic of COVID-19 (44, 45). At the same time, other 

infectious viruses exist for long periods. For instance, the spread of flaviviruses such as dengue virus, 

West Nile virus, yellow fever virus, Japanese encephalitis virus, ZIKV, and others have created alarming 

health situations in the past and continue to emerge in the wild, causing serious threats to the human 

population (46). The previous successive outbreaks of ZIKV and its association with neurological 

disorders demand fast-track discovery of specific inhibitors or the development a vaccine candidate. Until 

now, only a few vaccine candidates have advanced beyond the early phases of clinical trials (33) and 

remain on the verge of authorization, hampered by questions about efficacy due to antibody-dependent 

enhancement of the disease severity and waning epidemic (47, 48). These vaccine candidates will also 

face the added challenge of being clinically evaluated for their safety and efficacy in pregnant women. 

Therefore, discovering antiviral molecules becomes more critical for treating ZIKV-infected patients.  

Identifying a specific target is vital in screening a lead compound that may function as an inhibitor. Many 

inhibitor candidates have shown the ability to target viral proteins, including the envelope, protease, 

helicase, and polymerase (33). Among them, viral protease seems to be an attractive target due to its 

critical role in the proteolytic cleavage of the polyprotein, inhibiting the further onset of the viral 

replication life cycle. Thus, we initially screened potential small molecules by targeting the ZIKV NS2B-
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NS3 protease. First, we utilized a structure-based drug discovery approach to screen potential candidates. 

Then, we shortlisted four leading compounds (F1289-0194, F2477-0054, F3260-0474, and F6252-4720) 

that have shown stable interaction at the active site of NS2B-NS3 protease. We also analyzed the possible 

interaction of these four molecules with three other ZIKV targets (NS5 MTase, NS5 RdRp, and NS3 

helicase) are also likely to bind with these targets. These compounds are stabilized at NS3 protease active 

site by non-covalent and hydrophobic interactions with amino acid residues of both NS3 protease and 

NS2B co-factor. Among the interacting residues, His51, Asp75, and Ser135 residues of NS3 protease are 

known to form a catalytic triad (49) and were able to interact with these compounds by H-bonds, 

suggesting that these interactions may be effective in blocking the protease active site and thus may 

inhibit its activity in-vitro.  

Moreover, these compounds also interact with the Asp83 residue of the NS2B co-factor, which is crucial 

because a point mutation at this site decreases the protease activity, as reported in a previous study(49), 

indicating that interaction at this residue may have an advantage in inhibiting the protease activity. We 

have previously reported a similar interaction in which hydroxychloroquine inhibits protease activity (34). 

Interestingly, the catalytic triad (His51, Asp75, and Ser135) at NS3 protease is required for its activity 

and has been reported to be conserved among flaviviruses (49, 50). So, blocking the interaction of this 

triad may provide an additional advantage of targeting the protease for other flavivirus members. In this 

context, many inhibitors have also been identified that can potentially block NS2B-NS3 protease activity 

and, in turn, have the potential to inhibit ZIKV replication (34, 51–53). In addition, other drugs have also 

shown potential as ZIKV inhibitors by different means(33). 

To elucidate the specific mechanistic role of the selected four compounds, further experimental validation 

is needed in vitro. Based on a previous report of FDA-approved drug library screening that targets NS2B-

NS3 protease (34) and previously reported literature (33) on inhibition of ZIKV replication, we choose to 

test the antiviral properties of these compounds in ZIKV-infected cells. All four compounds were proven 

to lower viral load. In addition, we further found that the compound F1289-0194 does not interfere with 
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viral entry but can interfere with the post-entry steps. However, this compound shows good binding 

affinity to the non-structural proteins like NS2B-NS3 protease, MTase, and RdRp, indicating the 

inhibition of the post-entry replication step of the Zika virus life cycle.  

Many previous pieces of literature warrant investigation of inhibitors of ZIKV that have the potential to 

target both entry and post-entry steps (33). Such inhibitors have been reported to inhibit viral entry to the 

host cell by targeting receptor binding, fusion, and endocytosis steps (33, 54–58). Further testing of these 

compounds is needed to investigate the detailed insight into the mechanism of action and its inhibition 

potential using in vivo model systems. The inhibitors identified in this study may act as starting 

candidates for drug discovery research to optimize the strategies for treatment and preventive care for 

ZIKV patients and could be used as a potential candidate to target protease activity in other flaviviruses.  
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Figures 

Figure 1. Molecular interaction of F1289-0194 at the active site of NS2B-NS3 protease of ZIKV. (A)

3D interaction diagram of NS2B-NS3 protease highlighting residual contacts via dashed lines. (B) 2D

molecular interaction diagram of NS2B-NS3 protease complexed with F1289-0194. The F1289-0194

compound at the center is stabilized by the following interactions with amino acids of the NS2B-NS3

protease: H-bonds (magenta arrow; Asp75, Tyr161, and Gly153 of NS3 protease, and Asp83 of NS2B),

one salt bridge (red-blue solid line; Asp75 of NS3 protease), and hydrophobic interactions (Trp50, Val72,

Tyr161, and Val154 of NS3, and Phe84 of NS2B). NS2B residues correspond to 49-87; NS3 protease

residues are denoted as 1015-1167 and correspond to 15-167. 
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Figure 2. Molecular interaction of F1289-0194 with NS5 MTase, NS5 RdRp, and NS3 helicase of

ZIKV. The F1289-0194 compound at the center interacts with the amino acids of these enzymes by H-

bond (magenta arrow), salt bridge (red-blue solid line), π-π bond (solid green line), π- cation (solid red

line), and hydrophobic interactions. F1289-0194 is showing interaction with NS5 MTase by four H-

bonds (lys105, Asp131, Val132, and Glu111), one salt bridge (Glu111), and one π-π bond (His110), with

NS5 RdRp by four H-bonds (Ser406, Thr795, and Thr796), and one π-cation bond (Arg794), and NS3

helicase by three H-bonds (Asn417, and Ala198), and one π-cation bond (Arg462). (PDB ID: 5KQR for

NS5 MTase; 5WZ3 for NS5 RdRp; 5GJC for NS3 helicase).  
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Figure 3. Molecular dynamics simulation of NS2B-NS3 protease complexed with F1289-0194. (A)

RMSD represents the stability of the compounds at the active site. (B) RMSF of amino acid residue upon

addition of compounds. (C) Rg represents the compaction of NS2B-NS3 protease complexed with the

compounds. (D)  represents the loss and gain of H-bond during simulation. (E) A bar chart of the

interaction of F1289-0194 with the NS2B-NS3 protease residues throughout the simulation of

200 ns. The interactions like H-bonds, Hydrophobic, ionic, and water bridges are maintained

with a different fraction of simulation time. For example, a value of interactions fraction of 1

suggests that the contact is maintained 100 % of the simulation time between F1289-0194 and

NS2B-NS3 protease active site. If the value is more than 1, it indicates that the same residue

forms multiple interactions. [ns: nanoseconds; in panels B & E, NS2B residues correspond to 49-87;

NS3 protease residues are denoted as 1015-1167, corresponding to 15-167]. 
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Figure 4. Treatment of F1289-0194 reduces ZIKV replication in Vero cells. (A) The viral burden in

the ZIKV-infected Vero cells after treatment with the compounds F1289-0194 for 48 hpi. RNA from the

supernatant of indicated treatment of ZIKV-infected cells was quantified by one-step q-RT-PCR and

represented as PFU equivalent/ml. Symbols represent each biological replicate, and the bar represents the

mean ± standard error of the mean. ns: non-significant; asterisks (*) represent the level of significant

difference compared to non-treated (0 µM).  **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way

ANOVA Dunnett’s test). (B) Imaging of ZIKV-infected cells at the indicated treatment of F1289-0194
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for 48 hpi. Nuclei are stained in blue, and ZIKV-capsid-positive cells are stained in green. (C)

Quantification of ZIKV-capsid positive cells at the indicated treatment. (D) Plaque reduction assay, where

the white spot on each plate represents the ZIKV plaque in the respective treatment. (E) Estimation of

PFU/ml in the respective treatment of panel D. Bar represents the mean ± standard error of the mean for

three biological replicates. Asterisks (*) represent the level of significant difference compared to non-

treated (0 µM). ***P < 0.001, ****P < 0.0001 (one-way ANOVA Dunnett’s test). 

Figure 5. F1289-0194 treatment does not interfere with ZIKV entry to Vero cells. (A) Imaging of

ZIKV-infected cells at the indicated treatment before ZIKV infection. Nuclei are stained with blue, and

ZIKV-capsid positive cells are stained green. (B) Quantification of ZIKV-capsid positive cells at the

indicated treatment. The bar represents the mean ± standard error of the mean for three biological

replicates. 

 

  

C) 

re 

of 

for 

-

 

of 

nd 

he 

cal 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 15, 2022. ; https://doi.org/10.1101/2022.12.15.520558doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.15.520558
http://creativecommons.org/licenses/by-nd/4.0/


References 

1.  Duffy, M. R., Chen, T.-H., Hancock, W. T., Powers, A. M., Kool, J. L., Lanciotti, R. S., Pretrick, 

M., Marfel, M., Holzbauer, S., Dubray, C., Guillaumot, L., Griggs, A., Bel, M., Lambert, A. J., 

Laven, J., Kosoy, O., Panella, A., Biggerstaff, B. J., Fischer, M., and Hayes, E. B. (2009) Zika 

Virus Outbreak on Yap Island, Federated States of Micronesia. 

http://dx.doi.org/10.1056/NEJMoa0805715. 360, 2536–2543 

2.  Périssé, A. R. S., Souza-Santos, R., Duarte, R., Santos, F., De Andrade, C. R., Rodrigues, N. C. P., 

De Andrade Schramm, J. M., Da Silva, E. D., Da Silva Viana Jacobson, L., Lemos, M. C. F., and 

Sobral, A. (2020) Zika, dengue and chikungunya population prevalence in Rio de Janeiro city, 

Brazil, and the importance of seroprevalence studies to estimate the real number of infected 

individuals. PLoS One. 15, e0243239 

3.  Khan, E., Jindal, H., Mishra, P., Suvvari, T. K., and Jonna, S. (2022) The 2021 Zika outbreak in 

Uttar Pradesh state of India: Tackling the emerging public health threat: 

https://doi.org/10.1177/00494755221113285. 10.1177/00494755221113285 

4.  Regla-Nava, J. A., Wang, Y. T., Fontes-Garfias, C. R., Liu, Y., Syed, T., Susantono, M., 

Gonzalez, A., Viramontes, K. M., Verma, S. K., Kim, K., Landeras-Bueno, S., Huang, C. T., 

Prigozhin, D. M., Gleeson, J. G., Terskikh, A. V., Shi, P. Y., and Shresta, S. (2022) A Zika virus 

mutation enhances transmission potential and confers escape from protective dengue virus 

immunity. Cell Rep. 39, 110655 

5.  Calvet, G., Aguiar, R. S., Melo, A. S. O., Sampaio, S. A., de Filippis, I., Fabri, A., Araujo, E. S. 

M., de Sequeira, P. C., de Mendonça, M. C. L., de Oliveira, L., Tschoeke, D. A., Schrago, C. G., 

Thompson, F. L., Brasil, P., dos Santos, F. B., Nogueira, R. M. R., Tanuri, A., and de Filippis, A. 

M. B. (2016) Detection and sequencing of Zika virus from amniotic fluid of fetuses with 

microcephaly in Brazil: a case study. Lancet. Infect. Dis. 16, 653–660 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 15, 2022. ; https://doi.org/10.1101/2022.12.15.520558doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.15.520558
http://creativecommons.org/licenses/by-nd/4.0/


6.  Campos, G. S., Bandeira, A. C., and Sardi, S. I. (2015) Zika Virus Outbreak, Bahia, Brazil. Emerg. 

Infect. Dis. 21, 1885–1886 

7.  Mlakar, J., Korva, M., Tul, N., Popović, M., Poljšak-Prijatelj, M., Mraz, J., Kolenc, M., Resman 

Rus, K., Vesnaver Vipotnik, T., Fabjan Vodušek, V., Vizjak, A., Pižem, J., Petrovec, M., and 

Avšič Županc, T. (2016) Zika Virus Associated with Microcephaly. N. Engl. J. Med. 374, 951–

958 

8.  Kostyuchenko, V. A., Lim, E. X. Y., Zhang, S., Fibriansah, G., Ng, T. S., Ooi, J. S. G., Shi, J., and 

Lok, S. M. (2016) Structure of the thermally stable Zika virus. Nat. 2016 5337603. 533, 425–428 

9.  Cortese, M., Goellner, S., Acosta, E. G., Neufeldt, C. J., Oleksiuk, O., Lampe, M., Haselmann, U., 

Funaya, C., Schieber, N., Ronchi, P., Schorb, M., Pruunsild, P., Schwab, Y., Chatel-Chaix, L., 

Ruggieri, A., and Bartenschlager, R. (2017) Ultrastructural Characterization of Zika Virus 

Replication Factories. Cell Rep. 18, 2113–2123 

10.  Rossignol, E. D., Peters, K. N., Connor, J. H., and Bullitt, E. (2017) Zika virus induced cellular 

remodelling. Cell. Microbiol. 19, e12740 

11.  Shi, Y., and Gao, G. F. (2017) Structural Biology of the Zika Virus. Trends Biochem. Sci. 42, 443–

456 

12.  Hasan, S. S., Sevvana, M., Kuhn, R. J., and Rossmann, M. G. (2018) Structural biology of Zika 

virus and other flaviviruses. Nat. Struct. Mol. Biol. 25, 13–20 

13.  Cheng, F., Murray, J. L., and Rubin, D. H. (2016) Drug Repurposing: New Treatments for Zika 

Virus Infection? Trends Mol. Med. 22, 919–921 

14.  Lescar, J., Luo, D., Xu, T., Sampath, A., Lim, S. P., Canard, B., and Vasudevan, S. G. (2008) 

Towards the design of antiviral inhibitors against flaviviruses: the case for the multifunctional NS3 

protein from Dengue virus as a target. Antiviral Res. 80, 94–101 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 15, 2022. ; https://doi.org/10.1101/2022.12.15.520558doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.15.520558
http://creativecommons.org/licenses/by-nd/4.0/


15.  Shiryaev, S. A., Aleshin, A. E., Ratnikov, B. I., Smith, J. W., Liddington, R. C., and Strongin, A. 

Y. (2007) Expression and purification of a two-component flaviviral proteinase resistant to 

autocleavage at the NS2B-NS3 junction region. Protein Expr. Purif. 52, 334–339 

16.  Bollati, M., Alvarez, K., Assenberg, R., Baronti, C., Canard, B., Cook, S., Coutard, B., Decroly, 

E., de Lamballerie, X., Gould, E. A., Grard, G., Grimes, J. M., Hilgenfeld, R., Jansson, A. M., 

Malet, H., Mancini, E. J., Mastrangelo, E., Mattevi, A., Milani, M., Moureau, G., Neyts, J., 

Owens, R. J., Ren, J., Selisko, B., Speroni, S., Steuber, H., Stuart, D. I., Unge, T., and Bolognesi, 

M. (2010) Structure and functionality in flavivirus NS-proteins: Perspectives for drug design. 

Antiviral Res. 87, 125–148 

17.  Mackenzie, J. (2005) Wrapping things up about virus RNA replication. Traffic. 6, 967–977 

18.  Zhang, Z., Li, Y., Loh, Y. R., Phoo, W. W., Hung, A. W., Kang, C. B., and Luo, D. (2016) Crystal 

structure of unlinked NS2B-NS3 protease from Zika virus. Science. 354, 1597–1600 

19.  Li, Y., Zhang, Z., Phoo, W. W., Loh, Y. R., Wang, W., Liu, S., Chen, M. W., Hung, A. W., Keller, 

T. H., Luo, D., and Kang, C. B. (2017) Structural Dynamics of Zika Virus NS2B-NS3 Protease 

Binding to Dipeptide Inhibitors. Structure. 25, 1242-1250.e3 

20.  Luo, D., Vasudevan, S. G., and Lescar, J. (2015) The flavivirus NS2B–NS3 protease–helicase as a 

target for antiviral drug development. Antiviral Res. 118, 148–158 

21.  Lei, J., Hansen, G., Nitsche, C., Klein, C. D., Zhang, L., and Hilgenfeld, R. (2016) Crystal 

structure of zika virus ns2b-ns3 protease in complex with a boronate inhibitor. Science (80-. ). 353, 

503–505 

22.  Tay, M. Y. F., Saw, W. G., Zhao, Y., Chan, K. W. K., Singh, D., Chong, Y., Forwood, J. K., Ooi, 

E. E., Grüber, G., Lescar, J., Luo, D., and Vasudevan, S. G. (2015) The C-terminal 50 Amino Acid 

Residues of Dengue NS3 Protein Are Important for NS3-NS5 Interaction and Viral Replication *. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 15, 2022. ; https://doi.org/10.1101/2022.12.15.520558doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.15.520558
http://creativecommons.org/licenses/by-nd/4.0/


J. Biol. Chem. 290, 2379–2394 

23.  Tian, H., Ji, X., Yang, X., Zhang, Z., Lu, Z., Yang, K., Chen, C., Zhao, Q., Chi, H., Mu, Z., Xie, 

W., Wang, Z., Lou, H., Yang, H., and Rao, Z. (2016) Structural basis of Zika virus helicase in 

recognizing its substrates. Protein Cell. 7, 562–570 

24.  Belon, C. A., and Frick, D. N. (2009) Helicase inhibitors as specifically targeted antiviral therapy 

for hepatitis C. http://dx.doi.org/10.2217/fvl.09.7. 4, 277–293 

25.  Briguglio, I., Piras, S., Corona, P., and Carta, A. (2011)  Inhibition of RNA Helicases of ssRNA + 

Virus Belonging to Flaviviridae, Coronaviridae and Picornaviridae Families . Int. J. Med. Chem. 

2011, 1–22 

26.  Sweeney, N. L., Hanson, A. M., Mukherjee, S., Ndjomou, J., Geiss, B. J., Steel, J. J., Frankowski, 

K. J., Li, K., Schoenen, F. J., and Frick, D. N. (2015) Benzothiazole and Pyrrolone Flavivirus 

Inhibitors Targeting the Viral Helicase. ACS Infect. Dis. 1, 140–148 

27.  Maga, G., Gemma, S., Fattorusso, C., Locatelli, G. A., Butini, S., Persico, M., Kukreja, G., 

Romano, M. P., Chiasserini, L., Savini, L., Novellino, E., Nacci, V., Spadari, S., and Campiani, G. 

(2005) Specific targeting of hepatitis C virus NS3 RNA helicase. Discovery of the potent and 

selective competitive nucleotide-mimicking inhibitor QU663. Biochemistry. 44, 9637–9644 

28.  Brecher, M., Chen, H., Liu, B., Banavali, N. K., Jones, S. A., Zhang, J., Li, Z., Kramer, L. D., and 

Li, H. (2015) Novel Broad Spectrum Inhibitors Targeting the Flavivirus Methyltransferase. PLoS 

One. 10, e0130062 

29.  Dong, H., Fink, K., Züst, R., Lim, S. P., Qin, C. F., and Shi, P. Y. (2014) Flavivirus RNA 

methylation. J. Gen. Virol. 95, 763–778 

30.  Godoy, A. S., Lima, G. M. A., Oliveira, K. I. Z., Torres, N. U., Maluf, F. V., Guido, R. V. C., and 

Oliva, G. (2017) Crystal structure of Zika virus NS5 RNA-dependent RNA polymerase. Nat. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 15, 2022. ; https://doi.org/10.1101/2022.12.15.520558doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.15.520558
http://creativecommons.org/licenses/by-nd/4.0/


Commun. 2017 81. 8, 1–6 

31.  Duan, W., Song, H., Wang, H., Chai, Y., Su, C., Qi, J., Shi, Y., and Gao, G. F. (2017) The crystal 

structure of Zika virus NS5 reveals conserved drug targets. EMBO J. 36, 919–933 

32.  Best, S. M. (2017) The Many Faces of the Flavivirus NS5 Protein in Antagonism of Type I 

Interferon Signaling. J. Virol. 10.1128/JVI.01970-16/ASSET/8AF0C7C8-A870-44E3-9DC1-

1780725F473F/ASSETS/GRAPHIC/ZJV9991823070002.JPEG 

33.  Kumar, A., Kumar, D., Jose, J., Giri, R., and Mysorekar, I. U. (2022) Drugs to limit Zika virus 

infection and implication for maternal-fetal health. Front. Virol. 0, 64 

34.  Kumar, A., Liang, B., Aarthy, M., Singh, S. K., Garg, N., Mysorekar, I. U., and Giri, R. (2018) 

Hydroxychloroquine Inhibits Zika Virus NS2B-NS3 Protease. ACS Omega. 3, 18132–18141 

35.  Kumar, D., Sharma, N., Aarthy, M., Singh, S. K., and Giri, R. (2020) Mechanistic Insights into 

Zika Virus NS3 Helicase Inhibition by Epigallocatechin-3-Gallate. ACS Omega. 5, 11217–11226 

36.  Kumar, D., Aarthy, M., Kumar, P., Singh, S. K., Uversky, V. N., and Giri, R. (2019) Targeting the 

NTPase site of Zika virus NS3 helicase for inhibitor discovery. J. Biomol. Struct. Dyn. 

10.1080/07391102.2019.1689851 

37.  Sharma, N., Murali, A., Singh, S. K., and Giri, R. (2017) Epigallocatechin gallate, an active green 

tea compound inhibits the Zika virus entry into host cells via binding the envelope protein. Int. J. 

Biol. Macromol. 104, 1046–1054 

38.  Sharma, N., Prosser, O., Kumar, P., Tuplin, A., and Giri, R. (2020) Small molecule inhibitors 

possibly targeting the rearrangement of Zika virus envelope protein. Antiviral Res. 182, 104876 

39.  Yadav, R., Selvaraj, C., Aarthy, M., Kumar, P., Kumar, A., Singh, S. K., and Giri, R. (2020) 

Investigating into the molecular interactions of flavonoids targeting NS2B-NS3 protease from 

ZIKA virus through in-silico approaches. J. Biomol. Struct. Dyn. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 15, 2022. ; https://doi.org/10.1101/2022.12.15.520558doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.15.520558
http://creativecommons.org/licenses/by-nd/4.0/


10.1080/07391102.2019.1709546 

40.  Genheden, S., and Ryde, U. (2015) The MM/PBSA and MM/GBSA methods to estimate ligand-

binding affinities. Expert Opin. Drug Discov. 10, 449 

41.  Kumar, A., Kumar, P., Aarthy, M., Singh, S. K., and Giri, R. (2021) Experiments and simulation 

on ZIKV NS2B-NS3 protease reveal its complex folding. Virology. 556, 110–123 

42.  Morens, D. M., and Fauci, A. S. (2013) Emerging Infectious Diseases: Threats to Human Health 

and Global Stability. PLOS Pathog. 9, e1003467 

43.  Bloom, D. E., and Cadarette, D. (2019) Infectious Disease Threats in the Twenty-First Century: 

Strengthening the Global Response. Front. Immunol. 10, 549 

44.  KUMAR, D., VERMA, S., and MYSOREKAR, I. U. (2022) COVID-19 and pregnancy: clinical 

outcomes; mechanisms, and vaccine efficacy. Transl. Res. 10.1016/J.TRSL.2022.08.007 

45.  WHO Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) Dashboard With 

Vaccination Data [online] https://covid19.who.int/ (Accessed October 8, 2022) 

46.  Pierson, T. C., and Diamond, M. S. (2020) The continued threat of emerging flaviviruses. Nat. 

Microbiol. 2020 56. 5, 796–812 

47.  Dai, L., Xu, K., Li, J., Huang, Q., Song, J., Han, Y., Zheng, T., Gao, P., Lu, X., Yang, H., Liu, K., 

Xia, Q., Wang, Q., Chai, Y., Qi, J., Yan, J., and Gao, G. F. (2021) Protective Zika vaccines 

engineered to eliminate enhancement of dengue infection via immunodominance switch. Nat. 

Immunol. 2021 228. 22, 958–968 

48.  Vannice, K. S., Cassetti, M. C., Eisinger, R. W., Hombach, J., Knezevic, I., Marston, H. D., 

Wilder-Smith, A., Cavaleri, M., and Krause, P. R. (2019) Demonstrating vaccine effectiveness 

during a waning epidemic: A WHO/NIH meeting report on approaches to development and 

licensure of Zika vaccine candidates. Vaccine. 37, 863 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 15, 2022. ; https://doi.org/10.1101/2022.12.15.520558doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.15.520558
http://creativecommons.org/licenses/by-nd/4.0/


49.  Lei, J., Hansen, G., Nitsche, C., Klein, C. D., Zhang, L., and Hilgenfeld, R. (2016) Crystal 

structure of zika virus ns2b-ns3 protease in complex with a boronate inhibitor. Science (80-. ). 353, 

503–505 

50.  Bollati, M., Alvarez, K., Assenberg, R., Baronti, C., Canard, B., Cook, S., Coutard, B., Decroly, 

E., de Lamballerie, X., Gould, E. A., Grard, G., Grimes, J. M., Hilgenfeld, R., Jansson, A. M., 

Malet, H., Mancini, E. J., Mastrangelo, E., Mattevi, A., Milani, M., Moureau, G., Neyts, J., 

Owens, R. J., Ren, J., Selisko, B., Speroni, S., Steuber, H., Stuart, D. I., Unge, T., and Bolognesi, 

M. (2009) Structure and functionality in flavivirus NS-proteins: perspectives for drug design. 

Antiviral Res. 87, 125–148 

51.  Cao, B., Parnell, L. A., Diamond, M. S., and Mysorekar, I. U. (2017) Inhibition of autophagy 

limits vertical transmission of Zika virus in pregnant mice. J. Exp. Med. 214, 2303–2313 

52.  Li, Z., Brecher, M., Deng, Y. Q., Zhang, J., Sakamuru, S., Liu, B., Huang, R., Koetzner, C. A., 

Allen, C. A., Jones, S. A., Chen, H., Zhang, N. N., Tian, M., Gao, F., Lin, Q., Banavali, N., Zhou, 

J., Boles, N., Xia, M., Kramer, L. D., Qin, C. F., and Li, H. (2017) Existing drugs as broad-

spectrum and potent inhibitors for Zika virus by targeting NS2B-NS3 interaction. Cell Res. 2017 

278. 27, 1046–1064 

53.  Li, Z., Lang, Y., Sakamuru, S., Samrat, S., Trudeau, N., Kuo, L., Rugenstein, N., Tharappel, A., 

D’Brant, L., Koetzner, C. A., Hu, S., Zhang, J., Huang, R., Kramer, L. D., Butler, D., Xia, M., and 

Li, H. (2020) Methylene blue is a potent and broad-spectrum inhibitor against Zika virus in vitro 

and in vivo. https://doi.org/10.1080/22221751.2020.1838954. 9, 2404–2416 

54.  Rausch, K., Hackett, B. A., Weinbren, N. L., Reeder, S. M., Sadovsky, Y., Hunter, C. A., Schultz, 

D. C., Coyne, C. B., and Cherry, S. (2017) Screening Bioactives Reveals Nanchangmycin as a 

Broad Spectrum Antiviral Active against Zika Virus. Cell Rep. 18, 804–815 

55.  Teoh, T. C., Al-Harbi, S. J., Abdulrahman, A. Y., and Rothan, H. A. (2021) Doxycycline 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 15, 2022. ; https://doi.org/10.1101/2022.12.15.520558doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.15.520558
http://creativecommons.org/licenses/by-nd/4.0/


Interferes with Zika Virus Serine Protease and Inhibits Virus Replication in Human Skin 

Fibroblasts. Mol. 2021, Vol. 26, Page 4321. 26, 4321 

56.  Gao, Y., Tai, W., Wang, N., Li, X., Jiang, S., Debnath, A. K., Du, L., and Chen, S. (2019) 

Identification of Novel Natural Products as Effective and Broad-Spectrum Anti-Zika Virus 

Inhibitors. Viruses 2019, Vol. 11, Page 1019. 11, 1019 

57.  Carneiro, B. M., Batista, M. N., Braga, A. C. S., Nogueira, M. L., and Rahal, P. (2016) The green 

tea molecule EGCG inhibits Zika virus entry. Virology. 496, 215–218 

58.  Oo, A., Teoh, B. T., Sam, S. S., Bakar, S. A., and Zandi, K. (2018) Baicalein and baicalin as Zika 

virus inhibitors. Arch. Virol. 2018 1642. 164, 585–593 

 

 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 15, 2022. ; https://doi.org/10.1101/2022.12.15.520558doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.15.520558
http://creativecommons.org/licenses/by-nd/4.0/

