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ABSTRACT  

Background: Dengue disease is a global disease that has no effective treatment. The 

dengue virus (DENV) NS2B/NS3 protease complex is a target for designing specific 

antivirals due to its importance in viral replication and its high degree of conservation. 

Methods: NS2B/NS3 protease complex structural information was employed to find 

small molecules that are capable of inhibiting the activity of the enzyme complex. This 

inhibitory activity was probed with in vitro assays using a fluorescent substrate and the 

complex NS2B/NS3 obtained by recombinant DNA techniques, for testing the activity 

against dengue virus replication, HepG2 cells infected with dengue virus serotype 2 

were used. Results: A total of 210,903 small molecules from PubChem were docked in 

silico to the NS2B/NS3 structure (PDB: 2FOM) to find molecules that were capable of 

inhibiting this protein complex. Five of the best 500 leading compounds, according to 

their affinity values (-11.6 and -13.5 kcal/mol), were purchased. The inhibitory protease 

activity on the recombinant protein and antiviral assays was tested. Conclusions: 

Chemicals CID54681617, CID54692801 and CID54715399 were strong inhibitors of 

NS2B/NS3, with IC50 values (µM) and percentages of viral titer reductions of 19.9, 

79.9%; 17.5, 69.8%; and 9.1, 73.9 %, respectively. Multivariate methods applied to the 

molecular descriptors showed two compounds that were structurally different from other 

DENV inhibitors. General significance: This discovery opens new possibilities for 

obtaining drug candidates against Dengue virus.  

 

Keywords: Dengue protease inhibitor; NS2B/NS3 complex; Molecular docking; In vitro 

inhibition; Inhibitory activity.  
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1. INTRODUCTION 

Dengue is the fastest spreading viral disease that is transmitted by mosquitoes (Aedes 

aegypti, mainly) worldwide [1], and two-fifths of the world’s population is at risk for 

becoming infected [2]. In tropical and sub-tropical countries, dengue is a major public 

health problem due to multiple factors, such as reemergence and intense transmission, 

the behavior of epidemic cycles every two or three years, the increase in the frequency 

of severe dengue outbreaks and the simultaneous circulation of different serotypes. 

Consequently, the incidence rate has shown a growing trend over time. Approximately 

50,000 people suffer from dengue annually, and relatively 10% of the total cases 

involved dengue hemorrhagic fever [3, 4]. Despite its global spread, currently there is no 

drug that is available for the disease. 

 

The etiologic agent for dengue is a virus that belongs to the genus Flavivirus, which has 

five known serotypes. Dengue virus (DENV) co-circulates as a complex of five closely 

related but antigenically distinct serotypes (DENV-1−DENV-5), [5] all of which are 

etiologic agents of dengue fever, life-threatening dengue hemorrhagic fever (DHF), and 

dengue shock syndrome (DSS). DENV-2 and DENV-3 have historically been the most 

prevalent agents that have caused severe disease [6]. This disease is characterized by 

high fever, headache, joint pain, fatigue, swollen lymph nodes, skin rashes, and in some 

cases, bleeding and shock (DHF), which can cause death [3]. 

 

The dengue virus genome consists of a single-stranded, positive sense RNA of 

approximately 11 kb that is organized as 5'NCR-C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-
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NS4B-NS5-3'NCR, where NCR is the noncoding region, C is the capsid, prM is the pre-

membrane, and E is the envelope, while NS corresponds to nonstructural proteins. 

Among these proteins, envelope glycoprotein, NS3 protease, NS3 helicase, NS5 

methyltransferase and NS5 RNA-dependent RNA polymerase have been suggested to 

be therapeutic targets for specific antiviral searches against dengue [7]. 

 

Currently, studies to find antiviral molecules have focused on targeting essential viral 

enzymes in the infection process by the direct or indirect inhibition of their biological 

functions or by blocking the viral replication machinery [8, 9]. One of the most used 

targets that is employed for this purpose is the NS2B/NS3 protease, as shown by 

several authors [10-12]. It is clear that flavivirus proteases, including NS2B/NS3, are 

essential for viral replication and infectivity. For example, it has been shown that dengue 

virus infectiousness decreases by 80% in cells that are treated with peptide inhibitors of 

this enzyme [13]. In addition, the inhibition of viral proteases is a well-established route 

for preventing viral infection in clinical settings. In fact, a large number of HIV protease 

inhibitors are clinically used to treat HIV infection and AIDS [14]. Similarly, two hepatitis 

C virus protease inhibitors, Simeprevir [15] and Sofosbuvir [16], which were recently 

approved for therapeutic use, have become the standard of care. Thus, the use of 

compounds that target the NS2B/NS3 protease becomes a prominent strategy for 

dengue virus therapy. 

 

The use of bioinformatics tools, molecular modeling programs and high performance 

computing has been leading the process of designing and in silico searching for 
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therapeutically useful molecules. This same approach has been applied to the discovery 

or development of compounds that could target several diseases [17, 18]. One of the 

strategies at the forefront of drug discovery is the virtual screening of databases [19], 

which can identify powerful new protein ligands [20, 21]. Using the structural information 

on the dengue virus protease and molecules published in PubChem 

(http://pubchem.ncbi.nlm.nih.gov), virtual screening was performed to search for low 

molecular weight molecules that could inhibit this protease and that could be potentially 

employed in the treatment of dengue infection. Therefore, the main aim of this research 

was to find non-peptide molecules that have the in vitro ability to inhibit the NS2B/NS3 

protease activity of the dengue virus. The discovery of molecules that interfere with the 

proteolytic activity of the DENV NS2B/NS3 protease could become a potential 

alternative for the treatment and control of the disease.  

 

For this purpose, after determining the best leading compounds, the complex 

NS2B/NS3 was obtained using recombinant DNA techniques. The inhibitory capacity 

against the proteolytic activity of the isolated complex was determined using the 

synthetic peptide Boc-Gly-Arg-Arg-AMC as a fluorescent substrate. Finally, the 

inhibitory effect of these compounds was investigated on dengue virus replication in 

vitro using HepG2 cells that were infected with dengue virus serotype 2.  

 

2. MATERIALS AND METHODS 

The methodology used in this study comprised the steps detailed below: 
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2.1. In silico studies 

The dengue virus NS2B/NS3 protease crystal structure was obtained from the Protein 

Data Bank (PDB: 2FOM). This crystallographic structure has been used recently by 

several authors for in silico molecular docking approaches [22-24]. The 3D structure of 

the protein was prepared using the SYBYL 8.1 software package (Tripos, Inc., 2008) by 

removing all of the water molecules and substructures that were present. Furthermore, 

the side chain amide groups were fixed for each amino acid. The resulting structure was 

minimized using the Powell method of molecular mechanics, with the combined force 

fields Kollman united/Kollman All Atom, applying Amber charges and a gradient 

convergence criterion of 0.005 kcal/mol. The final structure was saved in PDB format. 

The program MGLTools 1.5.0 [25] was utilized to convert the PDB file to the PDBQT 

format, adding polar hydrogens for all of the docking calculations.  

 

Three-dimensional structures of ligands that were uploaded into the NCBI PubChem 

Database from March/2005 to December/2011, were downloaded from this database 

(http://pubchem.ncbi.nlm.nih.gov/) in SDF format. Structures were optimized with the 

SYBYL 8.1.1 package [26] with molecular mechanics methods, employing a Tripos 

force field, Gasteiger charges, gradient convergence of 0.01 kcal/mol and a maximum 

number of optimization iterations set to 1000. Optimized structures were saved in MOL2 

format, and converted to PDBQT files with MGLTools 1.5.0 [27] for molecular docking 

procedures.  
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The AutoDock Vina 1.1 program [28] was employed for all of the fittings that were 

required for the virtual screening. The protein was maintained rigid throughout the 

docking process, while the ligands were allowed to be flexible. The molecular 

parameters used were the following: a grid spacing of 1.000 Å; box size dimensions of 

22 × 30 × 32 (x, y, z); coordinates of x = 9.790 Å, y = 10.355 Å, and z = 11.150 Å at the 

center of the box; number of modes = 20; energy range = 1.5; and exhaustiveness = 20. 

The substrate-based inhibitor binding pocket shown in the crystallographic structure 

(PDB: 2FOM) was chosen for placing the grid box to cover the entire enzyme binding 

site and accommodate ligands to move freely. The interactions between the molecules 

and dengue virus protease were checked with LigandScout 2.0 [29]. This software 

extracts and interprets ligands and their macromolecular environment from a PDB file, 

which was previously prepared in SYBYL8.1, displaying tridimensional and 2D images 

of the interactions.  

 

Docking validation with biological data. The docking protocol was validated using a test 

set of 40 molecules, including active and inactive reported inhibitors against dengue 

virus, as well as reported inhibitors for proteases from other viruses, for comparative 

purposes [30]. For dengue inhibitors, molecules with IC50 values less than 15 µM were 

chosen. For some molecules, the three-dimensional structures were downloaded from 

the NCBI PubChem Database, and processing was similar to that described above. 

Such is the case of the compounds CID_3010818, CID_53487990, CID_10324367, 

CID_35370, CID_5362440, CID_60825, CID_441243, CID_54682461, CID_44246257, 

CID_4101471, CID_60194816, and CID_23350827. For remaining ligands, 3D structure 
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was drawn and optimized using DFT at the B3LYP/6-31G level. Calculations were 

carried out with Gaussian 09 package program [31]. SYBYL 8.1.1 package was used to 

convert files to MOL2 format and MGLTools 1.5.0 to PDBQT format.  

 

Molecules with the best binding affinities were compared to other chemicals that were 

published as active and inactive inhibitors of dengue protease. This comparison was 

based on their molecular characteristics using hierarchical agglomerative clustering. 

Cluster analysis was performed using the Tanimoto coefficient method with a measure 

of similarity and an average linkage [32].  

 

The web-based software tool FAFDrugs3 [33], which is hosted on the public domain of 

The Ressource Parisienne en Bioinformatique Structurale (http://fafdrugs2.mti.univ-

paris-diderot.fr/references.html), was used to filter for Pan Assay Interference 

Compounds (PAINS). The canonical Simplified Molecular Input Line Entry System 

(SMILES) strings were used as Input data, which were obtained from the PubChem 

database.  

 

2.2. In vitro studies 

2.2.1. Protein expression 

A soluble His-tagged recombinant DEN-2 NS2B/NS3 protease was constructed 

according to the sequence published by Yang et al. [34]. In this study, the vector 

pET28c was used for the inducible expression of the hexahistidine-tagged recombinant 

protein. The DEN-2 NS2B/NS3 protease sequence was inserted between the NdeI and 
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XhoI restriction sites with a flexible linker (Gly4) between NS2B and NS3. The vector 

was then transformed into the Escherichia coli strain BL21 star (DE3) for protein 

expression. Cultures of this E. coli strain were grown in 5 L of LB medium that contained 

30 µg/mL kanamycin at 37 °C until the absorbance at 600  nm (A600) reached 0.6. The 

cells were induced for expression by the addition of isopropyl-β-D-thiogalactopyranose 

to a final concentration of 0.4 mM and were incubated for an additional 4 h at 37°C. The 

cells were then harvested by centrifugation (8900 rpm, 20 min, 4 °C), and the pellets 

were stored at −80 °C until used. For protein purif ication, the cells were thawed and re-

suspended in BugBuster® Protein Extraction Reagent. The re-suspended cells were 

stirred at 300 rpm for 20 minutes at room temperature. Then, they were centrifuged 30 

min at 5,000 g and 4 °C. The supernatant was purifi ed immediately by passage through 

a Ni2+ column and pre-equilibrated with 50 mM Na2HPO4 and 300 mM NaCl, pH 7.0. 

The column was extensively washed with buffer that contained 10 mM and 150 mM 

imidazole, and protein was then eluted from the column in buffer that contained 300 mM 

imidazole. Finally, the elution buffer was changed for storage buffer (Tris 125 mM, pH 

7.5, NaCl 0,6 M, glycerol 25%). The elution fractions were analyzed by 12% SDS-

PAGE. Samples of pre- and post-induced cells as well as soluble and insoluble fractions 

following lysis were collected and also analyzed by 12% SDS-PAGE.  

 

2.2.2. Fluorimetric enzyme activity assay 

The bioassay used here is a modification of that reported by Tomlinson and Watowich 

[35]. The molecules used were those that were commercially available, with the best 

binding affinities obtained with the in silico studies: C29H25N3O4S (PubChem ID: 
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54710332, STK841825, Purity > 90%), C25H14O6 (PubChem ID: 54692153, STK523898, 

Purity > 90%), C35H27NO9 (PubChem ID: 54681617, STK530661, Purity > 90%), 

C30H25NO5 (PubChem ID: 54692801, STK332077, Purity > 90%), and C34H23NO7S2 

(PubChem ID: 54715399, STK529754, Purity 95%), as well as aprotinin, a competitive 

serine protease inhibitor. The assay was performed with 96-well plates, with a final 

volume of 100 µL. The NS2B/NS3 dengue virus protease (0.1 µM) was pre-incubated in 

storage buffer (200 mM Tris, pH 9.5, 20% glycerol) at room temperature for 30 min. 

Small molecules were tested at 1, 2 and 10 µM. The reaction was initiated by the 

addition of the substrate Boc-Gly-Arg-Arg-AMC at 100 µM. The reaction progress was 

monitored continuously for 60 minutes. Fluorescence readings were recorded at 355 nm 

excitation and 460 nm emission. Triplicate measurements were conducted for each data 

point. The data are reported as the means ± S.E. The 50% inhibitory concentration 

(IC50) values were estimated graphically from the plots of percent inhibition versus 

inhibitor concentration [36]. IC50 was defined as the inhibitor concentration at which 50% 

of the control protease activity was inhibited. All of the protease inhibitor and cytotoxicity 

assays were performed in triplicate. 

 

2.2.3. Cell and Virus 

The human hepatocellular liver carcinoma cell line, HepG-2 (from American Type 

Culture Collection [ATCC] HB-8065), was grown in DMEM/F-12 medium (GIBCO® 

Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12) supplemented with 10% (v/v) 

fetal calf serum and maintained in a humidified 5% (v/v) CO2 incubator at 37ºC. The 

DENV-2 New Guinea C strain (NGC) provided by the Center for Disease Control (CDC, 
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Fort Collins, CO) was used in this study. Stock virus was prepared in Ae. albopictus 

(C6/36) cells, and the virus titer was determined by the conventional Reed & Muench 

method [37].  

 

2.2.4. Cell proliferation assay 

An MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-di-phenyl tetrazolium bromide] cell 

proliferation assay was performed to estimate the potential cytotoxicity of the 

compounds on HepG-2 cells using the protocol described by Meneses et al. [38]. Cells 

were seeded into 96-well plates at 1x104 cells per well and incubated for 24 h at 37°C; 

then, the culture medium was removed, and fresh medium with each compound at final 

concentrations of 200, 100, 50, 25 and 12.5 µM was added. After 72 h of incubation at 

37°C, MTT solution (20 µL; 5 mg/mL. Sigma Co.) was added, and the cells were 

incubated for an additional 4 h. The reduction of MTT to a formazan product was 

quantified by measuring the optical density (OD) at 580 nm using a microplate reader 

(Thermo Scientific). Data are expressed as the concentration of compound that reduces 

the OD580 of the treated cells to 50% with respect to the untreated cells (50% Cytotoxic 

Concentration, CC50).  

 

2.2.5. Virus yield reduction assay 

Viral protein NS1 reduction assays were performed to examine the antiviral activity of 

the tested compounds. Secreted NS1 in the culture medium of virus-infected cells 

correlates with viral replication [39]. Approximately 1x104 HepG-2 cells per well were 

seeded in a 96-well plate, and after incubating for 24 h at 37°C, these cells were 
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infected with DENV-2 at a multiplicity of infection (MOI) of 11.0. One hour after virus 

adsorption, the cells were washed and replenished with medium that contained 

concentrations of the compound below the Maximum Non-Toxic Concentration (MNTC). 

Samples of culture medium were collected at 72 h post infection, stored at -20°C, and 

later tested for the presence of DENV-2/NS1 protein. Assays were performed in 

duplicate in at least two independent experiments. Virus-infected cells, non-drug treated 

or treated with ribavirin, were run in parallel as negative and positive controls, 

respectively. The differences in the NS1 levels between the treated and untreated cells 

were tested for significance by Student’s t-test. The IC50 and selectivity index (SI = 

CC50/CI50) were calculated. 

 

2.2.6. NS1 protein capture assay 

The Panbio® Dengue Early kit (PanBio Diagnostic Brisbane, Australia) is a sandwich 

format microplate enzyme immunoassay for the quantitative detection of dengue NS1 

protein. Samples of culture medium from DENV-2-infected cells treated and untreated 

with compound or ribavirin were tested according to the manufacturer’s instructions. 

The presence of NS1 was demonstrated by a color development. The optical density 

(OD) reading was taken at 450 nm, and the amount of NS1 was determined by 

comparing the OD of the sample with the OD of the cut-off control cell medium. The 

results are expressed as ‘‘Panbio units: PbU,’’ with 11.0 defined as the minimum 

concentration that was detected [40].  

 

2.2.7. Data Analysis 
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Mean comparisons between groups were performed using the Kruskal-Wallis test. 

Statistical analyses were performed using GraphPad Prism version 5.01 (GraphPad 

Software, San Diego, CA). The p-value that was considered to be significant is indicated 

in each Figure. Error bars are expressed as ± SD. 

 

3. RESULTS  

This report describes the discovery of compounds that can inhibit NS2B/NS3 dengue 

virus protease, an essential enzyme for viral replication, which could provide 

pharmacological benefits for the medical treatment of this disease. It has been found 

that this enzyme has an essential role in dengue virus replication through the cleavage 

of viral polyprotein [41]. Therefore, disturbing the activity of dengue protease will 

contribute to blocking the viral replication in host cells. The NS2B/NS3 two-component 

protease of dengue virus is currently being investigated with the purpose of discovering 

small molecule inhibitors that are suitable as treatment options for the disease with the 

same name [42].  

 

3.1. Screening with the PubChem Database 

The use of the dengue virus protease structural information for in silico approaches 

allowed the identification of different compounds with good inhibitory activity for this 

protein. From the PubChem Database, 210,903 compounds (Table S1) were docked 

into the DENV protease model (PDB: 2FOM). The scoring of the in silico binding 

affinities ranged from -15.1 to 165.0 kcal/mol. Theoretically, a lower Gibbs free energy 

of a protein–ligand complex indicates more stability, and in addition, binding requires a 
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negative Gibbs free energy, which is similar to any other spontaneous process [43]. Of 

the total number of examined molecules, 113,849 showed equal or better binding 

affinity values than the average (-7.4 kcal/mol); these are molecules that are less than 

2000 Da, and most have more H bond acceptors than donors. 

 

3.2. Selecting the inhibitors 

Among the molecules with the best docking scores, five were commercially available, 

purchased, and tested in vitro as dengue protease inhibitors (Table 1). All of them have 

molecular weights between 410.38 and 621.68 Da. For these molecules, the potential 

drug-like properties were calculated using the OSIRIS property calculator 

(http://www.organic-chemistry.org/prog/peo). This software suggests that except for 

C30H25NO5 (CID 54692801), these small molecules do not contain the pharmacophores 

that are associated with increased risk of adverse mutagenic, tumorigenic or irritant 

effects. For C30H25NO5 (CID 54692801), naphtalen-1-amine is considered to be a high 

risk fragment that indicates tumorigenicity and mutagenicity.  

 

Table 1. Purchased and tested compounds from the PubChem database with high in 

silico affinity values (kcal/mol) for the DENV protease model (PDB: 2FOM). 

PubChem 
ID Structure Molecular 

formula 

Docking 
affinity 
scores 

(kcal/mol) 

Molecular 
weight 
(g/mol) 
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54692801 

 

C30H25NO5 -13.5 478.52 

54715399 

 

C34H23NO7S2 -11.4 621.68 

54710332 

 

C29H25N3O4S -11.7 511.59 

54692153 

 

C25H14O6 -11.4 410.38 

54681617 

 

C35H27NO9 -11.6 605.59 
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According to Bael and Holloway [44], PAINS appear as frequent hits in high throughput 

screening (HTS). Some of the molecules with the best docking scores obtained from 

this type of assay involve false positives as a result of their high protein reactivity. The 

substructural features identified in promiscuous inhibitors were searched by 

FAFDRUGS3 [33] (http://fafdrugs2.mti.univ-paris-diderot.fr/mobyle.html). None of the 

five hits reported in this paper were described as PAINS (Figure S2), which 

corroborates that these compounds are promising starting points for further exploration 

in current dengue research.  

 

Protein-ligand complexes for selected compounds are presented in Figure 1. Most of 

the interactions were hydrophobic and hydrogen bonding interactions, van der Waals 

forces, and a few aromatic ring interactions. Comparing the conformation adopted for 

these molecules in the binding site of the dengue protease, it is evidenced that certain 

residues interact with most of these molecules, in particular, Ile65, Trp69, Lys74, Leu76, 

Thr120, Ile123, Val154, Ala164, Ile165, and Ala166; thus, it is likely that these residues 

share the same binding site.  
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Figure 1. Tridimensional view of the docking and interacting residues in the binding site cavity of Dengue virus protease 

(PDB: 2FOM) in complex with A. C30H25NO5, CID 54692801. B. C34H23NO7S2, CID 54715399. C. C29H25N3O4S, 

CID 54710332. D. C25H14O6, CID 54692153. E. C35H27NO9, CID 54681617. 
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Given the high amino acid sequence homology between the NS3 proteases of the 

Flaviviridae family [45], it is feasible that the inhibitors reported for other viral proteases 

might have an important inhibitory activity for this enzyme in dengue virus. For this 

reason, the crystal structure of the dengue NS2B/NS3 protease (PDB: 2FOM) was 

docked with some inhibitors that were reported for proteases from viruses, such as 

Hepatitis C (HCV), West Nile (WNV), Dengue and Human Immunodeficiency Virus 

(HIV) (Table 2). For dengue inhibitors, molecules with IC50 values of less than 15 µM 

were chosen. The affinity values obtained for these inhibitors were in the range from -

10,1 kcal/mol to -5.5 kcal/mol. From these, the best values were those obtained for 

dengue virus protease inhibitors, as expected. However, the binding affinity values 

obtained with these molecules were not as good as those calculated for the molecules 

suggested in this paper. The PDB crystal structure 2FOM was also used for docking 

with some molecules that were reported as not being active inhibitors for dengue 

protease [46-48]. The molecular structure of inhibitors reported for other proteases 

(HCV, WNV, Dengue and HIV), as well as those known as not active inhibitors for 

dengue protease, that were docked onto the crystal structure of the dengue NS2B/NS3 

complex (PDB: 2FOM), are shown in Table S3. The affinity values range varied from -

9,0 kcal/mol to -6,2 kcal/mol (Table 2), which shows significant differences (P<0.05) 

from the values reported in inhibitors (Figure S4).  
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Table 2. Affinity binding values for viral protease inhibitors and molecules reported as not active dengue virus protease 

inhibitors, docked with the DEN2V protease crystal structure (PDB: 2FOM). 

 

Code Compound Inhibited 
virus 

Replicates of docking 
affinity with DEN2V 

(kcal/mol) Mean SD Reference 

R1 R2 R3 
C1 CID_3010818 HCVa -7,0 -7,0 -7,1 -7,0 0.1 

[49] C2 CID_53487990 HCV -6,7 -6,7 -6,7 -6,7 0.3 
C3 CID_10324367 HCV -7,2 -7,3 -7,1 -7,2 0.1 
C4 CID_35370 HIVb -6,3 -6,3 -6,3 -6,3 0.0 

[50] C5 CID_5362440 HIV -7,8 -7,9 -8 -7,9 0.2 
C6 CID_60825 HIV -5,6 -5,6 -5,4 -5,5 0.1 
C7 CID_441243 HIV -8,1 -8,1 -8 -8,1 0.4 [51] 
C8 CID_54682461 HIV -7,1 -7 -8,8 -7,6 0.7 [52] 
C9 CID_44246257 WNVc -8,2 -8,1 -7,7 -8,0 0.2 [53] 

C10 
N1,N4-bis(4-(4-methyl-4,5-dihydro-1H-
imidazol-2-yl)phenyl)phthalazine-1,4-

diamine 
DENV -9,4 -9,4 -9,3 -9,4 0.1 [54] 

C11 CID 4101471 DENV -9,1 -8,6 -9,1 -8,9 0.2 
[35] 

C12 ARDP0006 DENV -8 -8 -8 -8,0 0.0 
C14 Chemdiv K286-0036 DENV -8,6 -8,6 -8,6 -8,6 0,0 [55] 
C15 CID 60194816 DENV -8,4 -7,8 -7,9 -8,0 0,3 

[56] 
C16 CID 60194819 DENV -8,9 -9,4 -8,3 -8,9 0,6 
C17 Compound 7b DENV -9,6 -9,7 -8,8 -9,4 0,5 

 [57] 
C18 Compound 7c DENV -9,8 -9,8 -9,1 -9,6 0,4 
C19 Compound 7e DENV -9,6 -9,5 -8,7 -9,3 0,5 
C20 Compound 8a DENV -9,4 -9,8 -9 -9,4 0,4 
C21 Compound 8b DENV -10,2 -10,2 -9,9 -10,1 0,2 
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C22 Compound 8e DENV -9,3 -9,8 -9,3 -9,5 0,3 
C23 Compound 7a 

NOT 
ACTIVE 

DENGUE 
VIRUS 

PROTEASE 
INHIBITORS 

-9,2 -9,0 -8,9 -9,0 0,2 [47] 
C24 Compound 8f -9,8 -9,9 -10 -9,9 0,1 
C25 Compound 2 -6,3 -6,4 -6,2 -6,3 0,1 [46] 
C26 Compound 4a -6,7 -6,7 -7,6 -7,0 0,5 

[48] 

C27 Compound 4b -8,0 -8,7 -8,8 -8,5 0,4 
C28 Compound 4c -7,7 -8,6 -7,9 -8,1 0,5 
C29 Compound 4d -7,5 -7,5 -7,2 -7,4 0,2 
C30 Compound 4e -8,6 -8,2 -7,9 -8,2 0,4 
C31 Compound 4f -8,1 -7,9 -7,8 -7,9 0,2 
C32 Compound 4g -8,2 -7,9 -7,3 -7,8 0,5 
C33 Compound 4h -7,8 -7,8 -7,5 -7,7 0,2 
C34 Compound 4i -7,7 -7,8 -7,5 -7,7 0,2 
C35 Compound 4j -8,1 -8,4 -8,5 -8,3 0,2 
C36 Compound 4k -8,8 -7,9 -8,8 -8,5 0,5 
C37 Compound 4m -8,4 -8,4 -9,0 -8,6 0,3 
C38 Compound 4n -8,8 -8,3 -8,7 -8,6 0,3 
C39 Compound 4o -7,3 -7,5 -7,4 -7,4 0,1 
C40 Compound 4p -7,2 -7,0 -7,0 -7,1 0,1 
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Cluster analysis allowed finding similarities between the molecular structures in Table 1 

and the dengue inhibitors reported and shown in Table 2 (Figure 2). Four of the five 

compounds proposed for in silico results as dengue protease inhibitor candidates were 

grouped together, where the last cluster encompasses two of our identified molecules 

(C34H23NO7S2, CID 54715399 and C35H27NO9, CID 54681617), which were the ones 

with the largest structure-based difference when they were compared to some of the 

reported inhibitory molecules. They both share the structure bis(4-hydroxy-2-oxo-2H-

chromen-3-yl)(2-methoxyphenyl)methyl. 

 

 

Figure 2. Dendrogram that shows the clustering between the structures of the in vitro 

tested molecules and some of the reported dengue virus NS2B/NS3 protease inhibitors. 

The CIDs of the tested molecules are in blue. 
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3.3. In vitro studies 

The commercially available molecules that had a high theoretical binding affinity to 

NS2B/NS3 protease were analyzed in vitro for their inhibition capacity (Figure 3). The 

calculation of the percent inhibition was obtained by subtracting the experimental value 

(with inhibitor) from the control (without inhibitor), which results in a value that is divided 

by the control and multiplied by one hundred [58]. For all of the tested molecules, the 

higher the concentration, the higher the percentage of inhibition, this demonstrates a 

dose-dependent response (Figure 3). The IC50 values suggested activity against 

dengue virus protease for four of the tested compounds, with C30H25NO5 (CID: 

54692801) and C34H23NO7S2 (CID: 54715399) showing significant differences (P<0.05) 

compared to the negative control. The lowest activity against dengue virus protease 

was observed for C29H25N3O4S (CID 54710332), which was apparently inactive, with an 

IC50 > 100 µM. The IC50 values for the others were between 9.09 µM and 19.87 µM, 

with C34H23NO7S2 (CID 54715399) having the highest inhibitory activity.  
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Figure 3. Percentage of inhibition of dengue virus protease activity for the in vitro tested compounds. A. C29H25N3O4S 

(CID: 54710332). B. C35H27NO9 (CID: 54681617). C. C25H14O6 (CID: 54692153). D. C30H25NO5 (CID: 54692801). E. 

C34H23NO7S2 (CID: 54715399). * Significantly different (P<0.05) when compared to the negative control.  
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3.4. Evaluation of antiviral activity by using cell-based assays that include the 

viral inhibitory effect and cell toxicity 

To exclude the possibility that the antiviral activities were due to compound-mediated 

cytotoxicity, uninfected HepG-2 cells were incubated with different concentrations of 

each compound for 72 h, and the cell viability was measured by the MTT method. 

Significant cell viability reduction was not observed at concentrations of up to 100.0, 

85.7, 19.5, 13.5 and 12.5 µM for C29H25N3O4S (CID 54710332), C35H27NO9 (CID 

54681617), C30H25NO5 (CID 54692801), C34H23NO7S2 (CID 54715399) and C25H14O6 

(CID 54692153), respectively. Thus, these concentrations were considered to be non-

toxic to the cells. 

 

To verify the antiviral activity, the cells were infected with DENV-2 and treated with 

compounds at non-toxic concentrations. The NS1 viral titer reduction assay was 

performed in culture medium at 72 h p.i. The level of NS1 in the medium from infected 

cells that were untreated and treated with ribavirin were 44.5 ± 3.2 PbU and 8.3 ± 2.5 

PbU, respectively. Only three compounds were active (Figure 4), two of them with a 

good inhibitory activity against dengue protease, as was also observed in the 

fluorometric enzyme assay. The C30H25NO5, (CID 54692801) compound reduced NS1 

by 69.8% (13.3 ± 3.3 PbU) at 19.5 µM and 15.5% (37.6 ± 3.7 PbU) at 9.8 µM; 

C34H23NO7S2 (CID 54715399) reduced NS1 by 73.9% (11.6 ± 0.8 PbU) at 13.5 µM with 

no reduction observed at lower concentrations; and the C35H27NO9 (CID 54681617) 

compound reduced NS1 by 79.9% (8.9 ± 2.1 PbU) at 85.7 µM and 37.0% (28.2 ± 7.9 

PbU) at 49.2 µM. In contrast, the C25H14O6 (CID 54692153) and C29H25N3O4S (CID 
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54710332) compounds did not reduce NS1 production at the highest non-toxic tested 

concentrations (12.5 µM and 100.0 µM, respectively) under the experimental conditions.  

 

The relevant activity of synthetic compounds is generally expressed by the IC50 and SI 

toward the supporting host (Table 3). An important parameter for the interpretation of 

the antiviral of a compound tested by using cell-based assays is the SI (SI = CC50/IC50). 

The C30H25NO5 (CID 54692801) was the most active, followed by C34H23NO7S2 (CID 

54715399), with both compounds having an IC50 of less than 20 µM and an SI of more 

than 3.0. The C35H27NO9 (CID 54681617) compound was active at an IC50 of 61.5 ± 4.6 

µM with an SI of 2.6. The results suggest that C30H25NO5 (CID 54692801) and 

C34H23NO7S2 (CID 54715399) are compounds that exert promising anti-dengue activity 

through significant inhibition of DENV-2 replication in vitro in accordance with the values 

of IC50 and SI. 

 

Table 3. Relevant antiviral activities of active compounds on DENV-2 replication in vitro. 

Compound CC50: µM IC50: µM SI 

C30H25NO5 (CID: 54692801) 58.6 ± 3.0 14.9 ± 2.9 3.9 

C34H23NO7S2 (CID: 54715399) 42.1 ± 1.6 11.8 ± 0.2 3.6 

C35H27NO9 (CID: 54681617) 162.4 ± 0.9 61.5 ± 4.6 2.6 
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Figure 4. Inhibition of DENV-2 and cytotoxicity of the compounds. A. NS1 protein secretion monitoring (%PbU) from 

virus-infected HepG-2 cells, 72 h after non-toxic concentrations of compounds. The values indicate the percentages of 

PbU from the compound-treated virus-infected compared with those from untreated infected-cells. *,**. Significantly 

different P < 0.01 and P < 0.05, respectively, when compared to non-exposure. B. Compound-mediated cytotoxicity (cell 

viability percentage) derived from the compound-treated cells compared with that from the untreated cells.  
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4. DISCUSSION  

Several efforts have been made to find non-peptidic inhibitors for dengue virus 

protease. However, most of them do not possess the desired properties for drug 

candidate or the antiviral activity required. Until now, some of the potent known 

dengue protease inhibitors reported in literature (listed in Table 2 and Table S3) 

include some compounds with specific mode of inhibition for different dengue 

serotypes like C10 [54]; others, that interact with conserved residues of the 

catalytic triad and the active site, decreasing the likelihood of drug-resistant 

mutations, like CID 4101471 and ARDP0006 [35] or Chemdiv K286-0036 [55]; or 

forming hydrogen bonds with the P4 region, a specificity determinant of dengue 

virus NS3 protease [59], like CID 60194816 and CID 60194819 [56] or finally 

compounds 7b, 7c, 7e, 8a, 8b and 8e with inhibitory rates over 75% and IC50 

values lower than 5 µM [57]. 

 

4.1. In silico Studies 

The results show that the molecules have promising antiviral features against 

dengue. On the one hand, they have low molecular weights, between 410.38 and 

621.68; numbers close to 500 Da, value recommended for small molecule drug 

development [60], and on the other hand, they do not have a risk of causing 

adverse effects, at least in theory for four of them, as shown by the OSIRIS 

calculator. Even for C30H25NO5 (CID 54692801), because naphtalen-1-amine, 

which was the only fragment described as a non-drug-like molecular fragment 

because of its high toxicity risks of undesired effects, such as tumorigenicity and 

mutagenicity, could be replaced for drug-like molecular groups.  
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None of the examined compounds has any report as a dengue antiviral. Of these 

molecules, C25H14O6 (CID 54692153) was reported by Nolan et al. [61] as a human 

NAD(P)H quinone oxidoreductase-1 (NQO1) inhibitor that was useful for cancer 

therapeutics. However, no biological information was found for the other four 

compounds. 

 

As shown for the protein-ligand complexes (Figure 1), these molecules do not 

interact directly with residues of the catalytic triad (His51, Asp75, Ser135), although 

those involved in the interactions are at positions close to them and also near to 

the residues that are reported as being located inside of the S1, S2 and S3 pockets 

[62]. Asn152 (identified as an interacting residue for C34H23NO7S2, CID 54715399 

and C29H25N3O4S, CID 54710332; Figure 1) and Ile165 were also reported by 

Salaemae et al. [63] as determinants of binding with the substrate in the active site 

of the dengue virus NS3 protease, as was also noted by other authors [35, 64, 65]. 

In addition, some of the interacting residues between dengue virus protease and 

these molecules, such as Lys 74, Gly 87, Leu 149, Asn 152, Ala 164, and Asn 167, 

were described by Senthilvel et al. [66] as key residues for the binding affinity of 

the flavonoid quercetin. This compound is one of the seven phenolic molecules 

that are found in the leaves of Carica papaya, which have inhibitory activity on 

NS2B/NS3 protease. 

 

When comparing the affinity values obtained between the Flaviviridae family 

protease inhibitors and dengue virus protease, none showed significant inhibitory 
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activity for this enzyme. The low affinity registered for the docking between the 

dengue protease structure and the protease inhibitors reported for other viruses 

could be explained by the altered specificity relative to other trypsin-like serine 

proteases. One of the reasons for this behavior could be related to the flatness of 

the dengue virus protease active site [34]. This flatness substantially hampers drug 

development against this target because conformational changes are required to 

allow the protein-ligand interaction.  

 

The obtained results when comparing affinity binding values from molecules 

reported as dengue protease inhibitors [35, 54-57], and for those reported as not 

active inhibitors validate the parameters used in the in silico experiments, which is 

supported by the statistically significant differences that are found between these 

groups of molecules.  

 

Cluster analysis grouped four of the five compounds that were proposed for in 

silico results as dengue protease inhibitor candidates (Figure 2), with C34H23NO7S2 

(CID 54715399) and C35H27NO9 (CID 54681617) as the compounds that had the 

largest structure-based differences when they were compared with some of the 

reported inhibitory molecules. They both share the structure bis(4-hydroxy-2-oxo-

2H-chromen-3-yl)(2-methoxyphenyl)methyl. This molecule is an analogue of bis-

coumarine, which is a known inhibitor of urease [67, 68], as well as nucleotide 

pyrophosphatase phosphodiesterase-1 [69]. As proteases, ureases and 

pyrophosphatases are hydrolase enzymes. Ureases act on carbon-nitrogen bonds, 

but in linear amides other than peptide bonds that are involved in the nitrogen cycle 
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[70]. Pyrophosphatase hydrolyses inorganic pyrophosphate and is produced in a 

very large number of biochemical reactions in the cell, such as in DNA or protein 

biosynthesis [71]. 

 

4.2. In vitro studies 

A dose-dependent response was shown by all of the tested molecules, which was 

demonstrated by an increase in the percentage of inhibition as the concentration 

increases. The inhibitory activity of the compound C34H23NO7S2 should be noted, 

which at the highest tested concentration (10 µM) showed an inhibition of more 

than 50% of the dengue virus protease. These IC50 values are better than those 

reported for other inhibitors [13, 34], which is evidence that the proposed 

methodology is useful for the identification of compounds that have dengue virus 

protease inhibitory activity. 

 

Using concentrations that are non-toxic to the cells of each tested molecule, three 

compounds showed inhibitory activity. The relevant antiviral activity of the active 

compounds was defined according to the IC50 and SI, as shown in Table 3. The 

selectivity index (SI) enables to distinguish between the antiviral activity of the 

evaluated compounds and the possible toxic effects on the cells [72, 73]. 

According to the SI value, it is established if the antiviral activity is not a 

consequence of the cytotoxic effect on the cells, indicating the selectivity of the 

tested compounds on the assessed cell lines [72]. According to Senthil [74], SI 

values greater than 3.0 reflect some selectivity of the samples for the tested cell 

lines. In fact, very well-known antiviral molecules have SI values around 5, such as 
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amantadine against influenza A(H1N1)pdm09 virus (SI = 4) [75] and ribavirin 

towards DENV2 (SI = 4.7) [76]. However, while searching for promising antiviral 

molecules, SI values should be greater than 10. Therefore, for the two molecules 

with the highest SI values that were discovered in this work, it can be inferred that 

those have a modest anti-dengue protease activity.  Additionally, it is also 

established that the antiviral activity is relevant when the IC50 values are below 100 

mg/mL [77]. Taken together, the C30H25NO5 (CID: 54692801) and C34H23NO7S2 

(CID: 54715399) compounds present a moderate anti-DENV-2 activity, which 

affects the functional activity of the NS2B/NS3 protease complex. C35H27NO9 (CID: 

54681617) was active, but it does not appear to be a promising chemical in 

accordance with the IC50 (61.5 µM) and IS (2.6) values. C25H14O6 (CID: 54692153) 

appears to be very toxic to human hepatocytes (maximum non-toxic concentration 

of 12.5 µM), and therefore, concentrations of below 25 µM had to be used for 

antiviral assays to not have an inhibitory effect. In contrast, C29H25N3O4S (CID: 

54710332) exhibited low cytotoxic effects, although at a high concentration (100 

µM), it was inactive. 

 

Studies demonstrate that in vitro cytotoxicity is commonly cell-type specific and 

that cytotoxicity in one cell 

 does not necessarily suggest cytotoxicity in another [78]. In addition, the inability 

of compounds to inhibit dengue can depend on the type of cell, and discrepancies 

could be attributed to differences in the membrane permeability or the molecule 

uptake into the host cell. In this study, hepatic cells were used because they are 

target cells for virus infection in dengue patients, which contributes to the reliability 
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of the assay. On the other hand, the primary screening that uses DENV-2 could 

lead to an inaccurate assessment of the anti-dengue activity due to the possibility 

that compounds that do not inhibit this serotype could exhibit activity of varying 

degrees against other infections [79].  

 

5. CONCLUSIONS 

In this study, the anti-dengue activity of the tested compounds under particular 

experimental conditions was examined. Further in vitro assays could be conducted 

to verify whether these compounds indeed have antiviral activity on virus serotypes 

while they infect other cell types. Our findings revealed that among the 210,903 

compounds screened, at least three (C35H27NO9, C30H25NO5 and C34H23NO7S2) 

had good inhibitory activity against NS2B/NS3 serine protease. Along with the 

results of the comparison of multivariate methods, the bis (4-hydroxy-2-oxo-2H-

chromen-3-yl) (2-methoxyphenyl) methyl structure can be used as a starting point 

molecule for developing new drug candidates that are effective against the dengue 

virus.  

 

AUTHOR CONTRIBUTIONS 

This manuscript was written according to the equal contributions of all of the 

authors, and all of the authors have given approval to the final version.  

 

ACKNOWLEDGMENTS 

The authors wish to thank the Administrative Department of Science, Technology 

and Innovation of Colombia, Colciencias (Grants 110751929058, 2010; 1107-459-



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 33

21616), CENIVAM (RC 0572-2012) and the University of Cartagena (0342010) for 

providing financial support. 

 

REFERENCES 

[1] D.A. Shroyer, Aedes albopictus and arboviruses: a concise review of the literature, J. Am. Mosq. 

Control Assoc., 2 (1986) 424-428. 

[2] WHO. World Health Day 2014: small bite, big threat. [Online]. 2014. 

http://www.who.int/campaigns/world-health-day/2014/en/ (September 2015). 

[3] WHO. Dengue and severe dengue. Fact sheet N°117 [Online]. 2013. 

http://www.who.int/mediacentre/factsheets/fs117/en/ (September 2015). 

[4] J.A. Usme-Ciro, J.A. Mendez, A. Tenorio, G.J. Rey, C. Domingo, J.C. Gallego-Gomez, 

Simultaneous circulation of genotypes I and III of dengue virus 3 in Colombia, Virol. J., 5 (2008) 

101. 

[5] M.S. Mustafa, V. Rasotgi, S. Jain, V. Gupta, Discovery of fifth serotype of dengue virus (DENV-5): 

A new public health dilemma in dengue control, Med. J. Armed Forces India, 71 (2015) 67-70. 

[6] A. Balmaseda, S.N. Hammond, L. Perez, Y. Tellez, S.I. Saborio, J.C. Mercado, R. Cuadra, J. Rocha, 

M.A. Perez, S. Silva, C. Rocha, E. Harris, Serotype-specific differences in clinical manifestations of 

dengue, Am. J. Trop. Med. Hyg., 74 (2006) 449-456. 

[7] A. Sampath, R. Padmanabhan, Molecular targets for flavivirus drug discovery, Antiviral Res., 81 
(2009) 6-15. 

[8] Z. Lou, Y. Sun, Z. Rao, Current progress in antiviral strategies, Trends Pharmacol. Sci, 35 (2014) 

86-102. 

[9] W.G. Gu, D.T. Ip, S.J. Liu, J.H. Chan, Y. Wang, X. Zhang, Y.T. Zheng, D.C. Wan, 1,4-Bis(5-

(naphthalen-1-yl)thiophen-2-yl)naphthalene, a small molecule, functions as a novel anti-HIV-1 

inhibitor targeting the interaction between integrase and cellular Lens epithelium-derived growth 

factor, Chem. Biol. Interact., 213 (2014) 21-27. 

[10] P.Y. Kwo, E.J. Lawitz, J. McCone, E.R. Schiff, J.M. Vierling, D. Pound, M.N. Davis, J.S. Galati, S.C. 

Gordon, N. Ravendhran, L. Rossaro, F.H. Anderson, I.M. Jacobson, R. Rubin, K. Koury, L.D. 

Pedicone, C.A. Brass, E. Chaudhri, J.K. Albrecht, Efficacy of boceprevir, an NS3 protease inhibitor, 
in combination with peginterferon alfa-2b and ribavirin in treatment-naive patients with genotype 

1 hepatitis C infection (SPRINT-1): an open-label, randomised, multicentre phase 2 trial, Lancet, 

376 (2010) 705-716. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 34

[11] M. Ezgimen, H. Lai, N.H. Mueller, K. Lee, G. Cuny, D.A. Ostrov, R. Padmanabhan, 

Characterization of the 8-hydroxyquinoline scaffold for inhibitors of West Nile virus serine 

protease, Antiviral Res., 94 (2012) 18-24. 

[12] C.C. Yang, H.S. Hu, R.H. Wu, S.H. Wu, S.J. Lee, W.T. Jiaang, J.H. Chern, Z.S. Huang, H.N. Wu, 

C.M. Chang, A. Yueh, A novel dengue virus inhibitor, BP13944, discovered by high-throughput 

screening with dengue virus replicon cells selects for resistance in the viral NS2B/NS3 protease, 
Antimicrob. Agents Chemother., 58 (2014) 110-119. 

[13] H.A. Rothan, H.C. Han, T.S. Ramasamy, S. Othman, N.A. Rahman, R. Yusof, Inhibition of 

dengue NS2B-NS3 protease and viral replication in Vero cells by recombinant retrocyclin-1, BMC 

Infect. Dis., 12 (2012) 314. 

[14] P.J. Hughes, E. Cretton-Scott, A. Teague, T.M. Wensel, Protease inhibitors for patients with 

HIV-1 infection: A comparative overview, P & T : a peer-reviewed journal for formulary 

management, 36 (2011) 332-345. 

[15] X. Forns, E. Lawitz, S. Zeuzem, E. Gane, J.P. Bronowicki, P. Andreone, A. Horban, A. Brown, M. 

Peeters, O. Lenz, S. Ouwerkerk-Mahadevan, J. Scott, G. De La Rosa, R. Kalmeijer, R. Sinha, M. 

Beumont-Mauviel, Simeprevir with peginterferon and ribavirin leads to high rates of SVR in 
patients with HCV genotype 1 who relapsed after previous therapy: a phase 3 trial, 

Gastroenterology, 146 (2014) 1669-1679. 

[16] G.M. Keating, A. Vaidya, Sofosbuvir: first global approval, Drugs, 74 (2014) 273-282. 

[17] R.S. Keri, C. Quintanova, S.M. Marques, A.R. Esteves, S.M. Cardoso, M.A. Santos, Design, 

synthesis and neuroprotective evaluation of novel tacrine-benzothiazole hybrids as multi-targeted 

compounds against Alzheimer's disease, Bioorg. Med. Chem., 21 (2013) 4559-4569. 

[18] L.C. de Rezende, F. Fumagalli, M.S. Bortolin, M.G. de Oliveira, M.H. de Paula, V.F. de Andrade-

Neto, S. Emery Fda, In vivo antimalarial activity of novel 2-hydroxy-3-anilino-1,4-naphthoquinones 

obtained by epoxide ring-opening reaction, Bioorg. Med. Chem. Lett., 23 (2013) 4583-4586. 

[19] A.S. Reddy, S.P. Pati, P.P. Kumar, H.N. Pradeep, G.N. Sastry, Virtual screening in drug 

discovery-a computational perspective, Curr. Protein Pept. Sci., 8 (2007) 329-351. 

[20] T. Tuccinardi, S. Taliani, M. Bellandi, F. Da Settimo, E. Da Pozzo, C. Martini, C. Martinelli, A 

Virtual Screening Study of the 18 kDa Translocator Protein using Pharmacophore Models 
Combined with 3D-QSAR, Chem. Med. Chem., 4 (2009) 1686-1694. 

[21] S. Ananthan, W. Zhang, J.V. Hobrath, Recent advances in structure-based virtual screening of 

G-protein coupled receptors, The AAPS journal, 11 (2009) 178-185. 

[22] S. Pambudi, N. Kawashita, S. Phanthanawiboon, M.D. Omokoko, P. Masrinoul, A. Yamashita, 

K. Limkittikul, T. Yasunaga, T. Takagi, K. Ikuta, T. Kurosu, A small compound targeting the 

interaction between nonstructural proteins 2B and 3 inhibits dengue virus replication, Biochem. 

Biophys. Res. Commun., 440 (2013) 393-398. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 35

[23] H. Lai, D. Dou, S. Aravapalli, T. Teramoto, G.H. Lushington, T.M. Mwania, K.R. Alliston, D.M. 

Eichhorn, R. Padmanabhan, W.C. Groutas, Design, synthesis and characterization of novel 1,2-

benzisothiazol-3(2H)-one and 1,3,4-oxadiazole hybrid derivatives: potent inhibitors of Dengue and 

West Nile virus NS2B/NS3 proteases, Bioorg. Med. Chem., 21 (2013) 102-113. 

[24] C.G. Noble, P.Y. Shi, Structural biology of dengue virus enzymes: towards rational design of 

therapeutics, Antiviral Res., 96 (2012) 115-126. 

[25] M.F. Sanner, A.J. Olson, J.C. Spehner, Reduced surface: an efficient way to compute molecular 

surfaces, Biopolymers, 38 (1996) 305-320. 

[26] Tripos, SYBYL, Tripos International  1699 South Hanley Rd., St. Louis, Missouri, 63144, USA., 
2008. 

[27] M.F. Sanner, Python: a programming language for software integration and development, J. 

Mol. Graph. Model., 17 (1999) 57-61. 

[28] O. Trott, A.J. Olson, AutoDock Vina: improving the speed and accuracy of docking with a new 
scoring function, efficient optimization, and multithreading, J. Comput. Chem, 31 (2010) 455-461. 

[29] G. Wolber, T. Langer, LigandScout: 3-D pharmacophores derived from protein-bound ligands 

and their use as virtual screening filters, J. Chem. Inf. Model, 45 (2005) 160-169. 

[30] W. Maldonado-Rojas, J. Olivero-Verbel, Y. Marrero-Ponce, Computational fishing of new DNA 

methyltransferase inhibitors from natural products, Journal of molecular graphics & modelling, 60 

(2015) 43-54. 

[31] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. 

Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, 

A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. 

Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. J. A. Montgomery, J. E. 
Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, 

J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. 

M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. 

Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. 

Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, 

Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D.J. Fox., Gaussian 09, Gaussian, Inc., 

Wallingford CT., 2009. 

[32] T.W. Backman, Y. Cao, T. Girke, ChemMine tools: an online service for analyzing and clustering 

small molecules, Nucleic Acids Res., (2011) gkr320. 

[33] D. Lagorce, J. Maupetit, J. Baell, O. Sperandio, P. Tuffery, M.A. Miteva, H. Galons, B.O. 

Villoutreix, The FAF-Drugs2 server: a multistep engine to prepare electronic chemical compound 

collections, Bioinformatics, 27 (2011) 2018-2020. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 36

[34] C.C. Yang, Y.C. Hsieh, S.J. Lee, S.H. Wu, C.L. Liao, C.H. Tsao, Y.S. Chao, J.H. Chern, C.P. Wu, A. 

Yueh, Novel dengue virus-specific NS2B/NS3 protease inhibitor, BP2109, discovered by a high-

throughput screening assay, Antimicrob. Agents Chemother., 55 (2011) 229-238. 

[35] S.M. Tomlinson, S.J. Watowich, Anthracene-based inhibitors of dengue virus NS2B-NS3 

protease, Antiviral Res., 89 (2011) 127-135. 

[36] J. Fabrick, C. Behnke, T. Czapla, K. Bala, A.G. Rao, K.J. Kramer, G.R. Reeck, Effects of a potato 

cysteine proteinase inhibitor on midgut proteolytic enzyme activity and growth of the southern 

corn rootworm, Diabrotica undecimpunctata howardi (Coleoptera: Chrysomelidae), Insect. 

Biochem. Molec. Biol., 32 (2002) 405-415. 

[37] L.J. Reed, H. Muench, A simple method of estimating fifty per cent endpoints, Am. J. 

Epidemiol, 27 (1938) 493-497. 

[38] R. Meneses, R.E. Ocazionez, J.R. Martínez, E.E. Stashenko, Inhibitory effect of essential oils 

obtained from plants grown in Colombia on yellow fever virus replication in vitro, Ann. Clin. 

Microbiol. Antimicrob., 8 (2009) 8. 

[39] J. Ludert, C. Mosso, I. Ceballos-Olvera, R. del Angel, Use of a commercial enzyme 

immunoassay to monitor dengue virus replication in cultured cells, Virol. J., 5 (2008) 51. 

[40] A. Shrivastava, P.K. Dash, N.K. Tripathi, A.K. Sahni, N. Gopalan, P.V. Lakshmana-Rao, 

Evaluation of a commercial Dengue NS1 enzyme-linked immunosorbent assay for early diagnosis 

of dengue infection, Indian J. Med. Microbiol., 29 (2011) 51-55. 

[41] B.J. Geiss, H. Stahla, A.M. Hannah, H.H. Gari, S.M. Keenan, Focus on flaviviruses: current and 

future drug targets, Future Med. Chem., 1 (2009) 327-344. 

[42] R. Raut, H. Beesetti, P. Tyagi, I. Khanna, S.K. Jain, V.U. Jeankumar, P. Yogeeswari, D. Sriram, S. 

Swaminathan, A small molecule inhibitor of dengue virus type 2 protease inhibits the replication of 
all four dengue virus serotypes in cell culture, Virol. J., 12 (2015) 16. 

[43] A.K. Bronowska, Thermodynamics of ligand-protein interactions: Implications for molecular 

design, thermodynamics - Interaction studies - Solids, liquids and gases, INTECH Open Access 

Publisher, Place Published, 2011. 

[44] J.B. Baell, G.A. Holloway, New substructure filters for removal of pan assay interference 

compounds (PAINS) from screening libraries and for their exclusion in bioassays, J. Med. Chem., 53 

(2010) 2719-2740. 

[45] L. Cregar-Hernandez, G.S. Jiao, A.T. Johnson, A.T. Lehrer, T.A. Wong, S.A. Margosiak, Small 

molecule pan-dengue and West Nile virus NS3 protease inhibitors, Antivir. Chem. Chemother., 21 
(2011) 209-217. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 37

[46] C. Steuer, C. Gege, W. Fischl, K.H. Heinonen, R. Bartenschlager, C.D. Klein, Synthesis and 

biological evaluation of alpha-ketoamides as inhibitors of the Dengue virus protease with antiviral 

activity in cell-culture, Bioorg. Med. Chem. Lett., 19 (2011) 4067-4074. 

[47] S. Aravapalli, H. Lai, T. Teramoto, K.R. Alliston, G.H. Lushington, E.L. Ferguson, R. 

Padmanabhan, W.C. Groutas, Inhibitors of Dengue virus and West Nile virus proteases based on 

the aminobenzamide scaffold, Bioorg. Med. Chem., 20 (2012) 4140-4148. 

[48] K.C. Tiew, D. Dou, T. Teramoto, H. Lai, K.R. Alliston, G.H. Lushington, R. Padmanabhan, W.C. 

Groutas, Inhibition of Dengue virus and West Nile virus proteases by click chemistry-derived 

benz[d]isothiazol-3(2H)-one derivatives, Bioorg. Med. Chem., 20 (2012) 1213-1221. 

[49] J.M. Gottwein, T.K. Scheel, T.B. Jensen, L. Ghanem, J. Bukh, Differential efficacy of protease 

inhibitors against HCV genotypes 2a, 3a, 5a, and 6a NS3/4A protease recombinant viruses, 

Gastroenterology, 141 (2011) 1067-1079. 

[50] R.M. Gulick, J.W. Mellors, D. Havlir, J.J. Eron, C. Gonzalez, D. McMahon, D.D. Richman, F.T. 

Valentine, L. Jonas, A. Meibohm, Treatment with indinavir, zidovudine, and lamivudine in adults 

with human immunodeficiency virus infection and prior antiretroviral therapy, N. Engl. J. Med., 

337 (1997) 734-739. 

[51] M. Stefanidou, I. Ramos, V. Mas-Casullo, J.B. Trepanier, S. Rosenbaum, A. Fernandez-Sesma, 

B.C. Herold, Herpes simplex virus 2 (HSV-2) prevents dendritic cell maturation, induces apoptosis, 

and triggers release of proinflammatory cytokines: potential links to HSV-HIV synergy, J. Virol., 87 

(2013) 1443-1453. 

[52] B.J. Turner, L. Markson, J. Cocroft, L. Cosler, W.W. Hauck, Clinic HIV-focused features and 

prevention of Pneumocystis carinii pneumonia, J. Gen. Intern. Med., 13 (1998) 16-23. 

[53] X.C. Su, K. Ozawa, H. Yagi, S.P. Lim, D. Wen, D. Ekonomiuk, D. Huang, T.H. Keller, S. Sonntag, A. 

Caflisch, S.G. Vasudevan, G. Otting, NMR study of complexes between low molecular mass 

inhibitors and the West Nile virus NS2B-NS3 protease, FEBS J, 276 (2009) 4244-4255. 

[54] C. Bodenreider, D. Beer, T.H. Keller, S. Sonntag, D. Wen, L. Yap, Y.H. Yau, S.G. Shochat, D. 

Huang, T. Zhou, A. Caflisch, X.C. Su, K. Ozawa, G. Otting, S.G. Vasudevan, J. Lescar, S.P. Lim, A 

fluorescence quenching assay to discriminate between specific and nonspecific inhibitors of 

dengue virus protease, Anal. Biochem., 395 (2009) 195-204. 

[55] T.T. Nguyen, S. Lee, H.K. Wang, H.Y. Chen, Y.T. Wu, S.C. Lin, D.W. Kim, D. Kim, In vitro 

evaluation of novel inhibitors against the NS2B-NS3 protease of dengue fever virus type 4, 

Molecules, 18 (2013) 15600-15612. 

[56] J. Deng, N. Li, H. Liu, Z. Zuo, O.W. Liew, W. Xu, G.K. Chen, X. Tong, W. Tang, J. Zhu, Discovery 

of novel small molecule inhibitors of dengue viral NS2B-NS3 protease using virtual screening and 

scaffold hopping, J. Med. Chem., 55 (2012) 6278-6293. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 38

[57] H. Liu, R. Wu, Y. Sun, Y. Ye, J. Chen, X. Luo, X. Shen, Identification of novel 

thiadiazoloacrylamide analogues as inhibitors of dengue-2 virus NS2B/NS3 protease, Bioorg. Med. 

Chem., 22 (2014) 6344-6352. 

[58] C. Umeadi, K. Bentsi-Barnes, F. Kandeel, I. Al-Abdullah, Endogenous pancreatic protease 

activity and methods for impeding their function, Transplantation proceedings, 40 (2008) 355-357. 

[59] P. Niyomrattanakit, S. Yahorava, I. Mutule, F. Mutulis, R. Petrovska, P. Prusis, G. Katzenmeier, 

J.E. Wikberg, Probing the substrate specificity of the dengue virus type 2 NS3 serine protease by 

using internally quenched fluorescent peptides, Biochem. J., 397 (2006) 203-211. 

[60] C.A. Lipinski, Lead- and drug-like compounds: the rule-of-five revolution, Drug Discov. Today 
Technol, 1 (2004) 337-341. 

[61] K.A. Nolan, H. Zhao, P.F. Faulder, A.D. Frenkel, D.J. Timson, D. Siegel, D. Ross, T.R. Burke Jr., I.J. 

Stratford, R.A. Bryce, Coumarin-based inhibitors of human NAD(P)H: quinone oxidoreductase-1. 

Identification, structure–activity, off-target effects and in vitro human pancreatic cancer toxicity, J. 

Med. Chem., 50 (2007) 6316-6325. 

[62] C.G. Noble, C.C. Seh, A.T. Chao, P.Y. Shi, Ligand-bound structures of the dengue virus protease 

reveal the active conformation, J. Virol., 86 (2012) 438-446. 

[63] W. Salaemae, M. Junaid, C. Angsuthanasombat, G. Katzenmeier, Structure-guided 

mutagenesis of active site residues in the dengue virus two-component protease NS2B-NS3, J. 

Biomed. Sci., 17 (2010) 68. 

[64] T.U. Qamar, A. Mumtaz, U.A. Ashfaq, S. Azhar, T. Fatima, M. Hassan, S.S. Hussain, W. Akram, 

S. Idrees, Computer Aided Screening of Phytochemicals from Garcinia against the Dengue 

NS2B/NS3 Protease, Bioinformation, 19 (2014) 115-118. 

[65] T.D. Tomlinson, D.E. Huber, C.A. Rieth, E.J. Davelaar, An interference account of cue-
independent forgetting in the no-think paradigm, Proc. Natl. Acad. Sci. U.S.A., 106 (2009) 15588-

15593. 

[66] P. Senthilvel, P. Lavanya, K.M. Kumar, R. Swetha, P. Anitha, S. Bag, S. Sarveswari, V. 

Vijayakumar, S. Ramaiah, A. Anbarasu, Flavonoid from Carica papaya inhibits NS2B-NS3 protease 

and prevents Dengue 2 viral assembly, Bioinformation, 9 (2013) 889-895. 

[67] M. F. Lodhi, S. Ahmad-Nawaz, S. Iqbal, K. Mohammed-Khan, B. M. Rode, M. I. Choudhary, 3D-

QSAR CoMFA studies on bis-coumarine analogues as urease inhibitors: a strategic design in anti-

urease agents, Bioorg. Med. Chem., 15 (2008) 3456-3461. 

[68] K.M. Khan, S. Iqbal, M.A. Lodhi, G.M. Maharvi, Z. Ullah, M.I. Choudhary, S. Perveen, 
Biscoumarin: new class of urease inhibitors; economical synthesis and activity, Bioorg. Med. 

Chem., 12 (2004) 1963-1968. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 39

[69] M.I. Choudhary, N. Fatima, K.M. Khan, S. Jalil, S. Iqbal, New biscoumarin derivatives-

cytotoxicity and enzyme inhibitory activities, Bioorg. Med. Chem., 14 (2006) 8066-8072. 

[70] L.M. Avellaneda-Torres, L.M. Melgarejo, C.E. Narváez-Cuenca, S. J., Enzymatic activities of 

potato crop soils subjected to conventional management and grassland soils J. Plant Nutr. Soil Sci., 

13 (2013) 301-312. 

[71] E. Oksanen, Enzyme molecular choreography — Studies of soluble inorganic 

pyrophosphatases,  Institute of Biotechnology and Department of Chemistry, Laboratory of 

Organic Chemistry. Faculty of Science, University of Helsinki, Helsinki, 2009, pp. 99. 

[72] A.A. Barros, LM; de Oliveira, FF; da Conceicao, AO; Simoni, IC; Fernandes, MJB; Arns, CW, In 
Vitro Evaluation of the Antiviral Potential of Guettarda angelica Against Animal Herpesviruses, 

Acta Scientiae Veterinariae, 40 (2012) 1068. 

[73] US-Food-and-Drug-Administration, Antiviral drug development—conducting and submitting 

virology studies to the agency, http://www.fda.gov/OHRMS/DOCKETS/98fr/05d-0183-gdl0002-

01.pdf, (2006). 

[74] M. Senthil, K. Selvam, R. Singaravel, N. Krishnaveni, Regulation of Operative Biomarkers 

Production by Treating with Marine Actinomycetes L-Asparaginase in HepG2 Cell Line, Journal of 

Applied & Environmental Microbiology, 2 (2014) 74-80. 

[75] A.S. Sokolova, O.I. Yarovaya, A.V. Shernyukov, Y.V. Gatilov, Y.V. Razumova, V.V. Zarubaev, T.S. 

Tretiak, A.G. Pokrovsky, O.I. Kiselev, N.F. Salakhutdinov, Discovery of a new class of antiviral 
compounds: Camphor imine derivatives, Eur. J. Med. Chem., 105 (2015) 263-273. 

[76] C.H. Tseng, C.K. Lin, Y.L. Chen, C.Y. Hsu, H.N. Wu, C.K. Tseng, J.C. Lee, Synthesis, 

antiproliferative and anti-dengue virus evaluations of 2-aroyl-3-arylquinoline derivatives, Eur. J. 

Med. Chem., 79 (2014) 66-76. 

[77] P. Cos, A.J. Vlietinck, D.V. Berghe, L. Maes, Anti-infective potential of natural products: How to 

develop a stronger in vitro ‘proof-of-concept’, J. Ethnopharmacol., 106 (2006) 290-302. 

[78] T. Xia, M. Kovochich, M. Liong, L. Madler, B. Gilbert, H. Shi, J.I. Yeh, J.I. Zink, A.E. Nel, 

Comparison of the mechanism of toxicity of zinc oxide and cerium oxide nanoparticles based on 

dissolution and oxidative stress properties, ACS Nano, 2 (2008) 2121-2134. 

[79] C.G. Noble, Y.L. Chen, H. Dong, F. Gu, S.P. Lim, W. Schul, Q.Y. Wang, P.Y. Shi, Strategies for 

development of Dengue virus inhibitors, Antiviral Res., 85 (2010) 450-462. 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

HIGHLIGHTS 

 

• In silico-in vitro assays were performed to find Dengue virus protease inhibitors. 

• Three molecules showed promising inhibitory activity against DENV2 protease.  

• Bis(4hydroxy2oxo2Hchromen3yl)(2methoxyphenyl)methyl is an anti-dengue 

motif.  


