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Introduction
Dengue virus (DENV), the causative agent of illnesses like 
dengue fever (DF), belongs to the family Flaviviridae, where 
the mosquito Aedes aegypti is the primary vector.1 DENV is 
divided into 4 serotypes (DENV1-4) based on amino acid-
level heterogeneity, similar to serology and epidemiology.2 The 
geographical location of Bangladesh in the tropical and sub-
tropical regions is a suitable habitat for the survival of the den-
gue vector and its high transmission. In 2000, the first dengue 
case emerged as an epidemic in Bangladesh.3 With DENV-3 
predominance until 2002, 4 serotypes have already been 
detected. DENV-3 and DENV-4 were not identified in 
Bangladesh after that.2 However, in 2017, DENV-3 reemerged, 
and in September 2019, approximately 101 354 cases and at 
least 179 deaths were reported, according to the Directorate 
General of Health Services (DGHS). DENV is almost 11 kb 
in length as an enveloped, positive-sense, single-stranded RNA 
virus. They are encoded by a single open reading frame from 
this genome, a 370 kDa polyprotein cleaved into 3 structural 
proteins (capsid, membrane, and envelope protein) and 7 

non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, 
NS4B, and NS5). Structural proteins play a role in virus entry, 
secretion, assembly, and attachment, whereas NS proteins are 
engaged in enzymatic activities to favor viral replication.4

Specific vaccinations are available for Japanese encephalitis 
and yellow fever viruses, which belong to the same family as the 
DENV (Flaviviridae).5 Alternatively, to combat the high dis-
ease burden of DENV infection, no approved, safe, low-cost, 
and lifelong antiviral treatment or effective vaccine is availa-
ble.6 Inhibitors targeting host cell factors and inhibitors target-
ing viral components are the two approaches to designing 
antiviral drugs.7 Despite providing a broad spectrum of activity, 
the host targeting approach has difficulties due to the higher 
possibility of side effects and a lack of an in-vitro model.8 
Because of minimal toxicity and side effects, one promising 
approach is targeting viral components. However, rapid muta-
tions in viral components like structural protein pose a narrow 
spectrum of activity and show a high risk for resistance devel-
opment.7 As a conserved region, non-structural proteins can be 
focused on designing antiviral drugs regardless of mutational 
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variants.9 Out of non-structural proteins, NS3, NS4A, and 
NS5 are considered amenable to antiviral inhibition because of 
their all-enzymatic activities essential for polyprotein process-
ing and genome replication.6 NS3 is the second largest flavivi-
ral protein, approximately 69 kDa, indispensable for viral 
replication. Being a conserved protein among the DENV, NS3 
has 77% amino acid similarity in all 4 serotypes.10 It has a 
C-terminal RNA helicase and an N-terminal protease domain. 
The C-terminal helicase collaborates with NS5 and other NS 
proteins to facilitate RNA synthesis and genome replication. 
Prior to the start of RNA synthesis, the NS3 helicase activity is 
crucial for the fusing of secondary structures at the untrans-
lated regions. Prior to capping the positive-strand RNA, it is 
also responsible for unwinding dsRNA intermediate products 
produced during viral RNA synthesis. N terminal domain is 
responsible for breaking down the viral polyprotein precursor 
into individual protein.11

The highly hydrophobic protein NS4A has a molecular 
weight of roughly 16 kDa and is crucial for viral replication. It’s 
oligomerization that provides structural stability. NS4A and 
NS4B, 2 integral membrane proteins, are encoded by the den-
gue NS4 region. These 2 proteins are connected by a 23-resi-
due region known as the “2 K fragment,” which is cleaved by 
NS3 to produce the N and C terminals of NS4A. The N ter-
minal of NS4A is found in the cytoplasm, while the C terminal 
is located in the ER lumen.10 DENV replication requires 
NS4A protein to alter the host membrane to facilitate the rep-
lication complex’s establishment.

With 82% amino acid sequence resemblance among the 4 
serotypes, NS5 is considered the most conserved protein.12 It 
comprises enzyme activity necessary for viral replication and 
has a molecular weight of roughly 900 kDa. Its N-terminal 
domain encodes 2 N7 and 2-O-methyltransferase (MTase) 
activities in RNA cap formation. For the production of viral 
RNA, the C-terminus is crucial because it contains an RNA-
dependent RNA polymerase.13

Therefore, a detailed understanding of these proteins and 
the prevention of their role would offer helpful insight to 
design inhibitors that can be exploited for anti-dengue drug 
development.

In the case of the DENV-3 and the other 3 serotypes of 
dengue, repurposing FDA-approved drugs through in vitro 
and in silico approaches is quite familiar.14,15 To be specific, cell 
line-based plaque reduction assay is the gold standard for in 
vitro analyses, and molecular docking targeting any specific 
protein followed by molecular dynamics (MD) study is pre-
liminarily accepted to identify and assess the efficacy of any 
drug-like compounds.8 Some repurposing drugs are quinine, 
N-acetylcysteine, etc.16 Pharmacophore-based virtual screen-
ing of antiviral compounds from different databases followed 
by molecular docking and dynamics simulation is also an effec-
tive way to preliminarily identify antiviral drugs against the 

other 3 types of DENVs.17 In this case, the method targets any 
specific conserved and essential protein of DENVs. The com-
mon drug-like compounds identified through these methods 
are usnic acid and sulfated derivatives such as curdlan sulfate. 
Overall, all compounds still need to be proven effective against 
DENV infection. Therefore, we have targeted unique and 
highly conserved non-structural proteins to identify the most 
effective drug-like compounds through in silico approach from 
the DrugBank database.

As the dominant and circulating serotype, DENV-3 caused 
the highest case burden in Bangladesh. The main objective was 
to screen drugs through in silico analyses targeting non-struc-
tural proteins (experimental) against DENV-3. DENV-3 
encoded specified proteins were identified using bioinformat-
ics tools, and their sequences were retrieved for mutational 
analyses. Furthermore, we used different modeling methods to 
construct targeted proteins that best suit structures, such as 
NS3, NS4A, and NS5. Thus, our study was to conduct screen-
ing approaches of drugs from openly accessible drug databases 
that may inhibit DENV-3 infection and can be considered for 
further in vitro analysis.

This study reveals that S-adenosyl-l-homocysteine (AHC) 
can inhibit the propagation of DENV-3 in the human cell by 
interacting with the inevitable non-structural protein NS5. 
Moreover, S-adenosyl-l-homocysteine has no cytotoxic effect 
on the human body besides its non-carcinogenic effect. Indeed, 
S-adenosyl-l-homocysteine is an experimental drug, an under-
methylating agent with no secondary side effect.18 For exam-
ple, imprinting disorders, cardiovascular diseases, autoimmune 
diseases, neurological disorders, and cancer are caused by DNA 
methylation.19 DNA demethylation is an important event for 
the human body. Furthermore, S-adenosyl-l-homocysteine 
hydrolase, a structural analog of S-adenosyl-l-homocysteine, 
confers a better immune response of the body against other 
pathogenic viruses and antigens by stimulating the helper T 
cell type 1 (Th1).20

Our study focused on the preliminary identification of an 
antiviral that may overcome the current challenges of anti-
DENV drug development and further evaluate the antiviral 
effects of existing drugs in preclinical and clinical stages.

Materials and Methods
Identif ication of the sole proteins involved in the 
life cycle of dengue virus serotype-3

We identified the targeted non-structural proteins (non-struc-
tural protein targets) (NS3, NS4A, and NS5) through litera-
ture analysis providing importance on the activity of proteins 
and their involvement in the life cycle of DENV-3 to be an 
antiviral drug target.4,21-23 These 3 non-structural proteins 
were used to explore antiviral drugs as these non-structural 
proteins hold conserved regions and play an indispensable role 
at the replication stage of the life cycle of DENV-3.
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Mutation analyses among sole proteins of different 
circulatory DENV-3 strains of different time 
periods in Bangladesh

In different periods, amino acid sequences of identified 3 pro-
teins (NS3, NS4A, and NS5) of 11 DENV-3 strains in 
Bangladesh were retrieved from NCBI to analyze the mutation 
in these proteins of 11 DENV-3 strains. Then, we used the 
multiple Sequence Alignment in conjunction with BioEdit 
software by using strains with the bootstrap value of 1000 of 
the ClustalW method and analyzed mutational change.24 The 
protein structures were superimposed to determine whether 
there is any effect on the structure and the binding of drug-like 
compounds with this protein by observing whether the muta-
tions are in the binding site. Homology modeling of NS3, 
NS4A, and NS5 proteins of DENV was performed using the 
SWISS-MODEL database considering 5yw1.1A, 1qsd.1.A, 
and 5jjs.1.A as templates for NS3, NS4A, and NS5 to deter-
mine the 3-dimensional (3D) structure with sequence identity 
around 80.10%, 15.38%, and 96.74%, respectively. The mod-
eled proteins were stored in Protein Data Bank (.pdb) format 
and taken to PyMOL 3D viewer for further analysis.25 PyMOL 
was used for 3D structural visualization. In PyMOL, specific 
modeled proteins were superimposed individually with the 
proteins of BBH51325.1 strain to determine structural change 
where mutations occurred, and root-mean-square deviation 
(RMSD) values were noted. The superimposition was con-
ducted by the “super” command, allowing a residue-based pair-
wise alignment and a structural superposition in PyMOL. 
Then, the refinement cycle was set to zero to obtain the RMSD 
value of all atoms.

Protein modeling and validation

The modeling of 3 identified proteins (NS3, NS4A, and NS5) 
was performed based on 3 different methodologies (homology 
modeling, ab initio, and threading) with Robetta,26 HHpred,27 
and SWISS-MODEL28 server. In the case of modeling with 
Robetta, threading (RoseTTAFold) and ab initio methods 
were used for each protein. On the contrary, best-suited tem-
plate models (Table 3) were used in the case of protein mode-
ling with the HHpred and SWISS-MODEL databases. The 
amino acid sequences of 3 non-structural proteins (NS3, 
NS4A, and NS5) were retrieved from NCBI (NCBI ID 
BBH51325.1). We selected the sequence of the recently sub-
mitted predominant circulatory DENV-3 (NCBI ID 
BBH51325.1) strain sequence, from where we retrieved the 
amino acid sequence of non-structural proteins before mode-
ling. Three models of each protein were generated to select the 
best model based on bioinformatic tools. The protein’s 3D 
structure quality was assessed by PROCHECK29 and validated 
with SAVES-Verify 3D,30 and MolProbity scores.31 
Ramachandran Plot was derived from PROCHECK for each 
of the 3 proteins to evaluate the stereochemistry of the protein 

structures.32 The torsion angles (psi ψ) of the main chain of 
each protein were determined to assess the stereochemistry of 
the proteins in the Ramachandran plot.

Moreover, the best model for each protein was visualized 
and selected for further analyses, and the 3D image was gener-
ated with the UCSF Chimera visualization tool.33 Eventually, 
the physicochemical properties of these proteins were deter-
mined by performing ExPASy: ProtParam tools.34 Finally, the 
overall charge of proteins was determined by Atomic Charge 
Calculator.35

Retrieval of drug-like compounds from 
DRUGBANK

Drug-like compounds reacting with these 3 non-structural 
proteins were retrieved from the DRUGBANK database 
(https://go.drugbank.com).36 In the case of identifying the 
drug-like compounds, the amino acid sequences of proteins 
were used as target sequences with an expectation value (E) of 
0.00001, and −3 was set as a penalty score for each mismatch. 
In addition, the 3D structure of drug-like compounds (experi-
mental or approved) that can interact and interfere with non-
structural proteins were retrieved. From the DRUGBANK 
database, 4 drug-like compounds interacting with 3 non-struc-
tural proteins were retrieved in 3D-SDF format. After retriev-
ing, the data format of these compounds was converted to 
PDB format using Open Babel GUI.37 These compounds were 
subjected to dock with specified proteins to determine the 
binding efficacy with those proteins. Moreover, admetSAR38 
was deployed to delineate the ADMET profile of these 
compounds.

Molecular docking and statistical analysis

Molecular docking followed by MD simulation techniques 
were deployed to determine the binding efficiency of drug-like 
compounds with specified proteins.39 Before the molecular 
docking study, the energies of 3 non-structural proteins were 
minimized with the YASARA energy minimization server.40 
Avogadro41 and Open Babel42 tools were used to optimize the 
geometry of drug-like compounds after minimizing energy to 
minimize the atomic clashes. The AutoDock Vina tool43 was 
used under the common platform of PyRx44 to determine the 
binding energy of inhibitor drug-like compounds. Protein 
dehydration, protonation, and a 1-grid point spacing grid box 
have all been set. The protein and ligand sequences were then 
formatted using Open Babel.42 Afterward, the molecular dock-
ing experiments were conducted with an exhaustiveness value 
of 8. Binding energy (KJ/mole) was released based on protein-
ligand interaction. We also performed the molecular docking 
experiment of drug-like compounds with specified proteins 
using the PatchDock server.45 The top 10 docked solutions of 
protein-ligand derived from PatchDock were sent to the 
FireDock server46 to refine the solutions. We also used the 

https://go.drugbank.com
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SWISSDOCK server47 to correlate the molecular docking 
experiments. In this circumstance, the binding energies derived 
from SWISSDOCK and AutoDock were expressed in the 
same unit (KJ/mole). Therefore, Pearson’s product-moment 
correlation test48 was conducted, and the overall binding energy 
concordance curve was also generated with the help of R 
Programming at RStudio.49 In addition, the paired t test was 
performed between these 2 energy sets to check the extent of 
identity that the data sets retain; at the same time, the overall 
concordance between these 2 energy sets was also observed. 
Finally, we used PyMOL 3D viewer, Chimera, and BIOVIA 
Discovery Studio Visualizer software to speculate protein-
ligand 3D and 2D interactions. Once molecular docking analy-
ses have been performed, the interacting amino acid residues in 
the protein binding pocket with the specified types of interac-
tions were also revealed by BIOVIA Discovery Studio 
Visualizer software.50 The X, Y, and Z coordinates of the bind-
ing amino acids of each targeted protein were observed by 
PyMOL. Finally, the type and quantity of charges of proteins 
were also determined by Atomic Charge Calculator II.51

Molecular dynamics simulation study of protein-
ligand complexes

After all the above evaluations, the best response provided 
protein-drug-like compound solutions subjected to a MD 
simulation study to determine the stability of the complexes in 
the body environment. The stability of the docked complexes 
is evaluated by performing the MD simulation52 to under-
stand how they would behave in a predefined environment 
through atomic movements.53,54 The protein complexes were 
taken to simulate 100 ns MD simulation using the 
DESMOND module of MAESTRO software academic ver-
sion 2021-4 (Schrödinger Release 2021-4: Desmond 
Molecular Dynamics System, D. E. Shaw Research, New 
York, NY, 2021. Maestro-Desmond Interoperability Tools, 
Schrödinger, New York, NY, 2021).55 The protein-ligand 
complexes are minimized before building the system. The 
System Builder panel was used to prepare an orthorhombic 
box for simulation with a 10 Å distance from the protein with 
an explicit Single Point Charge (SPC) water model where the 
force field was OPLS_2005. The system was neutralized by 
adding 0.15 M NaCl to maintain Na and Cl counter ions, and 
the pH was maintained at 7.0 ± 2.0. Molecular dynamics of 
100 ns were considered in the MD simulation where constant 
temperature, constant pressure (NPT) settings were used. The 
physiological condition of the simulation was 310 K and 
1.013 bar, which mimics the physiological state of the human 
cell.56,57 The energies and structures were recorded every 100 
ps and saved in the trajectory, where 1000 frames were gener-
ated throughout the simulation. The Simulation Interaction 
Diagram module then examined the trajectories to investigate 
the root-mean-square deviation (RMSD), root-mean-square 

fluctuation (RMSF), 3D structure, and protein-ligand contact. 
These were used to evaluate the stability of the ligand-protein 
complexes based on the simulated trajectories. The average 
distance caused by the displacement of selected atoms for a 
specific time frame relative to a reference time frame was 
measured using root mean square deviation (RMSD) in MD 
simulation. RMSD values for specific protein structures like 
C, backbone, side chain, and heavy atoms were computed first. 
The RMSD of the protein fit ligand calculated from all time 
frames at the reference time (in our example, 100 ns) was then 
calculated.

Broad spectrum homology analysis with Homo 
sapiens

NCBI pBLAST tool58 was deployed to determine whether 
other pathogenic viruses contain proteins similar to these non-
structural proteins. Furthermore, the presence of ortholog pro-
teins in Homo sapiens was also determined with 0.0001 as the 
threshold (E) value.

Results
Crucial role of sole non-structural proteins in viral 
multiplication

Three non-structural proteins play an indispensable role in 
the life cycle of the DENV-3 virus. These 3 proteins are 
NS3,59,60 NS4A,61 and NS5.62 NS3 protein performs multiple 
essential functions, particularly the helicase and protease 
activity required for genome replication;21,59 NS4A maintains 
the integrity of the membrane and forms a replication com-
plex component.63 In contrast, NS5 protein conducts the 
methyltransferase and RNA-dependent RNA polymerase 
activity (RdRp).12 These determine the suitability of the 3 
non-structural proteins for the drug target. Moreover, NS5 
retains one of the most conserved regions in all virus 
proteins.12

Mutation analysis among sole proteins

We observed several mutations in sole proteins after aligning 
sequences of DENV-3 proteins from the 2002-2019 timeline 
circulating in Bangladesh. In NS3 protein (Figure 1A), we 
found amino acid mutation Tyrosine to histidine at 40 number 
position, Valine to Isoleucine at 106 number position, Lysine to 
Arginine at 235 number position, Alanine to Threonine at 290 
number position, Aspartic acid to Glutamic acid at 304 & 330 
number positions, Alanine to Valine at 336 number position, 
Valine to Alanine at 432 number position, and Methionine to 
Threonine at 456 number position in 2002-2006 timelines 
serotypes compared with BBH51325.1 of 2019 as the refer-
ence sequence. In NS4A (Figure 1B), we found mutations such 
as Valine to Alanine at 68 number position, Lysine to Arginine 
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at 76 number position, Valine to Isoleucine at 78 & 89 number 
position, Alanine to Valine at 90 number position, and 
Isoleucine to Valine at 100 number position in 2002-2006 
timelines sequence. Whereas in NS5 (Figure 1C), we found 
mutations such as Arginine to Lysine at 32, Threonine to 
Methionine at 97, Lysine to Arginine at 115, Alanine to 
Threonine at 155, Histidine to Tyrosine at 254, Isoleucine to 
Valine at 370, Threonine to Alanine at 382, Isoleucine to 
Threonine at 395, Lysine to Glutamic acid at 401, Leucine to 
Phenylalanine at 430, Alanine to Serine at 514, and Valine to 
Alanine at 536 number position in 2002, 2006 variants of 
DENV-3.

These proteins’ 3D structures were constructed by SWISS 
homology modeling. After superimposing modeled proteins in 
PyMOL, the deviation of the target protein structure from the 
reference structure is expressed by the RMSD value. The lower 
RMSD means higher structural similarity, and the higher 
RMSD means higher structural difference. RMSD values of all 
proteins show <1 Å, which depicts minor or negligible struc-
tural changes (Table S1).

Protein modeling

All 3 non-structural proteins (NS3, NS4A, and NS5) were 
modeled with ROBETTA, HHpred, and SWISS-MODEL 
database. In the case of SWISS and HHpred modeling, tem-
plates with the best suites are used to build the models. For 
modeling with SWISS-MODEL, 5YW1.1.A (identity 80.1 
%), 6HUM.1.A (identity 9.09 %), and 4HHJ.1.A (identity 
96.69 %) were used as a template to model NS3, NS4A, and 

NS5 protein, respectively (Table 1). Likewise, 2WV9_A (prob-
ability 100%), 3HR7_B (probability 91.6%), and 5JJS_A 
(probability 100%) were used as templates in HHpred to model 
NS3, NS4A, and NS5 proteins, respectively.

For protein modeling with ROBETTA, we performed 
threading (RoseTTAFold) and the ab initio method to build 
models. Therefore, no template was required to build these 
models. Above all, we got 12 protein models, of which 4 mod-
els for each protein (Table 2). The 3D structures of these pro-
teins were visualized, and PNG files (publication grade) with 
high resolution were derived by the UCSF Chimera visualiza-
tion tool.

Validation of protein models

All 12 protein models were subjected to validation with differ-
ent validation software tools and databases to determine the 
best suite model for each protein. We deployed the 
PROCHECK and SAVES-VERIFY 3D, Ramachandran 
plotting, and Z score determination from MolProbity. These 
parameters are used to determine the structural integrity of 
protein models. The Z score of each protein model was deter-
mined to evaluate the structure’s normality compared with 
high-resolution structures.64 A Z score between −3 to +3 
denotes a good-quality structure.

Moreover, Z score around zero determines the best standard 
structure of the protein. All of the above scores of the 12 protein 
structures were incorporated in Table 1. According to the result, we 
have selected protein models for NS3 and NS5, which were mod-
eled with the RoseTTAFold method with the aid of ROBETTA. 

Figure 1. Mutation analysis in the amino acid level of 3 non-structural proteins in dengue virus serotype-3 (DENV-3): amino acid mutation determination 

of (A) NS3, (B) NS4A, and (C) NS5 proteins over the time in Bangladesh.
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In addition, the ab initio modeling method leading protein model 
was selected for NS4A protein. These 3 models’ 3D structures were 
visualized and delineated in Figure 2. The overall validation scores 
of selected proteins are visualized in Figures 3 and 4.

Physicochemical properties of proteins

Among the 3 non-structural proteins, NS4A contains a lesser 
number of amino acids (125) compared with NS3 (616 amino 
acid residues) and NS5 (644 amino acid residues). Isoelectric 
points (pI) of NS3, NS4A, and NS5 proteins are 8.68, 5.92, and 
7.96, respectively. All 3 proteins retain zero physiological charges. 
Moreover, the cellular location of NS3 and NS5 is cytoplasmic, 
and NS4A is in the plasma membrane of the host (Table 3).

Four drug-like compounds to inhibit the non-
structural proteins

We have selected 4 drug-like compounds, which will react and 
theoretically inhibit the function of 3 non-structural proteins 

through a target sequence-based search (in silico) at the 
DRUGBANK database. These 4 compounds are Alpha-l-
Fucose (DB04473), Ribavirin (DB00811), Guanosine-5’-
Triphosphate (DB04137), and S-adenosyl-l-homocysteine 
(DB01752), of which Guanosine-5’-Triphosphate contained 
−4 as physiological charge and rest have 0 as physiological 
charge (Table 4). In the ADMET profile, all 4 compounds are 
non-carcinogenic, and apart from S-adenosyl-l-homocysteine, 
all 3 compounds can pass the blood-brain barrier (Table S1). 
Only Ribavirin has FDA approval; however, rest 3 are consid-
ered experimental drugs by the database (Table S2).

Molecular docking analyses

Four different drug-like compounds were subjected to dock 
against 3 specified non-structural proteins. Energy minimized 
protein was retrieved as a .sce file from YASARA and con-
verted to .pdb format. The energies of drug-like compounds 
were minimized, and the geometry was optimized by Avogadro 
and Open Babel software. At first, we performed docking with 

Table 1. Protein modeling templates used for homology modeling of non-structural proteins.

PROTEIN 
NAME

MODELING TOOLS

ROBETTA HHPRED SWISS-MODEL

 TEMPLATE SCORE AND PROBABILITy TEMPLATE IDENTITy

NS3 Threading model and ab initio 2WV9_A 906.11, 100% 5yw1.1.A 80.10%

NS4A 3HR7_B 29.32, 91.6% 6hum.1.F 9.09%

NS5 5JJS_A 1333.66, 100% 4hhj.1.A 96.69%

Table 2. Overall scores of protein models by PROCHECK, MolProbity, and VERIFy-3D.

PROTEIN 
NAME

TOOL/
DATABASE

MODELING 
METHOD

ERRAT 
SCORE

VERIFy 3D 
SCORE (%)

RAMACHANDRAN 
FAVORED REGION 
(PROCHECK) (%)

RAMACHANDRAN 
FAVORED REGION 
(MOLPROBITy) (%)

Z SCORE 
(MOLPROBITy)

NS3 HHPred Homology 60.54 83.44 91.8 96.74 −1.12

Robetta ab initio 83.83 51.8 91.8 98.86 0.45

SWISS 
MODEL

Homology 88.09 92.5 89.3 93.81 −0.54

Robetta Threading 94.56 92.37 88.4 97.23 0.9

NS4A HHPred Homology 0 0 81.8 85.71 −1.19

Robetta ab initio 100 89.6 90.7 94.31 0.17

Swiss Homology 95.58 18.18 90.6 92 1.07

Robetta Threading 100 24 97.2 99.91 2.77

NS5 HHPred Homology 90.46 81.65 94.4 97.82 1.06

Robetta ab initio 83.044 58.07 92.8 97.98 −0.11

Swiss Homology 95.61 81.26 92.3 96.68 0.71

Robetta Threading 93.35 92.7 90.2 97.82 −0.37
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AutoDock Vina, then SWISSDOCK, and PatchDock, fol-
lowed by refinement in FireDock. SWISSDOCK and 
AutoDock Vina provided binding energy of drug-like com-
pounds with proteins in the KJ/mole unit.

Moreover, FireDock provided global energy for each com-
plex, and the docking scores were observed from PatchDock. 
All of the scores and energy were delineated in Table 5. In light 
of the docking scores and binding energies, it is evident that 2 
drug-like compounds named Guanosine-5’-Triphosphate 
(GTP) and S-adenosyl-l-homocysteine (AHC) provide good 
binding efficiency with the specified proteins. Both of them are 
experimental drugs and non-carcinogenic.

Guanosine-5’-Triphosphate’s global binding energies for 
NS3, NS4A, and NS5 are −31.11 KJ/mole, −31.94 KJ/mole, 
and −23.59 KJ/mole, respectively. Likewise, the PatchDock 
scores are 5188, 4352, and 5468, respectively (Table 5). 
Moreover, the estimated binding energies (∆G) derived from 
docking with AutoDock Vina of Guanosine-5’-Triphosphate 
with NS3, NS4A, and NS5 are –36.81 KJ/mole, −35.06 KJ/
mole, and −28.03 KJ/mole. Likewise, the estimated binding 
energies (∆G) derived from docking with SWISSDOCK are 

–44.55 KJ/mole, −36.23 KJ/mole, and −40.96 KJ/mole (Table 
5). Therefore, the binding energy (∆G) above −33.47 KJ/mole 
is considered an efficient binding.65 Here, the negative sign 
indicates that the binding energies are exothermic.

The interacting amino acid residues of NS3 with Guanosine-
5’-Triphosphate are ASP (288), ASP (407), GLU (510), LEU 
(441), ARG (385,597), SER (600), PRO (361), LEU (427), 
and LYS (428). The types of bonds are pi-Alkyl, hydrogen, and 
attractive charge bonds (Table 6). Moreover, the interacting 
amino acid residues of NS4A with Guanosine-5’-Triphosphate 
are LYS (123), GLU (120), ARG (125), GLU (122), GLN 
(124), HIS (30), and GLY (35) (Figure 5).

The types of bonds are Pi-anions and hydrogen bonds 
(Table 6). The interacting amino acid residues of NS5 with 
Guanosine-5’-Triphosphate are ASP (415), GLU (209), ARG 
(222), CYS (460), SER (461,547), ARG (488,480), TYR (357), 
and THR (545). The types of bonds are hydrogen and attrac-
tive charge bond (salt bridges or ionic interaction).

In the case of S-adenosyl-l-homocysteine (AHC), global 
binding energies for NS3, NS4A, and NS5 are −43.38 KJ/
mole, −34.55 KJ/mole, and −40.52 KJ/mole, respectively. 

Figure 2. Crystal 3D structure visualized by chimera and structural stability determination by ProSA: crystal structure of (A) NS3, (C) NS4A, and (E) NS5 

protein; structural stability assessment of (B) NS3, (D) NS4A, and (F) NS5 protein of DENV-3.
DENV-3 indicates dengue virus serotype-3. ProSA, Protein Structure Analysis.
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Likewise, the PatchDock scores are 4648, 3846, and 4800. 
Moreover, the estimated binding energies (∆G) derived from 
docking with AutoDock Vina of S-adenosyl-l-homocysteine 
(AHC) with NS3, NS4A, and NS5 are −29.70 KJ/mole, −25.94 
KJ/mole, and −30.54 KJ/mole. Likewise, the estimated binding 
energies (∆G) derived from docking with SWISSDOCK are 
−41.29 KJ/mole, −34.22 KJ/mole, and −37.65 KJ/mole (Table 
5). The interacting amino acid residues of NS3 with S-adenosyl-
l-homocysteine are ARG (597), RPO (429), PRO (361), ARG 
(385), SER (600), ASP (601), and ILE (363) (Figure 6). The 
types of bonds are Alkyl and hydrogen bonds (Table 6). 
Moreover, the interacting amino acid residues of NS4A with 

S-adenosyl-l-homocysteine are HIS (30), LYS (123), ARG 
(125), GLU (120), GLN (124), and ILE (118) (Figure 6). The 
types of bonds are 1 unfavorable 7 hydrogen bonds and 1 unfa-
vorable donor-donor interaction (Table 6). The interacting 
amino acid residues of NS5 with S-adenosyl-l-homocysteine 
(AHC) are ARG (480), SER (547), CYS (460), TYR (357), 
and ILE (548). This interaction includes 4 hydrogen bonds and 
1 unfavorable donor-donor interaction. The X, Y, and Z coor-
dination of the abovementioned interacting amino acids are 
incorporated in Table 7.

The X, Y, and Z coordination of those mentioned above 
interacting amino acids are incorporated in Table 7.

Figure 3. Overall 3-dimensional quality assessment profile of 3 selected NS3, NS4A, and NS5.

Figure 4. Structural integrity of amino acid residues determination in proteins by Ramachandran plot with PROCHECK: (A) NS3 protein showed 88.4% 

amino acid residues in the favored region, (B) NS4A have 90.7%, and (C) NS5 protein have 90.2% amino acids in the favored region.
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Statistical analyses revealed the correlation of 
binding energies

The t test was conducted between 2 data sets of binding energy 
derived by docking with AutoDock and SWISSDOCK. The 
null hypothesis is “both data sets have an identical central ten-
dency.” After performing the paired t test with R program-
ming, the null hypothesis was rejected with a P value of 
.0004695 at a 95% confidence interval. These 2 data sets were 
also subjected to conduct Pearson’s product-moment correla-
tion test. The correlation value was .805528 with a P value of 
.001564 at a 95% confidence interval. The correlation curve 
was generated with RStudio (Figure 7).

No ortholog was found in Homo sapiens

Broad-spectrum pBLAST was used to determine whether the 
human being contains an ortholog of these 3 non-structural 
proteins of DENV-3. However, Homo sapiens do not have any 
homologous proteins. Finally, this finding facilitates the accept-
ability of these drug-like compounds as lead molecules in drug 
discovery research.

Molecular dynamics simulation

Analysis of our 6 protein–ligand docking complexes found 
alpha Carbon (Cα) atoms of the NS5 protein with GTP and 

Table 4. Physiochemical properties of drug-like compounds.

NAME OF THE 
DRUG-LIKE 
COMPOUNDS

DRUG 
BANK ID

LOG P PKA PHySIOLOGICAL 
CHARGE

BLOOD-
BRAIN 
BARRIER

CARCINOGENICITy 
WITH P VALUE

BIODEGRADATION 
WITH P VALUE

Alpha-l-fucose DB04473 −1.9 11.3 (strongest 
acidic)

0 0.514 Non-carcinogenic 
(.9321)

Readily 
biodegradable 
(.628)

Ribavirin DB00811 −1.85 11.88 0 0.938 Non-carcinogenic 
(.9025)

Not readily 
biodegradable 
(.7406)

S-adenosyl-l-
homocysteine

DB01752 −2.4 1.81 (strongest 
acidic)

0 −0.626 Non-carcinogenic 
(.9345)

Not readily 
biodegradable 
(.9885)

Guanosine-5’-
triphosphate

DB04137 −0.63 0.92 (Strongest 
acidic)

-4 0.882 Non-carcinogenic 
(.9063)

Not readily 
biodegradable 
(.9592)

Table 3. Physicochemical properties of 3 non-structural proteins of DENV-3.

PHySICOCHEMICAL PROPERTIES NS3 NS4A NS5

Number of amino acids 616 125 644

Molecular weight 68981.68 13716.37 74340.69

Theoretical pI 8.68 5.92 7.96

Total number of negatively charged residues (Glu + Asp) 81 12 89

Total number of Positively charged residues (Lys + Arg) 86 9 91

Extinction coefficient assuming all pairs of Cys residues from cysteines M-1 cm-1 98110 12490 165850

Extinction coefficient assuming all pairs of Cys residues reduced M-1 cm-1 97860 12490 165350

Instability index 30.79 33.55 35.47

Aliphatic index 76.01 127.12 69.95

Grand average of hydropathicity (GRAVy) −0.532 0.574 −0.658

Physiological charge 0 0 0

Cellular location Cytoplasmic Plasma-membrane Cytoplasmic

Abbreviation: DENV-3, dengue virus serotype-3; pI, isoelectric point.
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Table 5. Molecular docking scores and binding affinity determination.

NCBI 
ACCESSION 
NUMBER OF 
DENV-3

PROTEIN DRUG-LIKE COMPOUNDS MOLECULAR DOCKING SERVERS AND TOOLS

PATCHDOCK FIREDOCK AUTODOCK SWISSDOCK

SCORE ACE GLOBAL 
ENERGy 
KJ/mole

ACE ESTIMATED 
ENERGy, 
(∆G), KJ/mole

ESTIMATED 
ENERGy, (∆G), 
KJ/mole

BBH51325.1 NS3 Alpha-l-fucose 2748 −54.71 −22.15 −6.12 −25.10 −26.31

Ribavirin 3496 1.48 −35.32 −8.27 −27.61 −33.51

Guanosine-5’-triphosphate 5188 52.89 −31.11 −3.82 −36.81 −44.55

S-adenosyl-l-homocysteine 4648 −159.64 −43.38 −8.76 −27.70 −41.29

NS4A Alpha-l-fucose 2122 −52.83 −21.52 −5.11 −19.66 −23.51

Ribavirin 2912 −85.93 −28.84 −10.2 −23.012 −26.65

Guanosine-5’-triphosphate 4352 −8.42 −31.94 −8.38 −27.19 −35.98

S-adenosyl-l-homocysteine 3846 −103 −34.55 −11.3 −25.94 −34.22

NS5 Alpha-l-fucose 2596 −9.85 −21.75 −6.43 −23.84 −25.73

Ribavirin 3646 −37.73 −27.44 −6.06 −32.21 −31.12

Guanosine-5’-triphosphate 5468 33.36 −23.59 −5.54 −28.03 −40.96

S-adenosyl-l-homocysteine 4800 −82.42 −40.52 −12.5 −30.54 −37.65

Abbreviation: NCBI, National Center for Biotechnology Information; ACE, Atomic Contact Energy.

AHC showed fluctuations less than 3.5Å. The NS4A protein 
also showed RMSD near 4Å for both drugs. The NS3 protein 
exhibited a maximum fluctuation of more than 9Å observed in 

the NS3-GTP complex during the 100 nanoseconds (ns) sim-
ulation run (Figure 8B). The NS3-AHC complex has shown 
fluctuations near 7Å at 60 ns and 95 ns. From the data, we can 

Figure 5. Interaction (3D and 2D) of guanosine-5’-triphosphate with 3 non-structural proteins of DENV-3: the 3D binding of guanosine-5’-triphosphate 

with (A) NS3, (C) NS4A, and (E) NS5 protein; 2D interaction with bonding types of guanosine-5’-triphosphate with (B) NS3, (D) NS4A, and (F) NS5 

protein.
DENV-3 indicates dengue virus serotype-3.
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Table 6. Interacting amino acids in protein and their types of interactions with drug-like compounds.

PROTEIN 
NAME

LIGAND NAME DRUG 
BANK ID

INTERACTING AMINO ACIDS AND POSITIONS TyPES OF INTERACTION

NS3 Alpha-l-fucose DB04473 Gly (150), PRO (129), PHE (127) Conventional hydrogen bond

GTP DB04137 ASP (288), ASP (407), GLU (510) Attractive charge

LEU (441) Pi-alkyl

ARG (385,597), SER (600), PRO (361), LEU (427), 
LyS (428)

Conventional hydrogen bond

Ribavirin DB00811 ASP (288, 407), GLU (410), LyS (428), THR (406), 
ILE (408)

Conventional hydrogen bond

ARG (385) Unfavorable donor-donor

ARG (385), ASP (407) Carbon hydrogen bond

S-Adenosyl 
homocysteine

DB01752 ARG (597), RPO (429) Alkyl

PRO (361), ARG (385), SER (600), ASP (601), ILE 
(363)

Conventional hydrogen bond

NS4A Alpha-l-fucose DB04473 GLy (57), SER (89) Carbon hydrogen bond

MET (92) Alkyl

LEU (58), GLU (110) Conventional hydrogen bond

GTP DB04137 LyS (123) Carbon hydrogen bond

GLU (120) Pi anion

ARG (125), GLU (120) Carbon hydrogen bond

GLU (122), GLN (124), ARG (125), HIS (30), GLy (35) Conventional hydrogen bond

Ribavirin DB00811 GLy (124) Unfavorable donor-donor

PRO (119) Carbon hydrogen bond

ILE (118), VAL (115), GLU (122) Conventional hydrogen bond

S-Adenosyl-l-
homocysteine

DB01752 HIS (30) Unfavorable donor-donor

LyS (123), ARG (125), GLU (120) Carbon hydrogen bond

ARG (125), GLN (124), GLU (120), ILE (118) Conventional hydrogen bond

NS5 Alpha-l-fucose DB04473 ASN (48) Unfavorable donor-donor

TyR (50), ALA (17) Conventional hydrogen bond

GTP DB04137 ASP (415) Carbon hydrogen bond

GLU (209), ARG (222) Attractive charge

CyS (460) Unfavorable donor-donor

SER (461,547), ARG (488,480), TyR (357), THR 
(545)

Conventional hydrogen bond

Ribavirin DB00811 ASP (45,46) ASN (48), TyR (50,55) Conventional hydrogen bond

S-Adenosyl-l-
homocysteine

DB01752 ARG (480) Unfavorable donor-donor

SER (547), CyS (460) Carbon hydrogen bond

TyR (357), ILE (548) Conventional hydrogen bond
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assume that NS5 protein were found to be equilibrated after 50 
ns and NS4A proteins after 75 ns, and both exhibited RMSD 
values near the acceptable limit except for NS3 proteins, which 
can be considered unstable. In the case of the protein-ligand 
complex, analysis of RMSD from the data obtained from pro-
tein fit ligands showed the complex of the NS5 protein with 
AHC was less than 3 Å and for complex with GTP was more 
than 5Å during the 100 ns simulation interval (Figure 8E). 
However, it was mentionable that the complex of NS3 with 
GTP showed RMSD near 5Å until 70 ns, and then it jumped 
to more than 7Å, and the complex with AHC showed RMSD 
near 7Å and also more than 8Å at some points (Figure 8A). 
The complex of NS4A with GTP has shown an RMSD value 
near 5Å and came to nearly 4Å after 90 ns of simulation, and 

the complex of NS4A with AHC showed an RMSD of more 
than 12Å at 67 ns and was more than 7Å most of the simula-
tion runtime, but there was a major change at 50 to 65 ns where 
the RMSD was near 3Å (Figure 8C).

The RMSF is effective for determining and evaluating local 
conformational changes in protein chains and ligands. The 
variations produced by residue index C were used to compute 
the local structural fluctuations of the NS3, NS4A, and NS5 
proteins associated with GTP and AHC chemicals. 
Surprisingly, NS5 protein residues exhibit low RMSF values, 
except for the N- and C-terminals, which have significant 
RMSF values (Figure 9C), which is standard in the case of 
both terminals. For the NS3 protein, the RMSF value was 
more than 5Å at 4 residues, which denote high fluctuations 

Figure 6. Interaction (3D and 2D) of S-adenosyl-l-homocysteine with 3 non-structural proteins of DENV-3: the 3D binding of S-adenosyl-l-homocysteine 

with (A) NS3, (C) NS4A, and (E) NS5 protein; 2D interaction with bonding types of S-adenosyl-l-homocysteine with (B) NS3, (D) NS4A, and (F) NS5 

protein.
DENV-3 indicates dengue virus serotype-3.

Table 7. X, y, Z coordination of binding site amino acids in protein with specified drug-like compounds.

PROTEIN LIGAND X COORDINATION y COORDINATION Z COORDINATION

NS3 S-adenosyl-l-homocysteine −9.751 6.353 27.702

Guanosine-5-triphosphate −11.276 10.822 25.209

NS4A S-adenosyl-l-homocysteine 14.044 −16.786 −10.894

Guanosine-5-triphosphate 16.083 −17.9 −11.618

NS5 S-adenosyl-l-homocysteine 28.028 −8.711 8.71

Guanosine-5-triphosphate 26.419 −5.496 12.072
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(Figure 9A). In the case of NS4A protein, the RMSF value 
mainly was low, but at residue 75, it was more than 5.5Å (Figure 
9B). NS4A with GTP complex has shown lower RMSF than 
the NS4A with AHC complex.

Initially, we considered 4 drug-like compounds to be poten-
tial antiviral compounds against DENV-3. However, perform-
ing all of the bioinformatic analyses, we have narrowed it down 
to 2 drug-like compounds for further research based on their 
binding efficiency and stability with non-structural proteins of 
DENV-3. We evaluated and found that S-adenosyl-l-
homocysteine (AHC) and Guanosine-5’-Triphosphate (GTP) 
as potent inhibitors against DENV-3. Their possible effects 
have also been illustrated in Figure 10.

Discussion
No recognized vaccine or drug is available to treat DENV-
infected patients. Bangladesh is one of the worst-affected 
endemic countries in the world. DENV-3 is the most prevalent 
serotype in Bangladesh.66 In addition, the reemergence of 
DENV-3 caused the worst form of dengue outbreak from 
2017 to 2019.2 Therefore, we aim to detect antiviral drug-like 
compounds that can inhibit the multiplication of DENV-3 by 
interacting with non-structural proteins as they uphold struc-
tural conserveness regardless of mutational genotypes.67,68 We 
targeted 3 non-structural proteins named NS3, NS4A, and 

NS5, which serve an indispensable role in the replication of 
DENV-3. Mainly, NS3 is involved in helicase and protease 
activity, NS4A is involved in maintaining virus particles’ integ-
rity by conducting oligomer formation, and NS5 plays methyl-
transferase activity along with RNA-dependent-RNA 
polymerase activity.

We retrieved sequences of targeted non-structural proteins 
of DENV-3 from different timelines in Bangladesh to observe 
mutations. We performed Multiple Sequence Alignment 
(MSA), which suggests 2.58% amino acid mutation in NS3 
protein, 5.3% in NS4A, and 2.22% in NS5 protein among 
those variants of DENV-3 (Figure 1). Moreover, we haven’t 
found any mutation in the binding sites of drugs. The impact 
of mutations was determined using SWISS-MODEL homol-
ogy modeling and superimposed individually with the refer-
ence structures in PyMOL, which performs a residue-based 
pairwise alignment. The RMSD value of NS3, NS4A, and 
NS5 protein is 0.686 Å, 0.126 Å, and 0.956Å, respectively 
(Table S1). These nominal values indicate that mutations do 
not cause any conformational changes, particularly in the bind-
ing sites of drugs. Therefore, antiviral drug targeting non-
structural protein’s may provide long-term protection against 
DENV-3 regardless of regional variants. ROBETTA database, 
HHpred, and SWISS-MODEL were used to speculate the 
best models. HHpred and SWISS-MODEL used the 

Figure 7. The overall concordance analysis of docking energies that are derived from SWISSDOCK and AutoDock Vina: the curve of the standard error 

determines the good correlation (.8) of docking energy sets derived from SWISSDOCK and AutoDock.
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homology modeling method, and ROBETTA deployed 
RoseTTAFold and the ab initio strategy to model the proteins. 
Both homology and threading (RoseTTAFold and ab initio) 
methods were considered for the protein modeling. We found 
12 protein models (4 models for each protein). The protein 
model quality was assessed through PROCHECK 
(Ramachandran Plotting), SAVES-VERIFY 3D, ERRAT 
score, and MolProbity (z score). We have selected the best 
model for each protein based on these scores. We selected 3 
models based on the overall evaluation performance. These 3 
models are NS3 (RoseTTAFold), NS4A (ab initio), and NS5 
(RoseTTAFold). For the NS3 protein model (RoseTTAFold), 
the Z score was 0.9 (Table 2), which indicates good native 
quality as a Z score between −2 to +2 expresses a good native 
structure of the protein.64 ERRAT score determines the overall 
protein’s good structure quality if the score resides greater than 
50.69 Here, the ERRAT score for NS3, NS4A, and NS5 pro-
teins were 94.56, 100, and 93.35, respectively. The VERIFY-3D 
score reveals the protein’s structural integrity, and scores above 
80% represent the excellent structural integrity of the protein 

models.69 We found that the VERIFY-3D scores of these 3 
proteins are 92.37% (NS3), 89.6% (NS4A), and 92.7% (NS5). 
According to PROCHECK, the amino acid residues under the 
Ramachandran Favored region were 88.4%, 90.7%, and 90.2 
for NS3, NS4A, and NS5, respectively (Figures 2 and 4). 
Likewise, Ramachandran plotting by MolProbity reveals the 
percent of amino acid residues in the favored region are 97.23%, 
94.3%, and 97.82% for NS3, NS4A, and NS5, respectively. All 
of the scores determine the regularity of the protein struc-
tures.70 The physicochemical properties of proteins were 
obtained with the ProtParam tool of ExPASy (Table 3). The 
instability index values are 30.79, 33.55, and 35.47 for NS3, 
NS4A, and NS5, respectively. The instability index value below 
40 states the stability of proteins.71 Therefore, we can assume 
the strength of our protein structures. In addition, the protein’s 
GRAVY (grand average of hydropathy) score determines the 
protein’s hydrophobicity or hydrophilicity. A GRAVY score 
below zero indicates hydrophobic and globular, but a score 
above zero determines hydrophilic. For example, GRAVY 
scores of NS3, NS4A, and NS5 are –0.532, 0.574, and –0.658. 

Figure 8. Molecular dynamics (MD) simulation study of proteins and docked protein-ligand complexes: the root alpha carbon (Cα) mean square deviation 

(RMSD) value delineation of (A) NS3 protein, (C) NS4A, and (E) NS5 protein in docked complexes with guanosine-5’-triphosphate (GTP) and S-adenosyl-

l-homocysteine (AHC) throughout the 100 ns MD simulation run with DESMOND in MASTERO; RMSD value map of docked complexes of (B) NS3, (D) 

NS4A, and (F) NS5 proteins with both guanosine-5’-triphosphate (GTP) and S-adenosyl-l-homocysteine (AHC) in the whole simulation run.
RMSD indicates root-mean-square deviation.
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It makes evident that the NS3 and NS5 are hydrophobic and 
globular, but NS4A is hydrophilic. Furthermore, the theoretical 
pI of NS3, NS4A, and NS5 are 8.68, 5.92, and 7.96. It means 

NS4A is acidic, and NS3 and NS5 are alkaline. Moreover, the 
physiological charges of all 3 proteins are zero. Interestingly, 
NS3 and NS5 protein’s cellular location is cytoplasmic, and 

Figure 9. RMSF value non-structural proteins in docked complexes at MD simulation: RMSF value of (A) NS3, (B) NS4A, and (C) NS5 proteins 

throughout the 100 ns simulation run at complexes with Guanosine-5’-Triphosphate (GTP) as well as S-adenosyl-l-homocysteine (AHC).
RMSF indicates root mean square fluctuation.

Figure 10. Illustration of the possible sequential inhibition of DENV-3 replication by S-adenosyl-l-homocysteine (AHC) and guanosine-5’-triphosphate 

(GTP). (A) Binding with NS5 protein and intervention of methyltransferase activity of NS5 by S-adenosyl-l-homocysteine (AHC). (B) interaction of 

guanosine-5’-triphosphate (GTP) with NS5 and intervention of RdRp activity.
DENV-3 indicates dengue virus serotype-3; RNA, ribonucleic acid.



16 Bioinformatics and Biology Insights 

NS4A is in the plasma membrane. Above all, these physiologi-
cal properties lead these 3 proteins to form hydrogen bonds 
promptly, resulting in an ideal target for antiviral drug-like 
compounds.

According to the DRUGBANK database, 4 drug-like com-
pounds can play an inhibitory role against NS3, NS4A, and 
NS5 of DENV-3. Such as Alpha-l-Fucose (DB04473), 
Ribavirin (DB00811), S-adenosyl-l-homocysteine (DB01752), 
and Guanosine-5’-Triphosphate (DB04137). All of them are 
non-carcinogenic. Only Guanosine-5’-Triphosphate contains a 
physiological charge of −4, and the rest 3 have a physiological 
charge of 0. Only Ribavirin is an approved inhibitor by the 
DRUGBANK database, and the rest 3 are experimental drug-
like compounds. The in silico ADMET profile suggests these 
compounds’ suitability to act as drugs. Therefore, we docked all 
4 drugs against NS3, NS4A, and NS5 proteins to determine 
the extent of binding ability.

Molecular docking was performed to analyze drug-like 
compounds’ binding efficiency and screen out the best drug-
like compound among the suggested 4. The energy was mini-
mized to optimize the geometry of proteins and drug-like 
compounds. These energy-minimized compounds were con-
sidered for molecular docking analyses to get more authentic 
results.72 Four different docking tools/servers were used to 
conduct the molecular docking analyses and validate the out-
comes. Based on the scores and binding energies, we have 
sorted 2 compounds as promising lead compounds to proceed 
with further analyses (Table 5). These 2 compounds are 
Guanosie-5’-Triphosphate (GTP) and S-adenosyl-l-
homocysteine (AHC). Guanosine-5’-Triphosphate showed 
the most efficient binding with NS3 protein, in which binding 
energy is –44.55 KJ/mole according to SWISSDOCK and 
scored 5188 at PatchDock showing −31 KJ/mole as global 
energy (Table 5). This result reveals the efficient binding affin-
ity of Guanosine-5’-Triphosphate with NS3.73 Also, 
Guanosine-5’-Triphosphate can form alkyl and hydrogen 
bonds, attractive charge bonding with NS3 (Figure 5), and only 
hydrogen, electrostatic bonds with NS4A and NS5 (Table 6). 
Guanosine-5’-Triphosphate also showed a good binding 
response with NS4A and NS5. In the case of S-adenosyl-l-
homocysteine (AHC), we found a good binding affinity with 
NS3 and NS5 but a bit lesser in extent with NS4A (Table 5). 
S-adenosyl-l-homocysteine (AHC) provides the best binding 
affinity with NS5, as showed 40.52 KJ/mole as global energy 
and –37.65 KJ/mole, −30.54 KJ/mole as binding energy accord-
ing to SWISSDOCK and AutoDock Vina, respectively. The 
binding energy above –33.47 KJ/mole is an excellent binding 
affinity.65 S-adenosyl-l-homocysteine (AHC) also contains a 
significant docking score with NS3 and NS5, according to the 
PatchDock server (Table 5).

Moreover, in the case of bond formation, S-adenosyl-l-
homocysteine (AHC) can form an alkyl and hydrogen bond 
with NS3, Hydrogen, and donor-donor bond with NS5 (Table 6). 

There is 1 unfavorable donor-donor interaction between 
S-adenosyl-l-homocysteine and NS5, but this interaction 
resides at the side chain of ARG 480. As the side chains are 
supposed to rotate, the repulsion will be lesser because of this 
unfavorable donor-donor interaction.74 Moreover, 4 hydrogen 
bonds are present, which will make the stability of the interac-
tion.75 In the case of NS4A, hydrogen bonds were significant in 
binding. One unfavorable donor-donor interaction is present; 
however, the repulsion will not be significant as 7 other hydro-
gen bonds are present according to docking complex visualiza-
tion (Figure 6).76

In addition, an MD simulation study determined the stabil-
ity of interaction. These results support the effective binding 
ability of S-adenosyl-l-homocysteine (AHC) with NS5 and 
NS3. We found a good correlation within SWISSDOCK with 
the result set of AutoDock. Furthermore, their ADMET pro-
files revealed no carcinogenicity and intestinal absorption 
capability with less toxicity and corrosiveness. In addition, the 
pBLAST of these 3 proteins with Homo sapiens showed no 
ortholog in human beings. Therefore, the drug against non-
structural proteins of DENV-3 will not interfere with any 
human body proteins (in silico).

An MD simulation was conducted to determine the stabil-
ity of the complex between protein and drug-like compounds 
in the human body environment. Based on the RMSD result, 
it can be determined whether the simulation has equilibrated. 
Fluctuations between 0 and 3 Å within a reference protein 
structure are perfectly acceptable, where a much larger value 
indicates a significant conformational change of the protein 
and the system is not stable.77 Cα atoms of the NS5 protein 
with GTP and AHC showed fluctuations very close to the 
acceptable limit. Both NS3 complexes are not found to be 
equilibrated during the 100 nanoseconds (ns) simulation time, 
whereas both complexes of NS4A are assumed to be equili-
brated after 75 ns. The RMSD of the protein-ligand complex 
of NS5 with AHC was within the acceptable limit (< 3Å), 
which indicates it was very stable during the simulation. But 
the complex of NS5 with GTP cannot be considered as dura-
ble as the RMSD was beyond the acceptable limit (>5Å). All 
the NS3 and NS4A, including the complex of NS5 with GTP, 
are unstable, whereas the complex of NS5 with AHC was sig-
nificantly stable and equilibrated during the 100 ns simulation. 
In the case of the RMSF result, both complexes of NS5 were 
found to be having lower fluctuation than the other complexes 
of NS3 and NS4A proteins.

Upon binding of S-adenosyl-l-homocysteine (AHC) with 
NS5 protein, it may inhibit methyltransferase activities of NS5, 
causing inhibition of viral replication. The methylation of the 
viral mRNA cap is an important stage in the virus life cycle, 
and abnormalities in N-7 methylation are fatal to DENV rep-
lication.78 Guanosine-5’-Triphosphate (GTP) is reportedly a 
nucleoside analog inhibitor against flaviviral RdRps. They tar-
get the NS5 protein, specifically NS5 (RdRp) active site, and 
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are responsible for the premature termination of the elongating 
nascent viral RNA. Guanosine-5’-Triphosphate metabolite 
may incorporate into the viral RNA nascent chain and hinder 
the RNA chain conformationally by displaying a 3’-hydroxyl 
group. This event may reduce the RNA chain’s ability to form 
a phosphodiester linkage with incoming nucleoside triphos-
phates. Therefore, it might lead to the formation of non-func-
tional viral RNA chains.

Finally, the MD study revealed that the binding of NS5 
with S-adenosyl-l-homocysteine is more stable and efficient. 
Thus, this compound might be an attractive antiviral compo-
nent in laboratory experiments.11

Conclusion
There is no specific antiviral drug available to treat the infec-
tion of dengue. Therefore, our investigation explored that 
S-adenosyl-l-homocysteine, an antiviral drug-like compound, 
might protect against DENV-3 infection. So, RMSF and 
RMSD value analysis for all protein-ligand complexes sup-
ported that the S-adenosyl-l-homocysteine (AHC) drug was 
most effective and stable against the NS5 protein. Therefore, 
S-adenosyl-l-homocysteine (AHC) can be an efficient lead 
compound in the drug discovery process against DENV-3.
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