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Abstract
Introduction: Dengue fever is an annual infectious epidemic disease caused by the Dengue virus, mainly found in trop-
ical and subtropical regions. Of which, Dengue virus type 2 (DENV2) has been a major cause of severe cases globally. 
Currently, NS4B is one of the promising targets of dengue drug discovery, as it is crucial for the virus life cycle and high-
ly conserved among different dengue strains. However, up till now, no potent synthetic DENV2 NS4B inhibitors have 
entered clinical research due to toxicity profiles. Therefore, this study aimed to search for new DENV2 NS4B inhibitors 
from in-house phytochemical compound database based on integration of in silico approaches. 
Methods: Initially, due to the lack of crystal structure of DENV2 NS4B protein, the 3D structure and binding site of this 
protein were predicted. Subsequently, virtual screening process was conducted through molecular docking and the most 
potential compounds in terms of binding affinity were selected for molecular dynamics simulations (MDs) and binding 
free energy calculation. 
Results: The flavonoid compound D155, derived from Valeriana hardwickii , and the saponin compound D170, extracted 
from Glinus oppositifolius, exhibited good binding affinities and bound well in the binding site of DENV2 NS4B protein. 
Notably, MDs study revealed that these two compounds formed stable interactions with NS4B protein during 200 ns of 
simulation and had a binding free energy <–20 kcal/mol.
Conclusions: The findings suggested that D155 and D170 can be potential inhibitors targeting NS4B protein of 
DENV2. Further in vitro and in vivo studies are required to confirm their inhibitory activities.
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1. INTRODUCTION

Dengue fever primarily occurs in tropical and subtropical 
regions and is caused by the Dengue virus (DENV) which 
belongs to the family Flaviviridae, genus Flavivirus [1]. 
According to the US statistics [2], dengue hemorrhagic fe-
ver is an annual epidemic with a mortality rate over 13% in 
untreated patient. Five serotypes of the dengue virus have 

been reported, namely DENV1, DENV2, DENV3, DENV4, 
and DENV5, with DENV2 being the main cause of major 
outbreaks and severe cases [3]. There is currently no specific 
antivirals has been approved for dengue therapeutic [4]. 

The genome of Dengue virus type 2 (DENV2) compris-
es of a positive single-stranded RNA that is approximately 
10,700 nucleotides long and can be directly translated into 
polyproteins [5]. These polyproteins are truncated into ten 
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different proteins, which can be classified into two groups: 
structural proteins and non-structural proteins (NS). Structur-
al proteins, including capsid protein, envelope protein, and 
membrane protein, are involved in virus entry and budding 
processes [5]. NS consist of seven proteins: NS1, NS2A, 
NS2B, NS3, NS4A, NS4B, and NS5, which have been re-
ported to contribute to the inhibition of signaling from inter-
feron-α/β [5]. 

Among targets of dengue drug discovery, NS4B is the 
largest trans-membrane protein and shares high similarity 
among different DENV strains [4]. NS4B is particularly 
important due to its central role in the virus life cycle, such 
as: (i) inhibiting the interferon-α/β signaling; (ii) interacting 
with NS3 to regulate the function of the helicase enzyme; (iii) 
interacting with NS1 in virus replication; (iv) contributing to 
suppostss the host’s RNA interference response [4]. Several 
compounds, such as NITD-688, SDM25N, 14a, AM404 and 
spiropyrazolopyridone, have been studied in vitro and in vivo 
for their inhibitory effects on this protein [4]. However, none 
of these compounds have progressed to clinical research due 
to their high toxicity profiles. 

Natural compounds have historically played a crucial role 
in drug development, particularly for cancer and infectious 
diseases [6]. These phytochemicals are characterized by their 
great structural diversity and complexity. Many investigation 
techniques have been utilized in drug discovery from natural 
source. In anti-dengue agents discovery, many medicinal 
plants, such as Andrographis paniculata, Momordica cha-
rantia, and Schisandra chinensis, have demonstrated prom-
ising anti-dengue effects through in vitro and in vivo studies 
[7]. Through in silico approaches, such as homology model-
ling, molecular docking and quantitative structure–activity 
relationship (QSAR), some phytochemical structures have 
been identified to be developed as novel NS4B inhibitors, in-

cluding: eu-flavonoid, 1,3-benzodioxole, iso-flavonoid, and 
indole [8,9].

Therefore, the objective of this study was to identify po-
tential natural inhibitors of the NS4B protein of DENV2 us-
ing molecular docking and molecular dynamics simulations 
(MDs) approaches. The method initiated by modelling the 
NS4B protein structure and followed by screening in-house 
natural compounds using molecular docking. MDs and bind-
ing free energy calculation were combined to investigate the 
stability and flexibility of NS4B protein as well as protein-li-
gand complexes to select the most potential inhibitors for 
DENV2 NS4B.

2. MATERIALS AND METHODS 

2.1. Generate the structure and predict the binding 
site of NS4B protein

2.1.1. Generate structure
Due to the lack of crystal structure of NS4B protein of 

DENV2, two methods were conducted to postdict the struc-
ture of this protein: 

(1) ‌�Template-based approach using homology modelling 
with SWISS-MODEL server (https://swissmodel.ex-
pasy.org) [10].

(2) ‌�Template-free approach using ColabFold 1.5.2 (https://
colab.research) [11].

The UniProt database entry P29991, which repostsents the 
full polyprotein genome of DENV2, was used to obtain the 
sequence of the NS4B protein. Specifically, residues 2,244 
to 2,491 were extracted from P29991 (248 amino acids) 
to define the NS4B sequence (Fig. 1). This sequence was 
then subjected to SWISS-MODEL server and ColabFold to 
generate 3D structure. In SWISS-MODEL, the structural 

Fig. 1. Amino acids sequence of non-structural protein 4B of Dengue virus type 2.
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template used for building model was selected in terms of 
a sequence identity of over 30% or a minimum sequence 
similarity of 0.4 between the NS4B protein and the template 
protein. In addition, ColabFold generated five high-quality 
structural models, and the first ranked model was chosen for 
further analysis.

Then, the protein structure was run MDs for 25 ns at tem-
perature 300 K, postssure 1 bar to investigate the equilibrium 
structure using Gromacs 2022.5 [12]. The simulation results 
were analyzed based on the value of root-mean-square-devi-
ation (RMSD). The equilibrium structure was obtained at the 
time that the RMSD value was below 2 Å (0.2 nm).

2.1.2. Binding site prediction
Using the obtained equilibrium structure of DENV2 

NS4B, the binding site of this protein was determined by 
three methods, including CATSp v3.0 [13], P2Rank v2.4 
[14], and blind docking with 73 compounds that have known 
to have activity against DENV2 or the NS4B protein of 
DENV2 from 30 articles [4,15–43] (structure and corre-
sponding EC₅₀ values (μM) listed in Supplementary Table 1). 

Then, the final binding cavity was selected by comparing 
and overlapping the results from these three methods.

2.2. Molecular docking
Virtual screening process was performed through molec-

ular docking on the structure of DENV2 NS4B and bind-
ing cavity obtained in the postvious steps. The screening 
database included 286 in-house natural compounds which 
were collected from the Faculty of Pharmacy, University 
of Medicine and Pharmacy at Ho Chi Minh City, Vietnam 
(listed in Supplementary Table 2). The two-dimensional 
(2D) structures of ligands were drawn and converted to 
three-dimensional (3D) structures by ChemSketch [44] and 
Discovery Studio Visualizer version 2021 [45], respective-
ly. After energy minimizing and converting to pdb format, 
these ligands were postpared for docking by using AutoDock 

Tools 1.5.6 package [46]. Later on, Autodock Vina software 
[47] was used for docking process with grid box parameters 
obtained from the postdiction binding site process and were 
listed in Table 1. Molecular docking was also conducted for 
16 reference compounds (listed in Supplementary Table 3). 
The docking results were analyzed based on two criteria, in-
cluding binding affinity (kcal/mol) and interactions between 
ligand and residues in binding cavity. Compounds that had 
strong binding affinities (≤–9.0 kcal/mol) and interactions 
with residues similar to interactions of the reference com-
pounds were identified as promising compounds. 

2.3. Molecular dynamics simulations	
To further investigate the results of molecular docking, 

top five potential compounds were selected for MDs using 
Gromacs 2022.5 software [12]. The structures, including the 
complexes of NS4B protein-ligand and apo NS4B protein 
(free ligand), were run MDs during 50 ns using the all-atom 
CHARMM-36 force field. The process involved several 
stages, including topology postparation, generation of a do-
decahedron simulation box, solvation of the system in water 
and adding ions to neutralize the system, energy minimiza-
tion and system equilibration at a temperature of 300 K and 
a postssure of 1 bar within 1,000 ps before running MDs. 
The simulation results were analyzed based on parameters 
such as the values of RMSD, root-mean-square-fluctuation 
(RMSF), radius of gyration (Rg), solvent-accessible surface 
area (SASA), and percentage of hydrogen bond occupancy. 
In particular, the hydrogen bond occupancy percentages 
were analyzed using the VMD software [48] to evaluate the 
interaction potential of ligands with the key residues. A hy-
drogen bond was defined by simple geometric criteria, which 
included a distance of less than 3.5 Å between the hydrogen 
donor (D) and acceptor (A) atoms, and an angle greater than 
120° for D–H⋯A [49]. 

After the 50 ns MDs had been completed, the most stable 
NS4B protein-ligand complexes were further subjected to a 

Table 1. Parameters of grid box for molecular docking of Dengue virus type 2 non-structural protein 4B
Parameter Center_x Center_y Center_z Size_x Size_y Size_z Spacing

Value (Å) 100.577 83.641 45.819 28 28 28 1.00
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longer simulation of 200 ns. The results were compared with 
the values of the apo NS4B protein under the same condi-
tions and run time.

2.4. Binding free energy calculation
The binding energies of the complexes of the top hit 

compounds, obtained from the long-time scale MDs using 
the CHARMM-36 force field, were calculated by the gmx_
MMPBSA package [50]. In this study, snapshots taken from 
the 200 ns MDs trajectory of each protein-ligand complex 
were used to calculate binding free energy through both 
MM/GBSA and MM/PBSA (Molecular Mechanics/Gener-
alized Born or Poisson-Boltzmann Surface Area) methods. 
The results from these approaches were compared and eval-
uated. The solute’s dielectric constant was set to 1.0, with 
a temperature of 298 K and a salt concentration of 0.15 M. 
The free energies (∆Gblind) for binding of the ligand to NS4B 
protein with ligand in solvent can be expostssed as [51]:

� (1)

The equation (1) can be divided into the contributions of 
various interactions and repostsented as:

� (2)

in which:

� (3)
  	�  (4)
� (5)

In the above equations, ∆EMM, ∆Gsolv and –T∆S refer to the 
changes in gas phase molecular mechanics energy, solvation 
free energy, and conformational entropy that occur during 
ligand binding, respectively. Due to the high computational 
cost, changes in conformational entropy (–T∆S) are typically 
neglected when calculating the relative binding free energies 
of similar ligands [51]. ∆Eint repostsents the internal bonded 
energy components, such as bond, angle, and dihedral ener-
gies, which are regarded as zero in a dynamic simulation [51]. 

Evdw and ∆Eele are the nonbonded van der Waals and the elec-
trostatic interaction energy, respectively. ∆Gsolv is the sum of 
the electrostatic solvation energy ∆GPB/GB (polar component) 
and the nonpolar contribution ∆GSA between the solute and 
the surrounding continuum solvent. The polar contribution is 
determined using the PB method with the level set function 
model [52] and the GB method with the GB-OBC2 model 
[53], while the nonpolar energy is typically estimated based 
on SASA. 

3. RESULTS AND DISCUSSION

3.1. Generate the structure and predict the binding 
site of NS4B protein

3.1.1. Generate structure	
With template-based approach, no 3D crystal protein struc-

ture retrieved from Protein Data Bank satisfied the criteria of 
identity>30% or similarity>0.4 (Supplementary Table 4) to 
be used as a template in the homology modeling method. 

With template-free approach, a total of 150 sequences 
were obtained from performing multiple sequence align-
ment. The sequence with the highest identity and coverage 
(100%) was selected for NS4B protein structure generation. 
With this sequence, the protein model was generated by us-
ing ColabFold 1.5.2 (Fig. 2). In order to ensure the stability 
and flexibility of the generated protein structure of DENV2 
NS4B, MDs was run for this structure for 25 ns.

Analysis of the results revealed that the structure reached 
equilibrium at 16 ns (with the value of RMSD below 2 Å) 
and maintained stable oscillation until the end of the simula-
tion (Fig. 3). Therefore, the conformation of the NS4B pro-
tein of DENV2 at 16 ns was extracted and used for further 
steps.

3.1.2. Binding site prediction
Three approaches were used for postdiction of binding 

site of DENV2 NS4B. First, using CASTp program (based 
on geometry), 35 binding cavities with their correspond-
ing volumes were identified on the DENV2 NS4B protein. 
Among them, only cavity A1 was selected since it met the 

 bind complex protein ligand G G G G∆ ∆ ∆ ∆  

bind MM solvG H T S E G T S∆ ∆ ∆ ∆ ∆ ∆    

MM int vdW eleE E E E∆ ∆ ∆ ∆  

solv PB/GB SAG G G∆ ∆ ∆ 

SASAG SASA G∆ γ ∆  
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volume requirement over 300 Å3. Secondly, with P2Rank 
program (based on machine learning), site B1 was chosen as 
it possessed the highest score of 55.02 and a probability of 
0.983. Finally, blind docking identified two binding sites on 

the NS4B protein: C1 and C2. Among them, cavity C1 was 
selected because there were 69 out of 73 ligands bound to. 
Table 2 provided a summary of the important parameters of 
A1, B1, and C1.

In combination, the results from the three approaches of 
postdicting binding cavity, the selected binding site con-
sisted of 30 amino acids (Fig. 4). Among them, 29 amino 
acids (including: Trp38, Tyr41, Ala42, Thr45, Thr46, Thr49, 
Pro50, Lys86, Asp88, Gly90, Val91, Leu94, Pro162, Glu165, 
Lys166, Gly169, Gln170, Thr203, Pro209, Gly210, Asn214, 
Thr215, Thr216, Phe237, Ser238, Lys241, Asn242, Arg247, 
Arg248) were found in all three methods while 1 amino 
acid, His117, was retained due to its deep position within the 
cavity and its involvement in numerous interactions during 
the blind docking method. Two key residues were postdicted 
to be Glu165 and Lys166 based on analysis of interactions 
between protein and 16 reference compounds with their EC50 

Fig. 2. The predicted 3D structure of Dengue virus type 2 non-
structural protein 4B.

Fig. 3. Root-mean-square-deviations (RMSDs) value and confor-
mations at each time of non-structural protein 4B of Dengue virus 
type 2 during 25 ns molecular dynamics simulations.

Table 2. The results of binding cavities from CASTp, P2Rank and blind docking
Cavity Features

A1 
(41 residues)

Area (Å2): 612.926  
Volume (Å3): 539.760
Trp38, Thr39, Tyr41, Ala42, Val43, Thr45, Thr46, Thr49, Pro50, Ser85, Lys86, Met87, Asp88, Ile89, Gly90, Val91, Leu94, His117, 
Pro162, Lys163, Glu165, Lys166, Gln167, Gly169, Gln170, Thr203, Pro209, Gly210, Arg211, Asn214, Thr215, Thr216, Gly234, 
Phe237, Ser238, Lys241, Asn242, Asn245, Thr246, Arg247, Arg248

B1
(30 residues)

Score: 55.02	
Probability: 0.983
Trp38, Thr39, Tyr41, Ala42, Thr45, Thr46, Thr49, Pro50, Lys86, Asp88, Gly90, Val91, Leu94, Pro162, Glu165, Lys166, Gly169, 
Gln170, Thr203, Pro209, Gly210, Asn214, Thr215, Thr216, Phe237, Ser238, Lys241, Asp242, Arg247, Arg248

C1 
(43 residues)

Trp38, Tyr41, Ala42, Thr45, Thr46, Thr49, Pro50, Arg53, His54, Glu57, Asn58, Gly81, Trp82, Pro83, Leu84, Ser85, Lys86, Met87, 
Asp88, Ile89, Gly90, Val91, Leu94, His117, Pro162, Lys163, Glu165, Lys166, Gln167, Gly169, Gln170, Thr203, Pro209, Gly210, 
Asn214, Thr215, Thr216, Phe237, Ser238, Lys241, Asn242, Arg247, Arg248

Fig. 4. Binding site of non-structural protein 4B of Dengue virus 
type 2 (green: common residues between 3 approaches, orange: 
amino acid His117, gray: different predicted results).
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values ranging from about 10–6 to 8.1 μM in blind docking 
[4,15,16,38,40,41] (Supplementary Table 3).

3.2. Molecular docking
Molecular docking was conducted for a total of 286 nat-

ural compounds into the DENV2 NS4B protein, resulting 
in the discovery of 33 compounds with the strong binding 
affinities (≤–9.0 kcal/mol) from different structural groups: 
alkaloids (1 substance), flavonoids (15 substances), and ter-
penoids (17 substances). The alkaloid compound D240 (–9.2 
kcal/mol) exhibited strong binding affinity within the binding 
cavity and created many hydrogen bonds and hydrophobic 
interactions. However, D240 did not form the same interac-
tions as any reference compounds, and it also did not interact 
with the key residues Glu165 or Lys166 (Fig. 5). Therefore, 
D240 was not selected for the next step. 

In flavonoid group, all the compounds with good binding 
affinities were glycosides, including 3 structural groups: 
eu-flavonoids (9 substances), iso-flavonoids (5 substances) 
and neo-flavonoids (1 substance). Although these phyto-
chemicals were capable of forming numerous hydrogen 
bonds and hydrophobic interactions with residues in binding 
sites, only D113, D155, and D203 had interactions with key 
residues or similar to interactions observed with the refer-
ence compounds. D113 (–9.2 kcal/mol) was classified as an 
iso-flavone compound belonging to the iso-flavonoid group 

with a phenyl branch at position C3 and a glycol group at po-
sition C7. This compound formed a hydrogen bond between 
the hydroxyl group (-OH) on the glycol part and hydrogen 
in Glu165. It also had many hydrophobic interactions with 
amino acids, including Lys166 (Fig. 6).

Compound D155 (–9.4 kcal/mol) belonged to the eu-fla-
vonoid group and was classified as a flavone compound. It 
had a phenyl branch at C2 and two glycol substituents at 
position C7 of chroman skeleton. This compound interacted 
with the binding cavity through hydrogen bond with Glu165 
and π-Alkyl bond between the chroman ring and Lys166 (Fig. 
7). 

Compound D203 (–9.4 kcal/mol) was an iso-flavone com-
pound. D203 created multiple hydrogen bonds with amino 
acids (Gln170, Gly210, Asn214, Asn242) at the hydroxyl 
groups (-OH) on the phenyl ring and the glycol part. These 
interactions were similar to those observed for the reference 
compound F35 (NITD-688), which was a pan-serotype in-
hibitor and exhibited anti-DENV2 activity with an EC50 of 
0.008 µM [4]. Additionally, hydrophobic interactions were 
also analyzed between D203 and three amino acids Trp38, 
Ala42, and Lys166 (Fig. 8).

Terpenoids with good binding affinities belonged to 3 
groups: sesterterpenes (3 substances), triterpenes (12 sub-
stances) and saponins (2 substances). Among them, D170 
and D239 (2 saponins) were the two substances chosen as 

Fig. 5. Interactions between D240 and amino acids in the binding cavity. (A) 2D, (B) 3D, (C) binding mode of D240 in cavity.
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the most promising. Compound D170 (–10.3 kcal/mol) was 
a saponin that consisted of a short glycol part connected to 
a sulfate group. This arrangement led to the formation of a 
hydrogen bond between the ether group (-O-) and hydrogen 
in the hydroxyl group (-OH) on Thr216. The aglycon part of 
D170 included an amyrin skeleton with multiple methoxy 
substituents, resulting in hydrophobic interactions with the 
amino acid Trp38. Notably, these interactions closely re-
sembled those observed with the F42 reference compound 
(AM404), which was an active metabolite of paracetamol 
and exhibited anti-DENV2 activity with an EC50 of 3.6 

µM [4]. Additionally, D170 also interacted with Lys86 and 
Lys166 through hydrogen bonds (Fig. 9).

Compound D239 (–9.0 kcal/mol) with saponin structure 
demonstrated significant interactions with amino acids in 
the binding site. The glycol part of D239 formed multiple 
hydrogen bonds, particularly with key residue Glu165. Addi-
tionally, the aglycon part of D239 contained an aromatic ring 
that was deeply inserted into the cavity, resulting in a hydro-
phobic interaction with key residue Lys166, as depicted in 
Fig. 10.

Additionally, the sesterterpene and triterpene compounds, 

Fig. 6. Interactions between D113 and amino acids in the binding cavity. (A) 2D, (B) 3D, (C) binding mode of D113 in cavity.

Fig. 7. Interactions between D155 and amino acids in the binding cavity. (A) 2D, (B) 3D, (C) binding mode of D155 in cavity.
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typically D126 with binding affinity of –11 kcal/mol, exhib-
ited strong binding affinities but were unable to form inter-
actions with the residues within the binding cavity (as shown 
in Fig. 11). As a result, they were excluded from the final 
screening results.

3.3. Molecular dynamics simulations 
The results of the simulation process of 5 complexes be-

tween protein-ligand (D113, D155, D170, D203, D239) and 
apo-protein were postsented in Fig. 12. By examining the 
RMSD, RMSF, Rg, and SASA values of these complexes 

compared to apo-protein and the stability of each ligand 
through their heavy atoms, our study highlighted the abil-
ity to form stable complexes of two compounds D155 and 
D170 during 50 ns of simulation. These two protein-ligand 
complexes exhibited both protein and ligand RMSD de-
viations of less than 0.2 nm after 25 ns and the oscillation 
remained stable until the end of the simulation. Additionally, 
the RMSF values of the residues within the binding cavity 
were lower than the values observed for the apo-protein. 
Moreover, both Rg and SASA values were more stable com-
pared to the apo protein. Therefore, the two complexes of the 

Fig. 8. Interactions between D203 and amino acids in the binding cavity. (A) 2D, (B) 3D, (C) binding mode of D203 in cavity.

Fig. 9. Interactions between D170 and amino acids in the binding cavity. (A) 2D, (B) 3D, (C) binding mode of D170 in cavity.
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NS4B protein with the ligands D155 and D170 were selected 
for further hydrogen bond occupancy analysis (Table 3) and 
long-time scale MDs (Fig. 13).

A rapid assessment of the drug-like and ADMET proper-
ties of these 5 ligands was carried out by using the ADMET-
lab 3.0 web server [54] and the postdicted results were post-
sented in the Supplementary Table 5. The results showed that 
all compounds satisfied at least one drug-likeness rule, with 
no pan assay interference compounds (PAINS) alerts and no 
serious toxicity. However, D170 performed good absorption 
compared to other compounds. 

3.4. Binding free energy calculation
The binding free energy analysis for the NS4B protein 

and its complexes with the top hit ligands, D155 and D170, 

were derived from 200 ns MDs trajectories (from frame 1 
to 20,001 with interval of 10). The ∆Gblind values and energy 
components were postsented in Table 4. Their fluctuations 
over time were depicted in Fig. 13. In the first 25 ns of the 
simulations, the binding free energies tended to decrease 
because the complexes progressed toward equilibrium. Af-
ter reaching equilibrium, the free energy remained negative 
until the end of 200 ns of simulation. These results indicated 
that the interactions between the two ligands and the NS4B 
protein were formed and stayed stable throughout the simu-
lation. 

4. DISCUSSION

Phytochemicals have long been used in traditional medi-

Fig. 10. Interactions between D239 and amino acids in the binding cavity. (A) 2D, (B) 3D, (C) binding mode of D239 in cavity.

Fig. 11. Interactions between D126 and amino acids in the binding cavity. (A) 2D, (B) 3D, (C) binding mode of D126 in cavity.



Discovery of natural DENV-2 NS4B inhibitors

376  |  https://www.medpharmres.com https://doi.org/10.32895/MPR.24.00072

Fig. 12. Results of molecular dynamics simulations of Dengue virus type 2 NS4B apoprotein compared to 5 protein-ligand complexes (A: 
protein backbone RMSD, B: ligand RMSD, C: RMSF, D: Rg, E: SASA) during 50 ns. RMSDs, root-mean-square-deviation; RMSF, root-mean-
square-fluctuation; Rg, radius of gyration; SASA, solvent-accessible surface area.

Table 3. The percentage of hydrogen bond occupancy between ligands (D155, D170) and amino acids in the binding cavity of Dengue virus 
type 2 non-structural protein 4B during 50 ns molecular dynamics simulations
Compounds Donor Acceptor Percentage (%)

D155 Lig155-side
Lig155-side
Lig155-side
Lys166-side
Lig155-side
His117-side
Trp38-side
Lig155-side
Gln170-side
Lig155-side
Lig155-side
Thr216-side

Glu165-side
Asp88-side
Thr45-side
Lig155-side
Thr216-side
Lig155-side
Lig155-side
Tyr41-side
Lig155-side
His117-side
Trp38-side
Lig155-side

267.41
229.09
155.30
148.42
123.83
105.86
102.64
97.02
85.61
82.29
81.99
77.27

D170 Lys241-side
Lig170-side
Thr216-side
Lig170-side
Thr216-main
Lig170-side
Lys86-main
Lig170-side
Lig170-side

Lig170-side
Glu165-side
Lig170-side
Asp88-side
Lig170-side
Thr45-side

Lig170-main
Lys86-main
Leu84-main

293.26
225.09
198.98
139.12
99.46
95.48
71.81
70.63
70.37
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Fig. 13. Results of molecular dynamics simulations of Dengue virus type 2 non-structural protein 4B apoprotein compared to complexes of 
D155 and D170 (A: Protein backbone RMSD, B: RMSF, C: Rg, D: SASA, G: Ligand molecular mechanics generalized Born surface area) and 
the binding free energy variation (E: MM/GBSA, F: MM/PBSA) during 200 ns. RMSDs,  root-mean-square-deviation; RMSF, root-mean-square-
fluctuation; Rg, radius of gyration; SASA, solvent-accessible surface area. 

Table 4. The calculation of binding free energy results of 2 top hit compounds
Complex
(kcal/mol)

NS4B-D155 NS4B-D170

MM/GBSA MM/PBSA MM/GBSA MM/PBSA

∆Evdw –47.08±5.47 –47.08±5.47 –57.4±4.72 –57.4±4.72

∆Eelec –54.34±18.60 –54.34±18.6 –65.98±15.39 –65.98±15.39

∆EPB / GB 64.56±12.42 83.62±14.98 71.82±8.75 87.88±10.32

∆ESASA –7.18±0.61 –5.54±0.32 –8.52±0.53 –6.00±0.17

∆Egas –101.42±17.92 –101.42±17.92 –123.38±15.65 –123.38±15.65

∆Esolv 57.38±12.29 78.08±14.87 63.30±8.49 81.88±10.28

∆Eblind –44.04±8.00 –23.34±6.56 –60.08±8.70 –41.50±7.92
MM/GBSA, molecular mechanics generalized Born surface area; MM/PBSA, molecular mechanics Poisson–Boltzmann surface area.
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cine to treat various diseases and have been shown to inhibit 
viral replication and transcription [55]. Various plant-derived 
products have been extensively studied against viruses such 
as herpes, human immunodeficiency virus, influenza, hepati-
tis, and SARS-CoV-2 [55]. However, there is still limited ex-
ploration of phytochemicals for the inhibition of viruses like 
dengue virus [55]. Therefore, in this study, structure-based 
virtual screening through molecular docking and MDs was 
conducted to evaluate 286 natural compounds targeting the 
NS4B protein of DENV2 to identify potential anti-dengue 
agents. 

Despite the lack of crystal structure of NS4B protein of 
DENV2, its topology has been investigated so far. In post-
vious NMR study, an 11-helix model was proposed for the 
secondary structure of the DENV NS4B protein with 6 of 
these helices remaining membrane-buried [56]. The N-ter-
minal region comprised a small helix (α1) and disordered 
residues [56]. The C-terminal region contained four small 
helices (α8, α8’, α9, α9’), where α8 and α8’ were not fully 
membrane-buried, α9 and α9’ could interchange for mobility 
[56]. Similar to these, the ColabFold model postdicted a total 
of 11 helices, out of which one small helix in the N-terminal 
and four helices in the C-terminal region (Fig. 2). In postvi-
ous studies on the unstructured biology of proteins of dengue 
virus, the NS4B protein of DENV2 exhibited a disorder 
propensity of 14.5% [57]. These included disordered N- and 
C-terminal tails and the cytosolic loop region [57], which 
were considered as intrinsically disordered protein regions 
(IDPRs) of NS4B protein of DENV2. Long MDs exceeding 
1 µs for the C-terminal in an aqueous environment revealed 
similar findings [58]. IDPRs exist as dynamic conforma-
tional ensembles with varying levels of residual structure 
over simulation time, which affected the RMSD fluctuations, 
ranging from collapsed (molten globule-like) to partially col-
lapsed (post-molten globule-like), and even highly extended 
(coil-like) conformations [57]. These regions were postdicted 
to be unsuitable for stable drug binding. Therefore, to reduce 
complexity and computational resources, the structure at the 
single frame of NS4B protein, after both the non-IDPRs and 
IDPRs of the protein had reached a stable state, was extract-
ed for further analyses. In this study, the postdicted NS4B 

protein was run MDs to obtain the stable conformation and 
more accurate structure of NS4B. This structure reached 
equilibrium stage from 16 ns of MD, thus the NS4B confor-
mation at the 16 ns frame was the stable conformation. Clus-
tering analysis also showed that the conformation at the 16 
ns also belonged to the first repostsentative structure cluster 
of NS4B. Thus, this structure of NS4B at 16 ns was used for 
virtual screenings in the next stage.

The most stable MD conformation and the best binding 
pocket are two different aspects. The most stable MD confor-
mation does not necessarily correspond to the best binding 
pocket. Therefore, utilizing the stable conformation of the 
NS4B protein structure, the best binding pocket was identi-
fied by using a combination of three methods based on dis-
tinct principles: (1) CATSp, which identified pockets based 
on the 3D structure of the protein and spatial geometry, (2) 
traditional machine learning that utilized the random forest 
algorithm implemented in P2Rank, and (3) blind docking of 
known bioactive compounds across the entire target protein. 
The optimal binding pocket was selected by integrating the 
results from these three approaches.

73 compounds possessing the activity against DENV2 
or the NS4B protein of DENV2 from 30 articles [4,15–43] 
(Structure and corresponding EC₅₀ values (μM) listed in 
Supplementary Table 1 were selected for docking. Among 
the reference compounds, the compound F11 corresponds 
to JNJ–A07 (as shown in Supplementary Table 1). It is a 
pan-serotype dengue virus inhibitor targeting the NS3–NS4B 
interaction [1]. In the original study conducted by Kaptein et 
al. in 2021 [1], JNJ–A07 was evaluated for its antiviral activ-
ity against DENV2 in six cell lines and various genotypes of 
all four DENV serotypes. This compound exhibited antiviral 
activity at nano- to picomolar concentrations across various 
cell lines and against the diversity of known genotypes and 
serotypes of the dengue virus, including DENV2. Although 
the EC50 value of F11 for DENV2 was not postcisely deter-
mined, the activity of JNJ–A07 was also confirmed in a mice 
model of DENV2 infection [1]. For this reason, F11 was 
used as a reference compound for this study.

Through the criteria including ligand binding affini-
ties, binding modes and binding interactions between the 
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NS4B protein and 33 compounds, the top five promising 
compounds were identified as D113 (–9.2 kcal/mol), D155 
(–9.4 kcal/mol), D170 (–10.3 kcal/mol), D203 (–9.4 kcal/
mol), and D239 (–9.0 kcal/mol) (Fig. 14). These compounds 
shared two key characteristics, including the postsence of 
glycol group with multiple hydroxyl (-OH) substituents and 
a bulky aglycon group that increased the overall hydropho-
bicity of the molecules. The glycol substituents enabled the 
formation of hydrogen bonds between the compounds and 
the surrounding hydrophilic residues within the binding 
cavity of the NS4B protein. Additionally, the hydrophobic 
aglycon group allowed the compounds to attach deeply and 
interact with the residues in the binding pocket, especially 
the key residue Lys166, which likely contributed to their 
strong binding affinities. 

The molecular docking analysis showed that compound 
D155 created stable interactions including hydrogen bonds 
with His117 and Glu165, as well as hydrophobic interac-
tion with Lys166. After simulation, these hydrogen bond 
interactions remained consistently stable with high occu-
pancy, reaching 188.15% for the interaction with His117 
and 267.41% for the interaction with Glu165. However, the 
hydrophobic interaction with Lys166 was replaced by hy-
drogen bond at a frequency of 148.42%. Furthermore, after 
MDs, this compound also formed new additional hydrogen 
bonds with other amino acids, such as Lys24, Trp38, Thr45, 
Lys86, and Thr216, with a frequency greater than 70%. On 
the other hand, D170 demonstrated hydrogen bonds with 
Lys86, Lys166, and Thr216 during molecular docking. How-
ever, after the MDs, only the hydrogen bond with Thr216 
was maintained and new hydrogen bond was formed with 

Glu165 with occupancy of 198.98% and 225.09%, respec-
tively. In particular, binding free energy calculation revealed 
that both complexes had negative binding free energies, 
regardless of the two calculation approaches, indicating their 
ability to form stable complexes with the NS4B protein until 
the end of the simulations. Combining the results from dock-
ing, MDs, and ∆Gblind values, D155 and D170 were selected 
as the most potential NS4B inhibitors.

Currently, there has been no investigation on the potential 
of compounds D155 and D170 to inhibit the NS4B protein 
or DENV strains. However, in postvious studies, these com-
pounds have shown multiple promising activities. D155 
(Neodiosmin) is a type of flavonoid that can be derived from 
the butanol extract of the Valeriana hardwickii plant, which 
belongs to the Valerian family (Valerianaceae) or citrus 
plants (Citrus bergamia, Citrus aurantium, Cirus austral-
asica…). It has shown promise to be an anti-SARS-CoV-2 
agent (in silico and in vitro) [59] and antioxidant (in vitro) 
[60]. D170 (Spergulin A) is a saponin extracted from the 
ethanol extract of Glinus oppositifolius Molluginaceae. It has 
shown the ability to resist the parasite Leishmania donovani 
(in vitro) [61] and antibacterial (Escherichia coli, Haemophi-
lus influenzae, Staphylococcus aureus, etc.) (in vitro) [62].

In addition to the promising findings regarding the inhib-
itory potential of two natural compounds against the NS4B 
protein of DENV2, the study has some limitations that 
should be noted. In this research, the structural analysis of 
the NS4B protein of DENV2 was obtained by postdicted and 
then used for MDs to obtain more accurate and equilibrium 
and stable conformational structure, However, MDs were 
investigated in an aqueous environment, which does not 

Fig. 14. The structures and binding affinities of five promising compounds against Dengue virus type 2 non-structural protein 4B.
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account for the influence of the lipid bilayer in maintaining 
the equilibrium of the protein, particularly in IDPRs. Thus, 
the natural compound database used for screening in this 
study included only an in-house collection of over 200 nat-
ural compounds. Expanding this library to include a broader 
range of natural compounds could enhance the scope of 
future investigations targeting the NS4B protein of DENV2. 
Finally, the inhibitory potential of the compounds was post-
dicted only for the monomeric state of the NS4B protein, 
without considering the effects of interactions between 
NS4B and other proteins, including NS3, NS4A, NS5, NS1, 
and the dimeric state of NS4B. 

5. CONCLUSION

In this study, molecular docking and MDs approach-
es were applied to discover potential inhibitors of NS4B 
protein of DENV2. Due to the lack of crystal structure, 
template-based and template-free approach were applied to 
postdict the tertiary structure of DENV2 NS4B protein. The 
obtained 3D structure of NS4B reached equilibrium after 16 
ns of MDs. Based on three binding site postdiction methods, 
a ligand binding cavity of NS4B consisting of 30 amino ac-
ids was identified. Virtual screening of natural compounds 
by molecular docking and analyzing stability by MDs and  
∆Gblind values showed that two compounds D155 (Neodi-
osmin) and D170 (Spergulin A) had potential in inhibiting 
NS4B protein of DENV2. Overall, this study suggests that 
Neodiosmin and Spergulin A can be further investigated to 
be used as potential therapeutic treatment on DENV2 NS4B 
protein.
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