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ABSTRACT 

The resurgence of dengue virus (DENV) infection poses a significant global health threat, exacerbated by urbanization 
and climate change. Flaviviridae family virus, DENV infection can be asymptomatic in some cases while it can be 
lethal in others. More serious symptoms include dengue hemorrhagic fever, dengue shock syndrome, and liver damage. 
Despite these worrying features, no specific drug has been approved till now. People have been relying on antipyretic 
drugs only. This study explores the inhibition potential of natural compounds myricetin and chlorogenic acid against 
DENV using computational analysis. Molecular docking and molecular dynamics simulations were employed to assess 
their inhibitory effects on a crucial enzyme NS2B/NS3 protease of DENV. NS2B/NS3 protease, highly conserved 
in the DENV serotypes, plays a vital role in viral replication and it acts as an excellent drug target. The phytochemicals 
myricetin (MYR) and chlorogenic acid (CGA) have docking scores of -7.9 kcal/mol and -7.1 kcal/mol targeting 
NS2B/NS3 protease, respectively. By analyzing RMSD, RMSF, RG, SASA and H-bonding, MYR possesses greater 
compactness and stability in comparison with quercetin and CGA throughout the MD simulation. The NS2B/NS3 

protease in complex with MYR and CGA shows end-state MM/GBSA free energy of -25.053.19 kcal/mol and -

20.22±3.02 kcal/mol, respectively. ADMET analysis shows that the proposed compounds offer good bioavailability 
scores. CGA with a higher LD50 value (5000 mg/kg) appears in predicted toxicity class 5 whereas quercetin and MYR 
with lower LD50 value (159 mg/kg) appear in the toxicity class 3. The results suggest that CGA and MYR exhibit 
strong binding affinities and stable interactions, highlighting their potential as DENV inhibitors. Further experimental 
verifications will be necessary to determine the effectiveness of such drug candidates against DENV. 
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INTRODUCTION  
Dengue virus (DENV) is a mosquito-borne flavivirus 
that causes significant morbidity and mortality globally. 
A Chinese medical encyclopedia published the earliest 
description of clinically compatible sickness in 992 AD. 
The main mosquito vector, Aedes aegypti, found perfect 
circumstances as port towns thrived and became more 
urbanized throughout the 18th and 19th centuries as the 
global shipping sector expanded. As a result, the viruses 
and mosquitoes spread to other regions, culminating in 
substantial outbreaks. However, because the illness was 
dispersed by sailing ships, there were lengthy lapses of 
about 10-40 years between outbreaks (Gubler, 2006). 
Every year worldwide, millions of people have been 
suffering from DENV in the form of dengue 
hemorrhagic fever, dengue shock syndrome and general 
fever illness that eventually gives in fatal result in health 
and economy of whole country. Over the years various 
studies have been conducted to identify effective drug 
against DENV which could save thousands of lives in a 
year.  Despite extensive research, there are no specific 
antiviral treatments for DENV, necessitating the 
exploration of novel therapeutic agents (Obi et al., 2021). 
Dengvaxia, a live attenuated vaccine, is the WHO-
approved vaccine for children (9 to 16 years) who have 
previous dengue infection (Pintado Silva et al., 2023). 
However, its effectiveness is limited to individuals with 
a prior history of dengue infection, and its use in those 

without prior exposure may increase the risk of severe 
dengue. As a result, supportive care remains the mainstay 
of treatment, including transfusions for 
thrombocytopenia or bleeding, oral hydration, fluid 
administration, and antipyretics for fever management. 
 
Flaviviridae family virus DENV is a single-stranded, 
positive-sense ribonucleic acid virus with a genome 
around 11 kilobases in size (Holmes and Burch, 2000). 
It is particularly noteworthy since it has four antigenically 
unique serotypes viz. DENV-1, DENV-2, DENV-3 and 
DENV-4 each of them has significant amount of genetic 
diversity. A systematic analysis of numerous publications 
revealed that DENV-2 is far more contagious than the 
other serotypes. DENV is composed of seven 
nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, 
NS4B, and NS5) in addition to the three structural 
proteins capsid (C), membrane (M) which includes a 
membrane precursor (PrM), and envelope (E). The 
conformational variations of M and E proteins at varying 
ambient pH levels determine the infectious and 
noninfectious phases of mature and immature DENV 
(Halstead, 1989; Kuhn et al., 2002; Perera and Kuhn, 
2008). RNA triphosphate (RTPase) and nucleocapsid 
triphosphate (NTPase) activities are encoded by NS3 
and NS2B protein is necessary cofactor for the apo-
behaving NS3 protease. The proteolytic cleavage is 
carried out by NS2B and NS3 in viral replication cycle 
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(Wahaab et al., 2021; Mukhtar and Khan, 2023). NS2B 
stabilizes the structure of NS3 and facilitates substrate 
binding, while NS3 possesses the protease activity 
responsible for cleaving the viral polyprotein into 
functional components necessary for viral replication 
(Yusof et al., 2000). 
 
With the advancement of technology and research, the 
phytochemicals from different plants such as Carica 
papaya, Acacia catechu, Arrabidaea pulchra, and Curcuma longa 
have been used in the treatment of DENV. Most studies 
investigate flavonoids, a class of phenolic compounds 
found in plants, as antivirals (Brandão et al., 2013; 
Padilla-s et al., 2014; Panya et al., 2019; Norahmad et al., 
2019). Flavonoids exhibit powerful antioxidant 
properties, effectively neutralizing free radicals and 
exhibiting antiviral activity against various viruses, 
including DENV-2 and influenza A, chikungunya, and 
hepatitis B. Quercetin, a key flavonoid, further enhances 
this effect by modulating the NF-κB, IL-17, and Toll-like 
receptor signaling pathways, reducing cytokine release, 
alleviating inflammation, and regulating overactive 
immune responses (Zheng et al., 2021).  
 
Myricetin (MYR) is a flavonoid and chlorogenic acid 
(CGA) is a phenolic acid compound. MYR and CGA 
have antioxidant, anti-inflammatory, and antiviral 
properties, making them effective in combating 
oxidative stress, inflammation, and viral infections. The 
combined therapeutic potential highlights their role in 
managing various health conditions. CGA family 
members are dietary phenolic acid compounds found in 
plants, including quinic acid, caffeic acid, ferulic acid, and 
p-coumaric acid. The natural products show protective 
effects against cancer, viral and bacterial infections, 
chronic inflammatory and age-related disorders. Khanal 
et al. (2024) analyzed the inhibition potential of caffeic 
acid and p-coumaric acid against HDAC2 enzyme, 
Basnet et al. (2023) studied the inhibitory nature of 
natural products against human pancreatic alpha-

amylase, Acharya et al. (2024) reported dolichin A having 
strong binding interactions with lactoferrin protein, and 
Gyawali et al. (2024) identified catechin as the main 
protease inhibitor of SARS-CoV-2 Omicron variant by 
using in silico techniques. CGA has limited bioavailability 
in plant foods due to cell wall esterification. Therapeutic 
potential, biological functions and toxicity assessment of 
CGA were well explained in previous research 
(Watanabe et al., 2006; Faria et al., 2020; and Gupta et al., 
2022). CGA is richly found in green coffee beans and 
fruit (apples, pears, and blueberries), vegetables 
(eggplants and potatoes). CGA has a good safety profile, 
no adverse effects, and is well-tolerated by humans. In 
an acute toxicity experiment, mice showed no side 
effects after two weeks of intake (Nguyen et al., 2024). 
Various fruits viz. berries, grapes, and leafy vegetables, 
and teas contain MYR. MYR has similar structure as that 
of quercetin which is one of the important bioactive 
compounds showing antimicrobial properties. Only a 
difference is that MYR has an extra hydroxyl group in 
one of the aromatic rings, i.e. B-ring. The properties of 
MYR and CGA were explored alongside quercetin to 
expand the pool of potential drug candidates against the 
DENV virus. Their comparable antiviral effectiveness 
highlights their potential to work alongside quercetin in 
developing effective treatments. The structures of 
quercetin (PubChem CID: 5280343), MYR (PubChem 
CID: 5281672) and CGA (PubChem CID: 1794427) are 
shown in Figure 1. This study aims to evaluate the 
efficacy of MYR and CGA as potential drug candidates 
against DENV through in silico approaches. In silico 
methods are computational techniques used to predict 
molecular interactions, offering significant savings in 
time and resources. In vitro methods are used for 
experimental testing in a controlled laboratory setting to 
provide more direct biological relevance. The in silico 
methods predict results by analyzing receptor-ligand 
interactions, which must be validated through in vitro and 
in vivo studies to ensure effectiveness and suitability for 
clinical application.

  
 
 
 
 
 
 
 
 
 
 
 

(a)           (b)     (c) 
 
Figure 1. Structure of three phytochemicals (a) quercetin: C15H10O7, (b) myricetin: C15H10O8, and (c) chlorogenic acid: 
C16H18O9 

 
MATERIALS AND METHODS  
The primary three-dimensional structure of two-chain 
NS2B/NS3 protease (PDB ID: 2FOM) was obtained 
from the protein data Bank website 
(http://www.rcsb.org) to get detailed view of the 

enzyme’s spatial arrangement allowing accurate analysis 
of molecular interactions at the ligand binding site. Once 
the co-crystallized ligand fragments (glycerol and 
chloride) and water molecules were removed from the 
structure, the protein was saved in PDB format using 
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PyMOL software. The protein structure was further 
refined using SWISS-MODEL to fulfill the missing 
atoms or residues. The resulting protein structure was 
loaded in AutoDock Tools in order to perform 
molecular docking. 
 
After refinement using SWISS-MODEL server, the NS3 
(chain A) protease domain typically includes residues 
from the middle portion from 7 to 53 of the NS3 
protein. Similarly, NS2B (chain B) protease is the 
hydrophilic portion that acts as a cofactor for the NS3 
protease generally resembles from 18 to 167 residues. 

The amino acid residues of NS2B/NS3 protease 
(composition of chain A and chain B shown in Figure 2) 
were renumbered to correct an unexpected overlap 
during molecular docking and MD trajectory analyses 
(Figure 2). The improved protease, with 196 total 
residues, was used for docking and dynamics with 
phytocompounds, ensuring accurate results. As a result, 
chain A starts at residue ID 7 and ends to 53, whereas 
chain B starts at residue ID 54 and ends to 203. The 
process for docking and dynamics with the 
corresponding phytocompounds uses the improved 
protease, which has 196 residues overall.

 

 
 

 
(a)        (b) 

 
Figure 2. (a) Structure of dengue virus NS2B/NS3 protease (2FOM.PDB) with two chains A and B consisting of 196 
amino acid residues, (b) ligand binding pocket with highest surface area and cavity volume 

 
The catalytic sites of the protein were identified using the 
CASTp online server (http://sts.bioe.uic.edu/castp/). 
The most viable binding cavity has pocket area of 
301.43 Å2 and pocket volume of 251.77 Å3 of the protein 
(Tian et al., 2018). The inbuilt AutoDock 4.2.6 Vina 
wizard in PyRx was used to screen ligands and evaluate 
the binding effectiveness of each one. 
 
Molecular Docking 
Docking studies were conducted to predict the binding 
affinity and orientation of the ligands within the active 
site of the protease. Especially when working with 
complex molecules like CGA, AutoDock is widely used 
for a grid-based approach to evaluate their docking 
poses. This study used AutoDock 4.2.6 (Morris et al., 
2009) to dock phytocompounds into active binding sites, 
with each receptor protein and ligand loaded into 
AutoDock Tools (Huey et al., 2012). The receptor and 
ligand were saved in PDBQT formats, and grid 
parameters were selected for virtual screening. The grid 
dimensions were set to 70 × 70 × 70 Å along the X, Y, 
and Z axes respectively to ensure entire active biding 
sites were covered along with surrounding regions that 
eventually maximize the accuracy of ligand docking. The 
grid box was centered around X = -7.226, Y = -14.994, 
and Z = 5.444 Å and the grid point spacing was placed 
as 0.375 Å. The Lamarckian genetic algorithm generated 
docking parameters and log files, with the best-docked 

conformer saved in PDBQT format. The reduced grid 
might exclude parts of active binding site, potentially 
missing the key interactions critical for effective inhibitor 
binding. The docking results for the complexes with the 
highest binding energy and the strongest interactions 
were analyzed with Biovia Discovery Studio Visualizer. 
The best binding pose of the protein-ligand complex was 
subjected to MD simulations. 
 
Molecular Dynamics Simulations    
Molecular dynamics (MD) simulation is a powerful 
computational technique used to study the stability of a 
protein-ligand complex, accurately mimicking the 
conditions of both in vitro and in vivo experiments. In vitro 
methods check compounds in isolated cells to evaluate 
their biological effects, whereas in vivo methods assess a 
compound’s efficacy, toxicity and therapeutic potential 
in whole organism. While docking identifies potential 
binding sites, MD simulations help understand how the 
complex behaves dynamically, assessing its stability, 
binding affinity, and conformational changes explained 
in the previous research (Lamichhane et al., 2021; 
Maharjan et al., 2024; Chhetri et al., 2024). All the MD 
simulations were performed using GROningen 
MAChine for Chemical Simulations (GROMACS) 
version 2019.6 (Van Der Spoel et al., 2005) and using 
CHARMM 36 force field (Huang and MacKerell Jr., 
2005). The CHARMM compatible force field parameters 
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of the ligands were obtained from SwissParam server 
(Zoete et al., 2011). The MD simulations of the selected 
protein-ligand complexes were performed by setting the 
time-step of 2 fs/step at TIP3P water solvent 
(dodecahedron box neutralized with Na+ and Cl- ions) at 
a constant temperature of 300 K. The NVT and NPT 
run were performed for 100 ps each, and the NPT 
production run was performed for 100 ns using the time 
interval of 100 ps between the frames to generate the 
MD trajectories consisting of 1000 frames. Here’s an 
overview of the typical steps involved in conducting an 
MD simulation. The physical parameters such as root 
mean square deviation (RMSD), root mean square 
fluctuation (RMSF), radius of gyration (Rg), hydrogen 
bonding, and solvent accessible surface area (SASA) 
were examined to check the stability, conformational 
changes, and binding efficacy of the protein-ligand 
complexes. The end-state binding free energy, i.e. 
molecular mechanics generalized Born surface area 
(MM/GBSA) calculations were performed by using 
gmx_MMPBSA tools (Valdés-Tresanco et al., 2021) 
from the GROMACS MD trajectories of the protein-
ligand system. 
 
ADMET Predictions 
A drug candidate may reach its target in the body at a 
high enough concentration and remain there in a 

bioactive state for the anticipated biologic activities to 
take place for it to be successful as a medication. 
ADMET (absorption, distribution, metabolism, 
excretion, and toxicity) properties are crucial for 
assessing the safety and efficacy of phytocompounds and 
their derivatives including CGA and MYR in treatment. 
These compounds must exhibit good pharmacokinetics 
and low toxicity while adhering to Lipinski’s Rule of Five 
for optimal drug-like behavior. By using SwissADME 
web tool (Daina et al., 2017), the pharmacokinetic 
parameters, ADME properties, and drug-likeness 
features were identified. Furthermore, admetSAR 
(Cheng et al., 2012) and the ProTox II (Banerjee et al., 
2018) web tools were used to forecast toxicity.  
 
RESULTS AND DISCUSSION 
Molecular Docking 
At the active site of NS2B/NS3 main protease, different 
types of interactions take place involving H-bonds. 
Lesser the value of binding energy, interactions and 
bonds between the protein and ligands, molecules will be 
more stable and stronger. In molecular docking, binding 
energy describes how strongly a protein interacts with a 
ligand. Numerous elements, including patterns of 
hydrogen bonds and hydrophobic interactions, have an 
impact on it.

  
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
                    (a)                                                    (b)                                                                (c)   
 
Figure 3. Two-dimensional interaction diagrams for the best docked poses of (a) quercetin, (b) myricetin and (c) 

chlorogenic acid in complex with NS2B/NS3 main protease using Biovia Discovery Studio Visualizer. 

 
Quercetin is one of the important bioactive compounds 
showing antimicrobial, anticancer, antioxidant and 
antidiabetic properties (Shabir et al., 2022; Azeem et al., 
2023). Its binding energy is -7.9 kcal/mol with 
NS2B/NS3 protease ensuring strong interactions. 
Likewise, four H-bonds, one pi-sigma, one pi-alkyl and 
two amide pi-stacked bonds have been formed at the 

active binding site of the main protease as shown in 
Figure 3-a. Quercetin facilitates the conventional H-
bonds with ASN203, GLY123 and LEU185. It interacts 
with ALA200 by unfavorable acceptor-acceptor as well 
as pi-alkyl bond and with TRP119 through unfavorable 
donor-donor bond. Furthermore, quercetin interacts 
with LEU112, ILE201 and ALA202 forming pi-sigma 
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bond, amide-pi stacked bond, and van der Waals 
interaction respectively. In this way, MYR and CGA also 
perform strong interactions with the active site residues 
as shown in the 2D diagrams (Figure 3- b, c). The 
binding energy of MYR and CGA are -7.9 and -7.1 
kcal/mol with the NS2B/NS3 protease respectively. 
MYR interacts with the active residues forming five 
conventional H-bonds, two amide-pi-stacked, and one 
for pi-sigma, unfavorable donor-donor, carbon H-bond 
and unfavorable acceptor-acceptor interactions 
respectively. It forms conventional H-bonds with 
ASN203, GLY123, and LEU185. Similarly, two amide-
pi stacked bond with ILE201 and one pi-sigma with 
LEU112, one van der Waals with ALA202, one carbon 
H-bond with GLY184, one pi-sigma with LEU112 are 
formed. It also interacts with ALA200 with unfavorable 
acceptor-acceptor bond and forms unfavorable donor-
donor bond with TRP119. Likewise, CGA facilitates 
four conventional H-bonds, two with ASN203, one with 
LEU185, and one with ALA200. It also forms one 

carbon H-bond with ILE201 and one pi-sigma bond 
with ALA202. These interactions and bond facilities in 
the respective structure including CGA and MYR 
improve their binding stability and affinity with the 
target protein, supporting their role as the strong 
inhibitors. 
 
Molecular Dynamics Simulations 
The phytochemicals such as quercetin, MYR and CGA 
in complex with NS2B/NS3 main protease have been 
selected for MD simulations based on their docking 
scores, size of the molecules, medicinal background, 
biochemical and ADMET properties. There is limited 
research on MYR and CGA analyzing the results from 
MD trajectory analysis compared with quercetin.  Each 
of the three compounds appears to be stable in 100 ns 
MD simulations as identified from RMSD, RMSF, Rg, 
H-bonding, SASA and end-point free energy 
(MM/GBSA) calculations.

 
   

Table 1. MeanSD of the parameters observed from the trajectories of NS2B/NS3 main protease in complex with the 
phytochemicals during 100 ns MD simulations 

Protein in  
complex with 

Average No. 
of H-bonds 

Protein 

Rg (nm) 

Residue 

RMSF (nm) 

Protein 

RMSD (nm) 

Ligand  

RMSD (nm) 

Protein  

SASA (nm2) 

Quercetin  2.4 ± 1.3 1.73 ± 0.03 0.22 ±  0.21 0.45 ±  0.09 0.09 ±  0.02 115.54 ± 3.53 
Myricetin (MYR)  2.7 ±  1.2 1.71 ± 0.02 0.18 ±  0.16 0.30 ±  0.78 0.05 ±  0.03 114.94 ±  3.66 
Chlorogenic  
acid (CGA) 

2.4 ±  1.4 1.71 ± 0.02 0.17 ±  0.14 0.26 ±  0.05 0.19 ±  0.02 121.48 ±  3.03 

 
 
 
RMSD 
RMSD is used to understand conformational changes 
and the stability of the protein-ligand complex. The 
reduced RMSD values signify more stability and fewer 
conformational changes.  
 
Figure 4 details the RMSD variations for protein and 
ligand in their respective complexes. When the protease 
is in complex with three distinct ligands quercetin, MYR 
and CGA, the average RMSD values for the NS2B/NS3 
protein in complex with the ligands quercetin, MYR and 

CGA are 0.45 ± 0.09, 0.30 ± 0.78, and 0.26 ± 0.05 
nm, respectively which are depicted in Table 1. Likewise, 
the average RMSD values for each of the three ligands 

are 0.09 ± 0.02, 0.05 ± 0.03, and 0.19 ± 0.02 nm, 
respectively. An average RMSD value of less than 0.3 nm 
is the reference limit for the better stability of the system.  
 
RMSF 
RMSF represents residue-wise atomic fluctuations at the 

Cα-backbone of the protein, providing crucial insights 

into the dynamical behavior related to structural 
flexibility and stability of the NS2B/NS3 protease. 

Average RMSF values for the Cα-backbone of protease 

in complexes with quercetin, MYR and CGA are 0.22 ±
0.20, 0.18 ± 0.16, and 0.17 ± 0.14 nm, respectively. 
The lower RMSF values of the residues in complex with 
MYR and CGA compared to quercetin indicate greater 
stability and reduced flexibility of the complexes, 
highlighting MYR and CGA as potentially stronger 
inhibitors. 
 
The RMSF values of the respective amino acids in the 
complexes are quite similar showing stable and 
constrained regions giving lower values. The residues 
between IDs 26 to 58 show the higher fluctuations 
(Figure 5) which is due to the free loop regions of chain 
A and chain B. In the NS2B/NS3 protease, chain A is 
isolated from the heterodimer structure that increases 
more oscillation of that part during simulation time 
frame.  
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(a) 

 
(b) 

 
Figure 4. Variation in RMSD of (a) NS2B/NS3 protease in complex with ligands and (b) phytocompounds quercetin, 

myricetin and chlorogenic acid 

 
 

 
Figure 5. RMSF of the protein backbone in complex with quercetin, myricetin and chlorogenic acid during 100 ns MD 

simulations 
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Radius of Gyration 
The structural compactness and conformational stability 
of the protein-ligand complex is explored by the 
parameter Rg. During 100 ns MD simulations, the Rg 
values of NS2B/NS3 main protease in complex with 

quercetin, MYR and CGA are 1.73 ± 0.03, 1.71 ±
0.02, and 1.71 ± 0.02 nm, respectively. The variations 
in Rg of the protein systems have been shown in Figure 
6. 

 
 

 
Figure 6. Changing radius of gyration of NS2B/NS3 protease in complex with quercetin, myricetin and chlorogenic 

acid during 100 ns simulations 

 

 
Figure 7. Variations number of H-bonds between NS2B/NS3 protease and ligands quercetin, myricetin and 

chlorogenic acid during 100 ns MD simulations 

 
 
MYR has the least Rg compared to both, and it also gives 
more stable values providing insight into the structural 
compactness and conformational stability of the protein-
ligand complex. The complex with quercetin seems to 
fluctuate more at the beginning of the simulation due to 
unstable energy state, and it shows higher Rg indicating 
flexible nature during the simulation time frame. 
Likewise, the complex with CGA shows high fluctuation 
at the last despite quite low Rg values at the beginning of 
the simulation. The larger fluctuations seen in the graphs 
should be due to the heterodimer NS2B/NS3 main 
protease chains vibrating independently during MD 
simulations, however, the measured deviations in the 
physical parameters are in the acceptable range. 

H-Bonding  
The average number of H-bonds formed between 
NS2B/NS3 main protease and the ligands quercetin, 

MYR and CGA are 2.4 ± 1.3, 2.7± 1.2, and 2.4 ± 1.4, 
respectively during 100 ns MD simulations. Here, MYR 
shows better binding with its receptor protein. The H-
bond distributions are shown in Figure 7. 
 
SASA 
Intermolecular interactions involving hydrophobic 
native contact inside the protein have a significant 
impact on the inhibition of the enzyme. As a result, to 
calculate the contribution of hydrophobic and 
hydrophilic residues to the solvent molecules 
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throughout the simulation, it is also required to ascertain 
the SASA of the complex. 
 
The variation of SASA during the simulation time frames 

are shown in Figure 8. The meanSD values are 115.54 

± 3.53, 114.94 ± 3.66, and 121.48 ± 3.03  nm2 for the 

protein complexes with quercetin, MYR and CGA 
respectively. CGA shows more fluctuation in H-bonding 
while MYR exhibits less fluctuation. The MYR bound 
protein has comparatively lower and stable SASA 
throughout the simulation. Hence, MYR possesses 
greater compactness and stability with the NS2B/NS3 
protease.

 
 

 
Figure 8. Variations of SASA of the protein systems with quercetin, myricetin and chlorogenic acid during their MD 

simulations 

 
MM/GBSA Calculations 
The energetic components (electrostatic, van der Waals 
and solvation energy) giving rise to the total MM/GBSA 
free energy of quercetin, MYR and CGA in complex 

with NS2B/NS3 main protease of dengue virus analyzed 
from the last 20 ns equilibrating frames of the MD 
trajectories have been presented in Table 2 and 
demonstrated by bar diagrams in Figure 9. 

 
Table 2. Average contributions of energetic components to the net binding energy of selected compounds against 
NS2B/NS3 protease obtained by MM/GBSA calculations 

 
Compounds 

Gaseous Energy (kcal/mol) Solvation Energy (kcal/mol) Grand Total (kcal/mol) 

VDWAALS EEL EGB ESURF GGAS 
(VDWAALS+EEL) 

GSOLV 
(EGB+ESURF) 

TOTAL 

Quercetin -31.92±3.44 -22.85±6.91 35.62±4.01 -4.54±0.25 -54.77±6.45 31.08±4.53 -23.69±3.09 

Myricetin 
(MYR)   

-31.59±3.11 -35.40±5.95 46.23±4.05 -4.30±0.22 -66.98±6.01 41.93±4.00 -25.05±3.19 

Chlorogenic 
acid (CGA) 

-31.87±2.74 -24.94±7.73 41.41±5.49 -4.82±0.34 -56.81±7.57 36.59±5.31 -20.22±3.02 

 
 

 
(a)                                                  (b)                            (c) 

Figure 9. Average contribution of energetic components to the binding energy of (a) quercetin, (b) myricetin and (c) 
chlorogenic acid in NS2B/NS3 main protease of dengue virus 

 
Taking the stable conformers of the last 20 ns MD 
simulations, each of the three protein-ligand complexes 

exhibits stable binding free energy. The meanSD values 

are -23.69±3.09, -25.05±3.19, and -20.22±3.02 

kcal/mol for the complexes with quercetin, MYR and 
CGA, respectively. The main protease in complex with 
MYR has the lowest free energy. Hence, it is energetically 
favorable complex than others.  Although MM/GBSA 
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free energy of binding of each ligand lies within the same 
error limit, the main protease in complex with quercetin 
and MYR exhibits considerably better end-point free 
energy than CGA over the course of simulation. These 
results are also comparable with the end-state 
MM/GBSA free energy values of the natural products 
reported on the recent literature; for example, catechin 

has -20.5±2.5 kcal/mol with SARS-CoV-2 Omicron 

Mpro (Gyawali et al., 2024), caffeic acid has -16.32±2.62 
kcal/mol with HDAC2 enzyme (Khanal et al., 2024) and 

dolichin-A has -17.61±4.03 kcal/mol with lactoferrin 
(Acharya et al., 2024). 

 
 

 
(a) 

 

 
(b) 

 
 

 
(c) 

 
Figure 10. Fluctuating total MM/GBSA free energy of (a) quercetin, (b) myricetin and (c) chlorogenic acid in 
NS2B/NS3 main protease during the course of the last 20 ns stable frames taken from 100 ns MD trajectories 

 
The fluctuating total free energy of binding lies in the 
large negative region in every frame (Figure 10) which 
explains that the proposed compounds bind properly to 

the dengue virus protease during the course of 
simulations. Figure 11 describes the contribution of 
respective residues in the protease ligand complex over 
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the simulation time. Here, GLY184, LEU185, ILE201 
and ALA202 are the common residues of chain B 
contributing to the binding of all ligands quercetin, MYR 
and CGA significantly as shown by the heat maps 
(Figure 12).  

 
Overall, MYR gets better binding scores and performs 
good stability inhibiting NS2B/NS3 main protease and 
acting as a potential drug candidate against dengue. 

 

 
(a)                                                                             (b) 

 

 
(c) 

Figure 11. Contributions of active residues (cut-off energy of -0.5 kcal/mol) to the total MM/GBSA binding free energy 
of (a) quercetin, (b) myricetin and (c) chlorogenic acid to the dengue virus NS2B/NS3 main protease 

 
 

 

(a) 
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Figure 12. Fame wise contributions of the active residues (cut-off energy of -0.5 kcal/mol) to MM/GBSA binding free 
energy of (a) quercetin, (b) myricetin and (c) chlorogenic acid to the dengue virus NS2B/NS3 main protease during 

the last 20 ns of equilibrating MD simulations 

 
ADMET Analysis 
SwissADME results show that quercetin, MYR and 
CGA have the logKp values of -7.05 cm/s, -7.40 cm/s 
and -8.76 cm/s indicating lower skin permeability. 
Quercetin has high GI absorption, while MYR and CGA 
have low GI absorption. CGA has lower bioavailability 
score of 0.11 than the other contenders which mostly 
have a bioavailability value of 0.55. The predicted water 
solubility (log S value) of the proposed compounds 
ranges from -1.62 to -3.91 that suggests moderately 
water-soluble.  
 
Lipinski's rule of five is a guideline in drug design that 
helps assess a compound's potential to become an orally 
active drug (Lipinski et al., 2012). It states that for optimal 
oral bioavailability, a compound should have molecular 
weight less than 500 Daltons, LogP (partition 
coefficient) less than 5, no more than 5 hydrogen bond 
donors, no more than 10 hydrogen bond acceptors. In 
drug discovery, lead compounds are initial candidate 
molecules with desirable biological activity against a 
target. Quercetin has zero violation showing very good 
drug-likeness score, however, MYR and CGA show 1 
violation of Lipinski's rule of five. From the BOILED 

Egg analysis (Figure 13), quercetin is well absorbed by 
GI track whereas MYR and CGA have low GI 
absorption. The radar diagram (Figure 14) shows that 
quercetin and MYR have slightly higher insaturation 
than the normal range whereas CGA has its normal 
value. MYR and CGA have slightly higher TPSA (total 
polar surface area) than the normal range.  
 
Compounds with lower predicted LD50 values may 
exhibit higher potency but also carry greater risks of 
toxicity. Class 1 shows deadly if ingested (LD50 ≤ 5 
mg/kg). In this way, the dangerous limits of doses for 
class 2, 3, 4, 5 and 6 are (5 < LD50 ≤ 50), (50 < LD50 
≤ 300), (300 < LD50 ≤ 2000), (2000 < LD50 ≤ 5000), 
and (LD50 > 5000), respectively, all measured in mg/kg 
(Banerjee et al., 2018). Here, the drug candidates falling 
in the category of 5 and 6 classes appear to be safer than 
others. ProTox-II web server predicts that quercetin and 
MYR both have the same LD50 of 159 mg/kg falling on 
the class 3, and CGA has LD50 of 5000 mg/kg falling in 
the class 5 appearing less toxic in nature. Overall, except 
violating very few ADMET parameters, quercetin, MYR 
and CGA could be the good drug candidates against the 
dengue infection. 

 

(b) 

(c) (c) 
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Figure 13. BOILED Egg analysis of the three drug candidates quercetin, myricetin and chlorogenic acid. The 
candidates falling in the yolk region are predicted to passively permeate BBB, falling in the white region can pass 

through GI track, and the red dots indicate that they are predicted not to be effluated from the central nervous system 
by the P-glycoprotein 

 

 
(a)      (b)                    (c) 

Figure 14. Radar diagram showing ADME properties of (a) quercetin, (b) myricetin and (c) chlorogenic acid. The 
colored zone is the suitable region for oral bioavailability defined by the ranges in SwissADME web tool; LIPO 

(lipophilicity): −0.7 < XLOGP3 < +5.0, SIZE: 150 < MW < 500 g/mol, POLAR (polarity): 20 < TPSA < 130 Å
2
, INSOL 

(insolubility): -6 < log S < 0, INSATU (insaturation): 0.25 < Fraction Csp3 < 1, FLEX (flexibility):  0 < rotatable bonds 
< 9 

 
CONCLUSIONS 
The phytocompounds such as myricetin (MYR) and 
chlorogenic acid (CGA) bind properly to the active site 
of NS2B/NS3 main protease as identified from 
molecular docking, MD trajectory analysis, and end-state 
free energy calculations. In addition to quercetin, MYR 
and CGA result in compact stability at the main protease 
active site by analyzing RMSD, RMSF, Rg, H-bonding, 
and SASA. The MM/GBSA free energies of MYR and 
CGA in complex with dengue virus NS2B/NS3 main 

protease are found to be -25.053.19 kcal/mol and -

20.22±3.02 kcal/mol. Therefore, MYR and CGA with 
good ADMET properties are identified as the potential 
drug candidates against dengue virus. However, further 
experimental verifications are required to know their 
effectiveness. 
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