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Background and aim: Dengue is a potentially deadly tropical infectious disease transmitted by mosquito
vector Aedes aegypti with no antiviral drug available to date. Dengue NS5 protein is crucial for viral
replication and is the most conserved among all four Dengue serotypes, making it an attractive drug
target. Both Ginseng and Notoginseng extracts and isolates have been shown to be effective against
various viral infections yet against Dengue Virus is understudied. We aim to identify potential inhibitors
against Dengue NS5 Methyl transferase from small molecular compounds found in Ginseng and
Notoginseng.
Experimental procedure: A molecular docking model of Dengue NS5 Methyl transferase (MTase) domain
was tested with decoys and then used to screen 91 small molecular compounds found in Ginseng and
Notoginseng followed by Molecular dynamics simulations and the per-residue free energy de-
compositions based on molecular mechanics/PoissoneBoltzmann (generalised Born) surface area (MM/
PB(GB)SA) calculations of the hit. ADME predictions and drug-likeness analyses were discussed to
evaluate the viability of the hit as a drug candidate. To confirm our findings, in vitro studies of antiviral
activities against RNA and a E protein synthesis and cell toxicity were carried out.
Results and conclusion: The virtual screening resulted in Isoquercitrin as a single hit. Further analyses of
the Isoquercitrin-MTase complex show that Isoquercitrin can reside within both of the NS5 Methyl
Transferase active sites; the AdoMet binding site and the RNA capping site. The Isoquercitrin is safe for
consumption and accessible on multikilogram scale. In vitro studies showed that Isoquercitrin can inhibit
Dengue virus by reducing viral RNA and viral protein synthesis with low toxicity to cells (CC50 > 20 mM).
Our work provides evidence that Isoquercitrin can serve as an inhibitor of Dengue NS5 protein at the
Methyl Transferase domain, further supporting its role as an anti-DENV agent.
© 2022 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Dengue is a tropical infectious disease transmitted by the
mosquito vector Aedes aegypti. It poses a significant threat to the
health of the population in the tropical area where its vector
n).
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resides. Dengue is endemic in more than 100 countries with mil-
lions of newcases of Dengue infection every year.1 The area infested
with the mosquito Aedes aegypti is likely to expand due to global-
ization and climate change, potentially posing even wider health
risks.2 The number of global Dengue infections is estimated to be
half a million cases annually. This can lead to hospitalisation and
life-threatening symptoms such as Dengue hemorrhagic fever
(DHF) and Dengue shock syndrome (DSS).

Despite the adverse effects on the health and the local economy,
Dengue remains a neglected disease with no specific antiviral drug
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Abbreviations

ADMET absorption, distribution, metabolism, excretion,
and toxicity

SAM S-Adenosyl methionine
SAH S-Adenosyl-L-homocysteine
SMILES Simplified molecular-input line-entry system
MTase Methyl Transferase
DENV Dengue virus
MMFF Merck Molecular Force Field
MD Molecular Dynamics
NS Nonstructural
3D Three dimensional
RMSD Root mean squared deviation
Da Daltons
DHF Dengue hemorrhagic fever
DSS Dengue shock syndrome
ns nanoseconds
RdRp RNA-dependent RNA-polymerase
eg exempli gratia
GTP Guanosine 50-Triphosphate
RVP Ribavirin monophosphate
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against it. Many antiviral compounds have entered clinical trials but
have failed.3 Dengue virus can be classified into four serotypes;
DENV1, DENV2, DENV3 and DEN4, which are genetically related but
antigenically distinct viruses. The challenges in drug development
include compound efficacy against all four serotypes, toxicity and a
brief therapeutic window. The only vaccine against Dengue, Sano-
fi's Dengvaxia®, has contraindicated effects in children and induced
more severe symptoms in subsequent infections in individuals that
have never been infected by Dengue before the vaccination.4

Therefore, finding antiviral agents that are effective against the
virus can be considered as an urgent medical need.

Dengue virus (DENV) belongs to genus Flavivirus, the family of
Flaviviridae. Other disease-causing Flaviviruses transmitted by
mosquito vector Aedes aegypti includes Zika,West Nile, yellow fever
virus and Japanese encephalitis virus.5 DENV has a positive-sense
viral RNA genome encodes for structural and non-structural pro-
teins; structural C, E, prM and non-structural: NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5. The largest is NS5 protein which is
essential for viral RNA replication. The NS5 protein consists of two
enzymatic sites or domains; an RNA-dependent RNA-polymerase
(RdRp) near the N terminal region and Methyl transferase (MTase)
near the C terminal region.6,7 The MTase domain consists of two
active sites, the RNA capping site (Guanosine 50-Triphosphate (GTP)
binding pocket) in proximity with the AdoMet binding site. The
native ligand at the AdoMet binding site is a small molecule
methylating agent, S-Adenosyl methionine (SAM or AdoMet). SAM
can deliver a methyl group to the ribonucleotide of the capped viral
RNA chain residing at the RNA capping site. After methylation, SAM
is converted to S-Adenosyl-L-homocysteine (SAH or AdoHcy) upon
the loss of the methyl group.

NS5 protein is the most conserved protein in all four Dengue
serotypes and is highly conserved in all Flaviviruses, making it a
promising target for broad-spectrum antiviral drug development.8

One of the challenges of targeting MTases is the selectivity of
inhibiting viral MTase over human MTase.9,10 Due to the interest in
NS5 MTase as a drug target, many groups have experimentally or
virtually screened various compound datasets against the enzyme.
Some examples of compound databases explored are cyclic pep-
tides, flavones derivatives, IBS natural compound library,
2

adamantane derivatives, NCI diversity set II library, small-
fragments database and a large database of over 5 million
commercially available compounds.10,11

1.1. Ginseng and Notoginseng

Ginseng is one of the most popular herbs that has been tradi-
tionally used in many parts of the world such as Korea, China, and
Siberia as far back as thousands of years ago.12 The highly-prized
Panax Ginseng (Meyer, Korean Ginseng, Red Ginseng) and its less
well-known relative, Panax Notoginseng (Burkill, Sanchi Ginseng)
are two of over ten species belong to the Panax genus, Araliaceae
family.

The health benefits of Ginseng and Notoginseng are diverse.
Ginseng extracts and isolates have shown antiviral, anti-microbial,
anti-inflammatory, anti-ageing and immuno-modulatory activities.
They are used for the treatment and prevention of cardiovascular
disease, neurological disorders, cancer and diabetes.13e16 Ginseng
was reported as a promising adjuvant for the treatment of viral
diseases such as SARS-CoV-2.17,18 Regarding their antiviral activ-
ities, Ginseng can inhibit, or show protective effects against a range
of viruses such as Hepatitis B, Human Rotavirus, H5N1 influenza
virus, H1N1 influenza A virus and respiratory syncytial virus
(RSV).17 A formula containing both Ginseng and Notoginseng has
been used in the recovery phase for DENV-infected patients in
China.19 Only recently, in early 2022, Notoginseng isolates were
found to show anti-Dengue activity in Zebrafish.20 A recent report
in 2021 on medicinal plants against Dengue virus has not high-
lighted Ginseng or Notoginseng as potential herbs against the vi-
rus.21 With the antiviral activities and a wide range of health
benefits of Ginseng and Notoginseng extracts and isolates, we
explore the potential of chemicals found in Panax Ginseng and/or
Panax Notoginseng as antiviral agents against Dengue NS5 Methyl
transferase (MTase).

1.2. Virtual screening by molecular docking

Molecular docking is one of the popular methods used for
structure-based virtual screening.22 The docking scores reflect
favorable predicted poses of ligands which can vary depending on
the algorithms used.23 A study by Shoichet, Roth and Irwin utilised
molecular docking as a tool to screen an ultra-large library. Their
models, supported by experimental verifications, significantly
enriched real positives when the docking scores exceeded a
threshold.24,25 Many in silico studies performed docking and MD
studies in tandem to identify potential inhibitors.26e28 Molecular
Dynamics (MD) simulation is a time-dependent technique which
can capture protein dynamics and has been widely used to predict
relative binding affinities of a ligand bound to a target protein.29 In
this work, we used these methods to investigate chemicals found in
Panax Ginseng and/or Panax Notoginseng as potential inhibitors
against DENV NS5 MTase. To analyse the viability of the hit com-
pounds as drug candidates, chemical absorption, distribution,
metabolism, excretion, and toxicity (ADMET), drug-likeness and
compound accessibility are discussed.

2. Materials and methods

2.1. Molecular docking

Open access software; Ledock and Autodock vina 1.1.2 were used
for molecular docking.30,31 X-ray crystal structures of DENV3 and
DENV2 NS5methyl transferases (PDB ID: 4r8s, 5e9q and 1r6a) were
retrieved from RCSB PDB protein data bank (https://www.rcsb.org).
The protein structures are aligned using PyMOL.32 All solvents,

https://www.rcsb.org


V. Jarerattanachat, C. Boonarkart, S. Hannongbua et al. Journal of Traditional and Complementary Medicine 13 (2023) 1e10
metals and counter ions are removed. The 3D structures of the li-
gands are extracted from protein complexes and are used as
reference biological poses during model validations. Protein
structures are prepared according to the protocols of each software
(see Supporting Information). Using Autodock Tools 1.5, the grid
box is defined around the AdoMet binding site as a cuboid space of
size 20 � 20 � 20 Å3 centred at the location where the native li-
gands, SAM and SAH reside. Decoys, in SMILES format, are gener-
ated from the Database of Useful Decoys: Enhanced or DUD-E
(http://dude.docking.org) based on the SMILES molecular repre-
sentation of SAM as obtained from the RCSB PDB protein data bank.
The 3D structures of 44 decoys are generated from the SMILES
representations using Open Babel with the MMFF94 force field.33,34

Protonation states of ligands are generated with Open Babel or
open access scripts prepared at pH 7.4.35 For virtual screening,
protein preparation was done with LePro (PDB ID 4r8s) and mo-
lecular docking was carried out with LeDock with clustering RMSD
of 0.5 Å, producing 25 poses for each screening entry.31 The 3D
structures of 91 compounds found in Ginseng and Notoginseng
were acquired from the literature and PubChem database (https://
pubchem.ncbi.nlm.nih.gov) including their protonated forms
(where applicable), giving total of 94 structures. The root mean
squared deviation (RMSD) of heavy atoms in the docked poses
compared to the biologically active conformations (reference
poses) were calculated using Obrms tool in Open Babel.33,34 The
visualisation was done by Maestro and PyMOL.32,36

2.2. ADMET calculations

ADME predictions were calculated from SWISSADME server
(http://www.swissadme.ch) from SMILES strings obtained from
PubChem database.37 The hERG-related toxicity prediction was
calculated using CardPred server (http://ssbio.cau.ac.kr/CardPred).

2.3. Molecular dynamics simulations

The molecular dynamics (MD) simulations were performed
using GROMACS 202038 with the AMBER ff14SB forcefield39 for
protein, General Amber Force Field (GAFF2)40 for ligands and TIP3P
water models.41 The system coordinates and topologies were pre-
pared using AmberTool21, and converted to use in GROMACS via
ParmEd.42,43 The ligand geometry optimisation and partial charge
calculationwere performed using Gaussian16 at HF/6-31G* level of
theory.44 The ligand topology was generated using Antechamber
with RESP model.45 For the AdoMet binding site, the complex
system was prepared using tleap where the Isoquercitrin-NS5
docked complex was used as an initial structure. Protonation
states and histidine tautomers were also kept similar to the docked
structure. The systemwas solvated by TIP3Pwatermolecules with a
10 Å buffering distance. Counterions were added to neutralise the
system. For the RNA capping site, the snapshots at 480 ns, 490 ns,
and 500 ns of AdoMet#3 were used as initial systems for RNA#1,
RNA#2, and RNA#3, respectively. The simulated system was sub-
jected to energy minimization and preformed for 500 ns with 2 fs
integration time step for the production run. The temperature was
set to 310 K using v-rescale algorithm,46 the isotropic pressure was
set to 1 bar using Parrinello-Rahman algorithm.47 The LINCS con-
straints were applied to all bonds with hydrogen atoms.48 The long
range electrostatic was calculated using particle-mesh Ewald (PME)
with 0.12 nm grid spacing.49 The Verlet cut-off scheme with 1.2 nm
cut-off distance was applied for short-range Coulomb and van der
Waals interactions. The simulations were repeats with different
random velocities. Periodic boundary condition was applied in all
directions. The analysis processes were perform using GROMACS
utilities. The per-residue free energy decomposition based on
3

molecular mechanics/PoissoneBoltzmann (generalised Born) sur-
face area (MM/PB(GB)SA) method was calculated by using
gmx_MMPBSA version 1.52 based on MMPBSA.py version 16.0 us-
ing 100 snapshots from the last 10 ns.50,51 Trajectories were subject
to be least square fitted in both translation and rotation before
performing the energy calculation. The visualisation was done by
VMD and PyMOL.32,52

2.4. In vitro viral inhibition testing

Vero cells (African green monkey kidney) were cultured in
Minimum Essential Medium (MEM; Corning) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Gibco) at 37 �C with
5% CO2. Aedesalbopictusmosquito cells (C6/36) were maintained at
28 �C in Leibovitz 15 supplemented with L-glutamine and 10% heat-
inactivated FBS.

Dengue 2 virus (DENV 2) strain 16681 were propagated in C6/
36 cells. Virus titers were determined by measuring focus-forming
units in Vero cells.

Isoquercitrin (Sigma-Aldrich) was evaluated the cytotoxicity in
Vero cells by 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) dyes (Invitrogen). Monolayer
Vero cells were infected at multiplicity of infection (MOI) 0.2 of
DENV 2 for 2 h. After viral inoculation, the viruses were discarded.
The cells were washed with MEM and the media containing Iso-
quercitin at various concentration or 0.5% Dimethyl sulfoxide
(DMSO, control) were added. The cells were further incubated at
37 �C, 5% CO2 for 2 days. After the incubation time, cells were
collected for the viral RNA and E protein quantification.

Total RNA was extracted using Trizol reagent (Invitrogen). The
concentration of DENV2 RNA was determined by real-time reverse
transcription PCR (qRT-PCR). The primer pairs were provided as
follows; pan dengue forward (50TTGAGTAAACYRTGCTGCCTG
TAGCTC30) and pan dengue reverse (50 GAGACAGCAGGATCTCTGGT
CTYTC30); GAPDH forward (E14134: 50CAACTACATGGTTTAC
ATGTTC30) and GAPDH reverse (E14135: 50GCCAGTGGACT
CCACGAC30).53,54 The qRT-PCR was performed using the Sensi-
FAST™ SYBR® No-ROX One-Step Kit (Meridian Bioscience) in
LightCycler® 480 (Roche). RNA extracted from DENV2-infected cell
was serially diluted and used for standard curve setting.

The DENV2 protein were determined with 4G2 as primary
antibody for a detection of the viral E protein. Cells were fixed with
ice-cold acetone:methanol (1:1) for 20 min. Primary antibody was
added and incubated for 1 h at 37 �C. Then the cells were washed
with 0.05% Tween® detergent in phosphate buffer saline (PBS),
incubated in secondary antibody, horseradish peroxidase (HRP)-
conjugated anti-mouse goat antibody (Dako), for 1 h in 37 �C. After
incubation, the cells washed with 0.05% Tween® detergent in PBS.
Next, the tetramethylbenzidine (TMB) peroxidase substrate system
(KPL, USA) was added and incubated at room temperature in the
dark for 10 min. Finally, the reaction was stopped with 1 M sulfuric
acid. The optical density (OD)wasmeasured at 450/630 nm at room
temperature.

The percentage of DENV inhibition were normalized to the
solvent control (0.5% DMSO), and the half maximal inhibitory
concentration (IC50) was calculated by non-linear regression anal-
ysis of the dose-dependent response graph using GraphPad Prism
version 8.55

3. Results and discussions

3.1. Molecular docking model validation and cut-off determination

Competitive inhibition is when an inhibitor competes with the
enzyme's substrate or co-factor for the same binding site.

http://dude.docking.org
https://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov
http://www.swissadme.ch
http://ssbio.cau.ac.kr/CardPred
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Competitive inhibition of NS5 MTase by small molecule non-
covalent inhibitors have been unequivocally proven by X-ray
crystallography at both of its active sites namely, Sinefungin (SFG)
in the AdoMet binding site and Ribavirin monophosphate (RVP) in
the RNA capping site.56,57 To discover small molecules that can
potentially bind to the MTase active sites, we first examine the
AdoMet binding site by molecular docking. We anticipated that if
we attempt to find a competitive inhibitor at the AdoMet binding
site, we will have a higher chance of success compared to the RNA
capping site (GTP binding site) because the co-factor, SAM, is a
small molecule as opposed to a polymeric RNA chain.

To validate our models, we examined if the models can repro-
duce the biologically active poses of the ligands by redocking
(putting back the ligand) and cross-docking (putting back ligands
that belongs to different ligand-protein complex). For reference
data, we collated structures of five NS5 MTase complexes with li-
gands at the AdoMet binding site from a public structural depositry
(https://www.rcsb.org) PDB ID: 5E9Q, 1R6A, 4R8S, 3P8Z and 5ULP.

The overlaid X-ray crystallographic structures of selected
ligand-NS5 MTase complexes are shown in Fig. 1, with five ligands
residing in the AdoMet binding site and RVP residing in the RNA
capping site. Four of five ligands bound at AdoMet site (SAM, SAH,
SFG and 36A) are from DENV NS5 MTase complexes, while one of
them is an inhibitor of the closely related NS5 MTase of Zika virus
(KB1).

Our first criterion for a suitable molecular docking model is the
model predicted the top pose (pose with the lowest docking score)
that resembles the reference pose (X-ray crystal structure) with
small root mean square deviations (RMSD) within an acceptable
range of 2 Å.23 Multiple docking models generated with Autodock
Vina and LeDock predicted top-scoring poses with RMSD lower
than 2 Å (see the Supporting Information).30,31 To select the best-
performing models, we carried out molecular docking of these li-
gands with the decoys.

3.1.1. Docking of active ligands and decoys
We hypothesised that a model that can separate real ligands

from decoys will bemore likely to produce enriched real hits during
virtual screening, given that the docking scores fall within the re-
gion of active ligands. Decoys are compounds with similar chemical
properties to the ligand but with different structures as defined by
Irwin and Shoichet.58 We generated decoys based on SMILES rep-
resentation of SAM from the Database of Useful Decoys: Enhanced
(DUD-E) web server (http://dude.docking.org).

To select the docking models, we used two criteria: 1) Docking
scores of all active ligands form a cluster, rather randomly or evenly
spread out among a wide range of scores, and 2) the compound
with the lowest docking score is an active ligand, rather than a
Fig. 1. a) Superimposed 3D structures of NS5 MTase with ligands at AdoMet binding site (PD
(kb1, orange) and RVP (pink) at RNA capping site, b) Structures of AdoMet binding site liga

4

decoy. A model created from DENV 3 (PDB ID 4r8s) with LeDock
passed the criteria. The docking scores from 5 ligands (blue) and 44
decoys (grey) are shown in Fig. 2.

The predicted docking scores of the ligands lie between �10.9
and �9.3 kcal/mol. The scores of the decoys range between �6.1
and �9.8 kcal/mol. Out of 44 decoys, the docking scores of four of
the top-scoring decoys are in the range of active ligands. According
to these results, we set a threshold for virtual screening of com-
pounds at around �9.0 kcal/mol. Thus, this molecular docking
protocol was used in the next step for virtual screening of herbal
compounds. During the virtual screening, compounds whose
docking scores are lower than or equal to this threshold will be
considered as ‘hits’. However, compounds that do not pass the
threshold does not necessarily mean that they have no potential to
bind to the enzyme. In this work, we further investigate only the
‘hits’ in the subsequent studies.
3.2. Screening of herbal compounds

Over 200 compounds were found in Ginseng and over 100 in
Notoginseng. Ginseng and Notoginseng have many compounds in
common. These include ginsenosides, phytosterols, sesquiterpenes,
flavonoids, polyacetylenes, alkaloids and phenolic
compounds.59e61

In this study, only compounds whose 3D structures have been
elucidated are included. This filters off compounds that lack infor-
mation about most of their stereochemistry which is likely to be
important in molecular recognition. Only compounds with mo-
lecular weights of less than 500 Dawere retained. Larger molecules
with molecular weights greater than 500 Da are excluded because
the AdoMet binding site is a highly conserved region that is well-
B ID: 5E9Q (SAM, cyan), 1R6A (SAH, pink), 4R8S (SFG, green), 3P8Z (36A, yellow), 5ULP
nds used as references in this study.

Fig. 2. Docking scores of the five ligands and the decoys against the DENV NS5 MTase.

https://www.rcsb.org
http://dude.docking.org
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buried and has evolved to accommodate SAM and SAH (399 DA and
384 Da respectively). Larger and heavier molecules are less likely to
fit in the pocket and do not comply with drug-likeness criteria eg.
Lipinski's rule of five. Saturated hydrocarbons or unsaturated hy-
drocarbons with only one multiple bond are excluded because
these compounds are not likely to form fruitful molecular in-
teractions. As a result, we collected a database of 91 compounds for
virtual screening against DENV NS5 MTase. Using the validated
molecular docking model, the docking scores of the top 20 com-
pounds screened are tabulated in Table 1. The docking scores for the
rest of the compounds screened can be found in Supporting
Information.

Out of the 91 small molecules screened, we found that Iso-
quercitrin is the only compound that passed the preset cut-off
threshold with the docking score of �9.0 kcal/mol. The in-
teractions between the top-scoring docked pose of Isoquercitrin
and MTase is shown in Fig. 3.

The top-scoring pose of Isoquercitrin forms hydrogen bonds
with protein residues Cys82, Gly86, Trp87 Asp146 and Lys180 with
bond lengths range from 1.7 to 2.2 Å. Hydrogen bonds between
Isoquercitrin and Lys180 and Trp87 falls within the range of strong
hydrogen bonds with high covalent character (2.2e2.5 Å).62 How-
ever, other hydrogen bonds are clearly shorter than the optimal
range. This prompt us to further examine the binding of Iso-
quercitrin to MTase with molecular dynamics simulations.

3.3. Molecular dynamics simulations

To further examine the binding of Isoquercitrin and the stability
of the Isoquercitrin-MTase complex, the complex was relaxed and
equilibrated, followed by a production run for 500 ns. The MD
simulations were carried out in triplicates in two parts. In the first
part, the structure of Isoquercitrin obtained from molecular dock-
ing at AdoMet binding site was optimised with DFT calculations
prior to MD simulations (AdoMet#1, AdoMet#2 and AdoMet#3). In
the second part, a snapshot at end of the 500 ns simulation of the
third repeat (AdoMet#3) where Isoquercitrin had moved to the
RNA capping site was further simulated for another 500 ns (RNA#1,
RNA#2, and RNA#3).

The analysis of Ca RMSD showed that the whole complex was
stable with Ca RMSD of less than 2 Å throughout the 500 ns sim-
ulations in all six simulations (Fig. 4a and b).
Table 1
Docking scores andmolecular weights of the top 20 compounds found in Ginseng and/or N

Compound names

Isoquercitrin
Quercetin
Adenosine
Syringin
p-Glucosyloxymandelonitrile
Pancratistatin
Dianthramine
Protopanaxatriol
Kaempferol
Gypenoside-A
Ramalic acid
Suchilactone
Celabenzine (Hþ)
Protopanaxadiol
Dencichin (Hþ)
5-(E)-heptadec-12-enyl benzene-1,3-diol
(3R,8E,10S)-10-hydroperoxyheptadeca-1,8-dien-4,6-diyn-3-ol
(3S,5R,8R,9R,10R,14R,17S)-17-(2-hydroxy-6-methylhept-5-en-2-yl)-4,4,8,10,14-pentam

dodecahydro-1H-cyclopenta[a]phenanthren-3-ol
Ginsenoyne B

5

To examine the fluctuations in each individual protein residue of
the ligand-bound complex, the root mean square fluctuations
(RMSF) of Ca for each residue were analysed (Fig. 4c and d). The
RMSF is relatively larger at the terminal residues (highlighted with
a pink surface, Fig. 4e). This is expected for typical MD simulations
because the terminal residues can move with fewer restrictions.
The X-ray structure of MTase (PDB ID: 4r8s), superimposedwith the
simulated structure snapshots at 500 ns visually showed little
fluctuation at the active sites Fig. 4e; the simulated protein struc-
tures where Isoquercitrin reside at the AdoMet binding site (blue
mesh) are shown in light blue ribbons (AdoMet#1e2), whereas the
protein structures where Isoquercitrin reside at the RNA capping
site (white mesh) are shown in yellow ribbons (AdoMet#3 and
RNA#1e3). In all six simulations, the residues 40e47 and residues
106e109 showed higher RMSF (highlighted with a pink surface)
and were similar in both parts of the simulations even when the
ligand resided at different sites. This suggests that MTase remained
relatively stable with insignificant conformational changes upon
binding of Isoquercitrin.

To examine the behaviour of Isoquercitrin in the Isoquercitrin
-MTase complex, the RMSD of Isoquercitrin and the 3D structures of
Isoquercitrin in the binding sites of the simulated complexes were
analysed and shown in Fig. 5. When started with the ligand at the
AdoMet binding site, two out of three simulations showed that
Isoquercitrin had shifted within 5 Å in the same site (AdoMet#1e2
in black and red respectively, Fig. 5a). The RMSDs of Isoquercitrin
indicated that the binding was relatively stable for the duration of
the simulations. Interestingly, the RMSD of Isoquercitrin in the
third simulation (AdoMet#3 in green) showed that Isoquercitrin
had moved from the AdoMet binding site to the GTP binding site
(RNA capping site) and had remained there for at least 200 ns to-
wards the end of the simulation.

To visualise the overall movements of Isoquercitrin, the starting
pose (relaxed docked pose) and each snapshot at 500 ns from the
triplicate runs are shown in Fig. 5b; the first simulation (AdoMet#1,
carbons shown in cyan), the second simulation (AdoMet#2, car-
bons shown in green) and the third simulation (AdoMet#3, carbons
shown in yellow). The starting docked pose (relaxed) is shown in
light grey for comparison. The results from the first two simulations
showed that the ligand shifted slightly deeper into the binding
pocket and was relatively stable throughout the simulations
(Fig. 5b). In the third simulation (AdoMet#3, carbons shown in
otoginseng, ranked by their docking score against the DENVNS5Methyl Transferase.

Molecular
Weight (Da)

DENV MTase
(kcal/mol)

464.4 �9.0
302.2 �7.7
267.2 �7.4
372.4 �7.3
311.3 �7.2
325.3 �7.1
289.2 �7.0
476.7 �6.9
286.2 �6.8
336.4 �6.7
346.3 �6.6
368.4 �6.3
380.5 �6.3
460.7 �6.3
177.1 �6.3
346.5 �6.3
276.4 �6.2

ethyl-2,3,5,6,7,9,11,12,13,15,16,17- 444.7 �6.2

294.8 �6.2



Fig. 3. Top-scoring pose of Isoquercitrin in AdoMet binding site, overlaid with the protein DENV NS5 MTase (PDB ID:4r8s) a) Hydrogen bond interactions (purple arrows) in 2D
representation, b) Hydrogen bonds (yellow lines) lengths (Å) in 3D representation.

V. Jarerattanachat, C. Boonarkart, S. Hannongbua et al. Journal of Traditional and Complementary Medicine 13 (2023) 1e10
yellow), Isoquercitrin had moved and resided in the RNA capping
site by the end of the simulation.

We took a snapshot at the end of this simulation and carried out
molecular dynamics simulations for another 500 ns in triplicates
(RNA#1e3). The RMSDs of Isoquercitrin were approximately 2.5 Å
from the starting position, indicating that the binding of the ligand
at the RNA capping site was relatively stable in all three simulations
(RNA#1e3 in blue, pink and orange respectively, Fig. 5c). The
superimposed 3D structures of the Isoquercitrin-MTase complex
from the snapshots at 500 ns of the triplicates are shown in Fig. 5d;
the first simulation (RNA#1, carbons shown in yellow), the second
simulation (RNA#2, carbons shown in purple), and the third
simulation (RNA#3, carbons shown in grey). The starting pose is
shown in white for comparison (AdoMet#3 in Fig. 5d).

The results demonstrate that Isoquercitrin can bind to the NS5
MTase and reside at the AdoMet binding site and has the potential
to also bind at the RNA capping site. Notably, recent in silico studies
done by Kumaradhas and co-workers have demonstrated that four
flavonoidmolecules, including Quercetin, are potential inhibitors of
NS5 MTase at the RNA capping site, in agreement with behavior of
Isoquercitrin observed in our work.63

To analyse the interactions between Isoquercitrin and the pro-
tein residues, per-residue free energy decompositions based on
molecular mechanics/PoissoneBoltzmann (generalised Born) sur-
face area (MM/PB(GB)SA) method are tabulated with a cut-off at ±
1 kcal/mol (Table 2, at AdoMet binding site and Table 3 at RNA
capping site).

The interactions between Isoquercitrin with the protein resi-
dues at the AdoMet binding site showed significant free energy
contributions upon binding with residues Gly81, Gly83, Thr104,
Lys105, Gly109, His110, Glu111, Asp131 Asp146 and Ile147. The
majority of these residues are in agreement with previous experi-
mental work done by others; Canard and coworkers examined
crystal structures of Dengue MTase and SAH molecule. They found
that SAHwas stabilized by hydrogen bondswith Lys105 and Asp131
residues, and SAH was located in a hydrophobic pocket made up of
Thr104, Lys105 and Ile147 residues.7 Luo and co-workers showed
that Glu111 is a key residue for viral replication.64 Dong and co-
workers showed that mutations of residues His110 with alanine
affected methylation activities.65

The interactions between Isoquercitrin with the protein resi-
dues at the RNA capping site showed significant free energy con-
tributions upon binding with residues Lys14, Asn18, Arg22, Phe25,
Lys29, Glu149, Ser150, Ser151, Pro152 and Ser213. Canard and co-
workers reported that conserved residues, Lys14 and Asn18 form
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hydrogen bonds to ribonucleotides and the phenyl ring of Phe25
can stack with a purine of ribonucleotides in crystal structures.7

They also observed that K29Q mutation destroyed the ability of
MTase to bind with GTP. Mutations at N18A or S150A significantly
reduced GTP binding.

3.4. In vitro viral inhibition testing

For the antiviral activity testing, cytotoxicity of Isoquercitrinwas
first determined in Vero cell using the MTTassay. The 50% cytotoxic
concentration (CC50) of this compound is greater than 20 mM. To
study the effect of Isoquercitrin on Dengue RdRp inhibition and
protein synthesis, dengue infected cells were treated with Iso-
quercitrin and the concentration of viral RNA and a representative
viral E protein were measured. Isoquercitrin showed inhibitory
activity against the viral RNA synthesis with an IC50 of 6.5 mM
(Fig. 6), in accordancewith previous published data.66 Interestingly,
the viral protein synthesis was inhibited at a significantly lower IC50
of 2.5 mM (p < 0.05, unpaired t-test). At this concentration the in-
hibition of viral RNA synthesis was negligible.

Therefore, the inhibitory activity of the viral protein synthesis at
this concentrationwith unperturbed level of viral RNA could not be
caused by viral RNA synthesis inhibition. This indicated that in
addition to RdRp inhibition, Isoquercitrin also inhibited the viral
protein translation. The finding supports the inhibitory activity of
Isoquercitrin against Dengue NS5 MTase, which is required for the
viral mRNA capping and translation.7

3.5. Evaluation of Isoquercitrin as a viable antiviral agent: ADMET
properties, drug-likeness and accessibility

Isoquercitrin, also known as Isotrifolin, Hirsutrin or Quercetin-
3-O-glucoside is found in Panax Ginseng as well as many other
herbs such as Ginkgo (Ginkgo biloba) and Neem (Azadirachta ind-
ica), some fruits and vegetables such as onions (Allium cepa) and
Indian gooseberries (Phyllanthus emblica).67 Isoquercitrin is a
glycoside form of a flavone, Quercetin, with a furanose ring which
can be converted to a pyranose form called Isoquercetin. Therefore
the two forms are considered to have identical biological func-
tions.68 Isoquercitrin is accessible on a multikilogram scale via an
enzymatic reaction.69

Isoquercetin has been referred to as a broad-spectrum anti-
viral.70 It was shown to inhibit Zika virus, Ebolavirus, Herpes Sim-
plex virus, Varicella-Zoster virus and Human Cytomegalovirus.70

Relating to Dengue virus, Isoquercitrin has been found to reduce



Fig. 4. a) RMSD of the complex's Ca (Å) over 500 ns starting with ligand at AdoMet binding site (shown as blue mesh in 4e) in three replicates: AdoMet#1 (black), AdoMet#2 (red)
and AdoMet#3 (green), b) RMSD of the complex's Ca (Å) over 500 ns starting with ligand at RNA capping site (shown as white mesh in 4e) in three replicates: RNA#1 (blue), RNA#2
(pink) and RNA#3 (orange), c) RMSF of the residue's Ca (Å) starting with ligand at AdoMet binding site in three replicates: AdoMet#1 (black), AdoMet#2 (red) and AdoMet#3
(green), d) RMSF of the residue's Ca (Å) starting with ligand at RNA capping site in three replicates: RNA#1 (blue), RNA#2 (pink) and RNA#3 (orange) and e) X-ray structure of MTase
(grey ribbon, PDB ID: 4r8s) superimposed with snapshots at 500 ns of all six MD simulations (AdoMet#1e2 in cyan ribbons, AdoMet#3 and RNA#1e3 in yellow ribbons). High RMSF
regions are represented in pink surfaces.
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in vitro activity of DENV NS2B-NS3 protease with IC50 of 42e44 mM
and inhibited NS5 RdRp activity with IC50 of 9.5 mM.66,71

Many studies have shown that Isoquercitrin is safe for con-
sumption.72,73 As an adjuvant, Isoquercitrin has been tested for its
safety in clinical trial phase II.74 Compared to quercitrin, Iso-
quercitrin has better oral bioavailability.75 Following ingestion,
Isoquercitrin is rapidly metabolized while after an intravenous in-
jection, the molecule can be detected in rat urine at 24 h. ADMET
properties and drug-likeness predictions of Isoquercitrin are
included in the Supporting Information. The safety profile,
bioavailability and accessibility of Isoquercitrin make it a promising
candidate to be further investigated as a viable drug.
4. Conclusion

Virtual screening of 91 compounds found in Ginseng and
7

Notoginseng against the DENV NS5 MTase domain yielded Iso-
quercitrin as a single hit. Molecular dynamics simulations and per-
residue free energy decompositions based on (MM/PB(GB)SA)
suggested that Isoquercitrin formed a relatively stable complex
with DENV NS5 MTase and demonstrated the potential to bind to
the protein at both of its active sites: AdoMet binding site and RNA
capping site. The interactions with key residues are in agreement
with previous experimental studies. In terms of the viability of
Isoquercitrin as a drug candidate, Isoquercitrin is accessible in a
large scale and many studies and clinical trials have indicated that
Isoquercitrin is safe for consumption. In vitro viral inhibition study
showed that Isoquercitrin can inhibit Dengue viral RNA synthesis at
an IC50 comparable to previous data on RdRp inhibition. It also
showed higher inhibitory activity on the viral protein synthesis
with a significantly lower IC50. This supports the inhibition of Iso-
quercitrin against the NS5MTase. The double action of Isoquercitrin



Fig. 5. a) RMSD of Isoquercitrin (Å) over 500 ns, starting with ligand at AdoMet binding site, in three replicates: first (AdoMet#1 in black), second (AdoMet#2 in red) and third
(AdoMet#3 in green), b) Superimposed structures of Isoquercitrin showing the AdoMet binding site and the RNA capping site: staring from docked pose (relaxed) in light grey and
after 500 ns simulations in three replicates: first (AdoMet#1 in cyan), second (AdoMet#2 in green) and third (AdoMet#3 in yellow) c) RMSD of Isoquercitrin (Å) over 500 ns, starting
with ligand at RNA capping site, in three replicates: first (RNA#1 in blue), second (RNA#2 in pink) and third (RNA#3 in orange), and d) Superimposed structures of Isoquercitrin
showing the AdoMet binding site and the RNA capping site: a starting pose (snapshot at 500 ns of AdoMet#3) shown in white and snapshots after 500 ns simulations of the three
replicates: first (RNA#1 in yellow), second (RNA#2 in purle) and third (RNA#3 in grey).

Table 2
Per-residue free energy decompositions (MM/PBSA and MM/GBSA) at AdoMet
binding site.

Residues MM/GBSA (kcal/mol) MM/PBSA (kcal/mol)

AdoMet#1 AdoMet#2 AdoMet#1 AdoMet#2

Gly81 �1.10 ± 0.37 �1.08 ± 0.40 0.90 ± 0.37 0.19 ± 0.40
Gly83 �1.70 ± 0.39 �0.49 ± 0.5 �1.37 ± 0.39 �0.29 ± 0.50
Thr104 �1.58 ± 0.75 �1.26 ± 0.71 �0.84 ± 0.76 0.19 ± 0.70
Lys105 �0.97 ± 1.28 �0.80 ± 1.34 �1.16 ± 1.26 �0.43 ± 1.34
Gly109 �1.14 ± 0.39 0.08 ± 0.43 �0.32 ± 0.38 0.19 ± 0.43
His110 �3.74 ± 0.59 �0.65 ± 0.78 �3.50 ± 0.59 0.78 ± 0.79
Glu111 �8.06 ± 1.21 �3.07 ± 1.96 �6.71 ± 1.21 �1.40 ± 1.93
Asp131 �1.76 ± 1.04 �2.35 ± 1.43 �0.40 ± 1.06 �1.85 ± 1.46
Asp146 �6.44 ± 1.74 �2.97 ± 2.24 �5.10 ± 1.73 �2.24 ± 2.27
Ile147 �2.15 ± 0.57 �2.07 ± 0.48 �1.87 ± 0.57 �1.55 ± 0.49

Note: ± represents the standard errors of the mean.

Fig. 6. Antiviral activity of isoquercitrin against DENV2 in vitro. Vero cells were
infected with DENV 2 at MOI 0.2, and then treated with 20, 10, 5 and 2.5 mM of iso-
quercitrin or with 0.5%DMSO (virus control). At 48h post infection cells were deter-
mine the RNA expression level and protein level of DENV2 virus. The experiments were
performed independently in triplicate. Error bar showed mean ± SD.
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on both RdRp andMTase makes it an attractive antiviral compound.
Our work provides findings which can contribute to the develop-
ment of Isoquercitrin as an anti-DENV agent.
Table 3
Per-residue free energy decompositions (MM/PBSA and MM/GBSA) a RNA capping site.

Residues MM/GBSA (kcal/mol) MM/PBSA (kcal/mol)

AdoMet3 RNA1 RNA2 RNA3 AdoMet3 RNA1 RNA2 RNA3

Lys14 0.26 ± 0.97 0.08 ± 1.05 0.02 ± 1.07 0.22 ± 1.12 2.14 ± 0.95 1.99 ± 1.02 1.21 ± 1.00 1.77 ± 1.14
Asn18 �2.85 ± 0.64 �2.83 ± 0.63 �3.00 ± 0.58 �2.94 ± 0.56 �3.23 ± 0.64 �3.21 ± 0.63 �3.48 ± 0.58 �3.41 ± 0.56
Arg22 �0.69 ± 1.48 �0.59 ± 1.45 �0.94 ± 1.17 �2.77 ± 1.12 �0.33 ± 1.49 �0.26 ± 1.47 0.29 ± 1.17 �2.70 ± 1.15
Phe25 �1.99 ± 0.53 �2.27 ± 0.58 �2.92 ± 0.49 �1.69 ± 0.53 �1.16 ± 0.53 �1.47 ± 0.57 �1.82 ± 0.49 �1.27 ± 0.53
Lys29 0.17 ± 1.66 0.10 ± 2.01 0.53 ± 1.54 0.12 ± 1.84 0.31 ± 1.64 0.75 ± 2.01 1.62 ± 1.51 �0.02 ± 1.82
Glu149 �6.15 ± 2.66 �4.09 ± 1.75 �1.71 ± 1.27 �6.20 ± 1.24 �6.62 ± 2.67 �4.68 ± 1.72 �2.33 ± 1.26 �6.84 ± 1.23
Ser150 �1.18 ± 0.66 �0.87 ± 0.78 �0.60 ± 0.62 �1.25 ± 0.62 0.77 ± 0.66 0.72 ± 0.77 0.69 ± 0.63 0.95 ± 0.62
Ser151 �1.09 ± 0.60 �0.86 ± 0.59 �0.80 ± 0.73 �1.09 ± 0.60 �0.94 ± 0.60 �0.76 ± 0.58 �0.68 ± 0.72 �0.92 ± 0.60
Pro152 �3.13 ± 0.43 �2.87 ± 0.49 �2.44 ± 0.45 �3.28 ± 0.43 �2.87 ± 0.43 �2.66 ± 0.49 �2.35 ± 0.44 �2.95 ± 0.43
Ser213 0.00 ± 0.69 �0.04 ± 0.63 �0.15 ± 0.74 �0.03 ± 0.65 0.51 ± 0.68 0.58 ± 0.62 1.44 ± 0.74 0.86 ± 0.63

Note: ± represents the standard errors of the mean.
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