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Abstract
A novel coronavirus (SARS-CoV-2) identified inWuhan state of China in 2019 is the causative agent of deadly disease COVID-
19. It has spread across the globe (more than 210 countries) within a short period. Coronaviruses pose serious health threats to
both humans and animals. A recent publication reported an experimental 3D complex structure of the S protein of SARS-CoV-2
showed that the ectodomain of the SARS-CoV-2 S protein binds to the peptidase domain (PD) of human ACE2 with a
dissociation constant (Kd) of ~ 15 nM. In this study, we focused on inhibitors for ACE2: S protein complex using virtual
screening and inhibition studies through molecular docking for over 200,000 natural compounds. Toxicity analysis was also
performed for the best hits, and the final complex structures for four complexes were subjected to 400 ns molecular dynamics
simulations for stability testing. We found two natural origin inhibitors for the S protein: human ACE2 complex
(Andrographolide and Pterostilbene) which displayed better inhibition potential for ACE2 receptor and its binding with the S
protein of SARS-CoV-2. Comparative studies were also performed to test and verify that these two drug candidates are also better
than hydroxychloroquine which is known to inhibit this complex. However, we needed better potential drug candidates to
overcome the side effects of hydroxychloroquine. Supplementary experimental studies need to be carried forward to corroborate
the viability of these two new inhibitors for ACE2: S protein complex so as to curb down COVID-19.
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Introduction

A novel coronavirus SARS-CoV-2 (severe acute respiratory
syndrome coronavirus 2) was subsequently detected in the
Wuhan state of China in the last quarter of 2019 as the caus-
ative pathogen for the COVID-19 (coronavirus disease 2019),
a lethal respiratory tract infection. Genetically this virus close-
ly resembles the SARS virus. It has spread across the globe
(more than 210 countries) within a short period.
Coronaviruses pose serious health threats to both humans

and animals. The mortality rate for 2019-nCoV (novel coro-
navirus) is not as high (approximately 2–3%), in comparison
to SARS-CoV (severe acute respiratory syndrome coronavi-
rus) having fatality rate of ∼ 10% and MERS-CoV (Middle
East respiratory syndrome coronavirus) having fatality rate of
∼ 36%, but its rapid propagation has resulted in the activation
of protocols to stop its spread [1]. The genomic RNA of
coronaviruses is the largest among RNA viruses, approxi-
mately 27 to 30 kb [2]. The genome of 2019-nCoV is reported
to have a 79.6% sequence identity to SARS-CoV [3].
Phylogenetic analysis have revealed that SARS-CoV-2 comes
under genus Beta coronavirus and falls under the subgenus of
Sarbecovirus, a relatively close family member to SARS like
coronaviruses which have been derived from bats. These vi-
ruses have been identified as bat-SL-CoVZXC21 and bat-SL-
CoVZC45 having 96% sequence similarity.

The homology modeling analyses have revealed that
SARS-CoV-2 and SARS-CoV have a similar receptor-
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binding domain structure, despite amino acid variation at
some key residues [4]. The S protein (spike protein) of
SARS-CoV-2 also called 2019-nCov may also interact with
human ACE2 as like SARS-CoV for host infection [5, 6].
Trimer of the S protein is known to be cleaved making them
into S1 and S2 units of which the S1 subunit is released to the
post-fusion conformation in this transition during viral infec-
tion [7–10]. S1 subunit is known to contain RBD (receptor-
binding domain), known to directly bind the PD (peptidase
domain) of human ACE2 (angiotensin-converting enzyme 2),
a l s o k n o w n a s t y p e 1 t r a n s m e m b r a n e
metallocarboxypeptidase in homology to ACE receptor [1,
11]. On the other hand, S2 subunit is studied to be responsible
for the fusion of membranes. When the former S1 subunit
interacts with the host receptor ACE2, an additional site for
cleavage is exposed on the S2 subunit to be cleaved by host
proteases, known to be critical for viral infection [7, 12, 13].
This deadly disease has resulted in a lot of publications recent-
ly of which one reported the 3D structure of the S protein of
SARS-CoV-2 displayed that the ectodomain of the SARS-
CoV-2 binds to the PD (peptidase domain) of human ACE2
with a strong association displaying a Kd (dissociation con-
stant) of 15 nM [14]. ACE2 expression is detected on the type
I and type II alveolar epithelium, upper respiratory system,
heart, kidney tubular epithelium, pancreas, endothelial cells,
and enterocytes. Thus, the external spike protein determines
the infectious nature and host specificity of 2019-nCoV that
produce new spikes and glycoproteins that are assembled into
numerous copies of the virus. After replication of the genetic
material, the Golgi bodies exocytose the viruses. As an im-
mune response, CD4+ T helper cells develop immunity
against 2019-nCoV by producing IFN-γ and IL-17. 2019-
nCoV also targets these circulating immune cells and induces
apoptosis of CD3, CD8, and CD4 cells , causing
lymphocytopenia, overproduction of cytokines, and failure
of multiple organs [15].

Angiotensin 2 is known to be a major substrate for human
ACE2. It is well-studied that the human ACE2 is known to
degrade angiotensin 2, in order to generate angiotensin’s 1–7
which is negatively known to regulate RAS pathway.
Different organs including the cardiovascular system are
found to be affected by the human ACE2 receptor as a pro-
tective function (https://www.rndsystems.com/resources/
articles/ace-2-sars-receptor-identified). The virus upon entry
into human being is known to perform its first step in the
form of the trimeric viral spike protein interacting with the
human ACE2 (angiotensin-converting enzyme 2) receptor.
Human ACE2 is known to be in a dimeric form; therefore,
researchers have suggested the possibility of two trimeric viral
spike proteins binding to a human ACE2 dimer, identifying it
as 1:1 interaction [16]. The structural biology approach with
experimental 3D structures of the complex provides a strong
basis for drug development and therapeutics approach to

target this deadly interaction [16]. The structural analysis,
therefore, has been important to provide insights into the
mechanism of action for virus recognition leading to infection
[16]. To date, there is no specific treatment available to treat
COVID-19 infection [17, 18]. This study is a vital step to find
novel compounds which can act as remedy for COVID-19.

Plants produce certain natural phenolic compounds known
as stilbenes. These compounds are phytoalexins because they
are synthesized in response to UV radiation and other abiotic
stresses [19, 20]. The stilbene compounds have backbone sim-
ilar to each other with varying functional groups on the rings.
Stilbene compounds are widely studied because of their varied
biological roles in individuals [21]. The reason for research is
these compounds are acting as anti-inflammatory [22], antitu-
moral [23], antiviral [24], antioxidative [25], and life-span
extension [26]. Many other compounds being structurally re-
lated to resveratrol also carry biological activities. Piceatannol
is a metabolite of resveratrol frequently found in berries,
grapes, white tea, and rhubarb [27]. These compounds have
also been found to have antioxidant and anticancer activities
[27–29]. Additional dimethyl ether analog of resveratrol is
Pterostilbene. Pterostilbene has numerous pharmacological
resemblances with other stilbenes including antidiabetic
[30], antiaging [31], and anti-inflammatory [32] effects.
These compounds are known to develop effects on many vital
cellular processes such as apoptosis [33] cell proliferation and
antioxidant activity [34, 35].

Material and methods

Protein retrieval and preparation

The published structure of the 2019-nCoV RBD/ACE2-
B0AT1 complex (PDB-ID: 6M17) was used for virtual
screening. As a starting protein structure, we used a 10-μs
simulated structure of the human ACE2 ectodomain in a com-
plex state with the receptor-binding domain of a spike protein
from SARS-CoV-2 (PDB 6M17) with frames saved every
1.2 ns by DE Shaw Research [36] for our study. The reason
behind using an already simulated structure for 10 μs would
help us to achieve the lowest energy conformation of the pro-
tein. The simulation also helped us know the important junc-
tions of interaction between the S protein: human ACE2
complex.

Virtual screening

Initial virtual screening through blind docking of 203,458
compounds from natural ZINC library [37] was performed
using PyRx [38] with default settings. The 4 best scoring
compounds with lowest energy of binding or binding affinity
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were extracted and aligned with receptor structure for further
analysis.

Ligand preparation

We then prepared the best hit ligands by downloading the 3D
structure of the ligands. Hydroxychloroquine as said to be a
potential inhibitor against SARS-CoV-2 is known to subject
heavy side effects such as cough or hoarseness to difficulty
breathing reaching loss of hearing. Therefore, need of safe
natural ligands with minute or no side effects is of high im-
portance. We used hydroxychloroquine as a positive control
for comparative studies. The ligands were energy minimized
using Avogadro 4.0 [39].

Toxicity prediction

We then used an online webserver ProTox-II [40] for calcu-
lating and predicting toxicity reports which would suggest if
the natural ligands used in this research do not have any toxic
effects on the body. These studies were also important to
compare with hydroxychloroquine as we are in search of a
better alternative. ProTox-II identified drug toxicity by sepa-
rating the input molecules into 6 classes for toxicity (from 1 to
6). Class 1 has LD50 ≤ 5 which is fatal in nature; on the other
hand, class 6 shows LD50 > 5000which means the compound
is non-toxic.

Inhibition studies through molecular docking

Molecular docking was carried out using a well-known soft-
ware AutoDock 4.0 suite [41]. The inhibition mechanism for
all the suggested drugs was performed with pre-defined pro-
tocols [42]. Flexible docking approach was followed to
achieve best results. Steps for generating PDBQT files for
the S protein: human ACE2 complex and drug candidates,
preparation, and creation of the grid box were completed
using GUI version of the same program AutoDock Tools
4.0 [41, 43–45]. ADT successfully assigned hydrogens (po-
lar), Kollman charges for united atoms, parameters for solva-
tion, and fragmental volumes. ADT then saved the prepared
files in the readable PDBQT format. The grid map was then
prepared using a grid box in AutoGrid. The size for the grid
box was set to 62 × 70 × 88 xyz points with a spacing in the
grid at 0.375 Å. The centers for the grid were designated at
X = 190.404, Y = 101.754, and Z = − 0.753 dimensions.

In addition, the exhaustiveness of 100 was used to get the
best output which takes more computational power and time
for the analyses. The LGA algorithm (Lamarckian Genetic)
was picked to search for the conformers which fit best. Ten
different conformers were considered for each drug molecule
during the docking experiment. Random seed was generated
with a population size of 150. Energy evaluation was set to a

maximum of 2,500,000, and generations were set to a maxi-
mum of 27,000. The mutation rate was set to 0.02, while the
automatically survived top individuals were set to 1 with a
crossover rate of 0.8. Rest of all docking parameters was set
to be default with 10 LGA runs.

Most favored binding was detected by calculating the least
binding energy in the form of kcal/mol, and at the same time,
the results were to be less than 1.0 Å in RMSD in position.
Further structural analyses were done by extraction of the best
results and aligned to the reference structure. Ligand interac-
tion diagram was analyzed using PoseView of Protein Plus
server [46, 47], and figures were prepared using LigPlot mod-
ule in Accelrys Discovery Studio 4.0 (http://www.accelrys.
com).

Molecular dynamics simulations

System setup

The complex structures for S protein and human ACE2 with
the inhibited drugs were prepared for molecular dynamics
simulations. Four hundred nanosecond accumulative simula-
tions were performed with the CHARMM36 force field [48].
We prepared the solvated systems using TCL scripts in VMD
[49] and performed MD simulations using NAMD [50, 51].
The system consisted of the protein complex, TIP3P water,
counter ions Na+/Cl-, and 150 mM NaCl.

Simulation setup

The system setup was then subjected to energy minimization
which lasted for around 3200 steps following 1000-ps equil-
ibration. The molecular dynamics production run was set up
for 100 ns each, totally to accumulative 400 nsMDproduction
procedure. NPT ensemble was used (1 bar) with a time step of
2 fs. The temperature was set up at 300 K with low damping
coefficient, while pressure was controlled using Nose-Hoover
Langevin piston. Electrostatics were calculated using particle
mesh Ewald (PME). A total cut-off at 12 Åwas given for short
range and van der Walls electrostatics. All simulations were
replicated thrice with initialized random seed to get average.

Data analyses

Data analysis for the produced trajectories was per-
formed using TCL-scripts previously implemented in
VMD [49] and data were plotted using gnuplot (http://
gnuplot.info). We have also calculated RMSF α
alignments for carbons for all residues and structural
changes by RMSD throughout the simulation run.
Calculation between the hydrogen donor and acceptor
was set with a cut-off at 3.6 Å, which included the
backbone as well as side-chain. Other analysis such as
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radius of gyration (ROG), solvent accessible surface ar-
ea (SASA), secondary structure content (DSSP), and H-
bond formations upon ligand binding were calculated
using TCL bash scripts. RMSD, RMSF, total energy,
SASA, radius of gyration, and H-bonds were plotted
using prism.

Analysis for binding free energy (MMPBSA) from MD
simulations

MMPBSA.py module was used to calculate the free energy
and interaction energy of the ligand. The mathematical formu-
la used to calculate the energies was:

ΔGbind:solv ¼ ΔGbind:vacuum

þ ΔGsolv:complex− ΔGsolv:ligand þ ΔGsolv:receptor

� �

The solvation energy for all the states was calculated using
Generalized Born (GB) and Poisson Boltzman (OB). This
analysis revealed the electrostatic contribution of the solvation
state. The final data was plotted using prism.

Results and discussion

Protein selection and preparation

SARS-CoV-2 when gets into the human body and tries to find
the host cell, the receptor-binding domain (RBD) of the CoV-
2 spike protein binds to the human ACE2 receptor. This is the
first point of contact between the human body cells and
SARS-CoV-2. Therefore, the protein structure used in the
study is the complex between the RBD of SARS-CoV-2 and
the human ACE2. The protein used for this study is an exper-
imentally solved structure of ACE2 and S protein complex
(PDB-ID: 6M17), which was previously subjected to a
10-μs molecular dynamics simulation to have the most stable
structure in the least energy conformation.

Virtual screening and ligand selection

Natural ligands were acquired using the ZINC natural library
with a total of ~ 203,458 drug molecules. These molecules
were tested through blind docking against the S protein:

Fig. 1 Shortlisted drugs from natural library of over 200,000 compounds with their respective 2D structures and PubChem identification numbers
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human ACE2 complex to shortlist best candidates. Primary
virtual screening gave optimum hits for 20 compounds men-
tioned in Supplementary Table 2. Final 4 drugs—
Andrographolide, Artemisinin, Pterostilbene, and
Resveratrol—were then selected on the basis of multiple
criteria such as binding score, hydrophobic, electrostatic, and
pi-pi cationic interactions with the protein. Therefore, we con-
tinued further studies using the mentioned drug candidates.
People have reported that hydroxychloroquine abolishes this
interaction and binds between the interface of these two pro-
teins [52]. Focus of the study is to find alternative drugs which
can inhibit this particular region and at the same time have
l e s s e r s i d e e f f e c t s t h an hyd r oxych l o r oqu i n e .
Hydroxychloroquine was used as a positive control to confirm
and compare the interaction. The final list of ligands tested
thoroughly is mentioned with PubChem ID and 2D structures
(Fig. 1).

Toxicity prediction

Finalized inhibitors were then tested for compare their toxic
effects using online tool ProTox-II. The results for toxicity
prediction suggested that these shortlisted natural ligands used
in this research are identified as less toxic than previously used
hydroxychloroquine. The toxicity values suggest that
Andrographolide was being put in the class 5 with

Artemisinin categorizing them as the least toxic, while
Pterostilbene, Resveratrol, and hydroxychloroquine were cat-
egorized in class 4 (Table 1). Toxicity radar charts for all the
l igands explaining toxici ty effects are shown in
Supplementary Fig. 1.

Molecular docking results

Molecular docking studies were performed using flexible
docking module of AutoDock 4 further strengthened this re-
search to find an alternate natural inhibitor for S protein: hu-
man ACE2 complex. The molecular docking was performed
using AutoDock 4 using default settings.

Final inhibition scores in the form of binding energies and
major interacting residues for all the drug candidates are men-
tioned in Table 2. With the binding energy of − 9.1 kcal/mol,
Andrographolide shows the best binding with the receptor.

Further structural analyses were carried out using PyMOL
(www.pymol.org) and PoseView module of Protein Plus. We
found that the best inhibitor for binding Andrographolide fits
perfectly between the interface of S protein: human ACE2
complex. The binding of Andrographolide with the protein
complex showed interactions with residues Asn-33, Arg-
393, and Tyr-505 in the form of H-bonds with the drug can-
didate. His-34 and Pro-389 formed alkyl and pi-alkyl interac-
tions (Fig. 2).

Table 1 Toxicity prediction
results for the selected
compounds as calculated using
online tool ProTox-II [40]

Natural drug

Candidates

Predicted
LD50
(mg/kg)

Predicted
toxicity
class

Average
similarity
(%)

Prediction
accuracy
(%)

Toxicity

Andrographolide 5000 5 68.61 68.07 Immunotoxicity

Artemisinin 4228 5 100 100 Immunotoxicity

Pterostilbene 1560 4 80.11 70.97 Immunotoxicity, estrogen
receptor alpha

Resveratrol 1560 4 69.97 68.07 Androgen receptor, estrogen
receptor alpha, estrogen
receptor ligand binding
domain, mitochondrial
membrane potential,
ATPase family AAA
domain-containing protein 5

Hydroxychloroquine 1240 4 100 100 Immunotoxicity, mutagenicity

Table 2 Binding energy of
protein-ligand complex obtained
after performing molecular
docking using AutoDock 4.2 [41]

Drug Binding energy

(Kcal/mol)

Interacting residues

Andrographolide − 9.1 Asp-30, Asn-33, His-34, Pro-389, Arg-393, Tyr-505

Artemisinin − 6.2 His-34, Ala-387, Pro-389, Tyr-505

Pterostilbene − 8.9 His-34, Ser-494, Gly-496

Resveratrol − 8.7 Gly-496

Hydroxychloroquine − 7.1 Glu-37, Arg-393, Gln-388, Pro-389, Gly-496, Tyr-505,
His-34, Tyr-495, Lys-403, Ser-494
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Structural analyses for the second drug candidate—
Artemisinin—also showed binding between the interface of
S protein: human ACE2 complex. However, the docking
score was lower than what we achieved for other candidates.
Artemisinin showed the formation 1 H-bond with Tyr-505
residue of the ACE2 receptor. His-34 and Ala-387 again
formed alkyl and pi-alkyl contacts with the receptor. Pro-
389 forms a carbon H-bond. The docking pose and ligand
interaction diagram for Artemisinin inhibiting the protein
complex is shown in Supplementary Fig. 2.

We then moved on to analyze the third drug candidate
“Pterostilbene,” which was the candidate with second best
drug inhibition score in terms of binding energy (− 8.9 kcal/
mol). Structural analyses showed Pterostilbene forming a pi-pi
stack with His-34 of ACE2 along-with two H-bonds (Gly-496
and Ser-494) (Fig. 3).

Resveratrol, which is from the same Stilbene family as
Pterosti lbene, also showed similar interaction as
Pterostilbene with a docking score of − 8.7 kcal/mol.
However, when the structural analyses of the complex were

Fig. 2 Docking pose (left) for Andrographolide docked with ACE2: S protein complex in the interface between both proteins. (Right) Ligand interaction
diagram showing important interactions involved in the complex

Fig. 3 Docking pose (left) for Pterostilbene docked with human ACE2: S protein complex in the interface between both proteins. (Right) Ligand
interaction diagram showing important interactions involved in the complex
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performed, it was surprising that Resveratrol only showed one
H-bond with Gly-496 in this interaction (Fig. 4).

Hydroxychloroquine which is a known inhibitor and was
used as a positive control to compare and confirm this inter-
action also showed expected binding at the same interface as
other ligands. Structural analyses of the known inhibitor
showed wide interactions with the ACE2 receptor including
one H-bond with Gly-496, Tyr-505, Tyr-495, and Lys-403 as
alkyl and pi-alkyl contacts; Gln-388 is contacted as the amide-
pi stacked residue. One pi-cation interaction was also ob-
served with Arg-393 (Supplementary Fig. 3).

Molecular dynamics simulations

To confirm the stability of the complex structures in combi-
nation with the drug candidates, we performed an accumula-
tive 400-ns molecular dynamics simulation on all the 4 com-
plexes. All the simulations are performed in triplicates for

more concrete data analysis. This production run was post
1 ns equilibration using NAMD. We found that the RMSD
fluctuations between structures are not too high which ex-
plains why the structures with complexed ligand are very sta-
ble. Overall trajectory analyses for all the compounds are
more or less equilibrated with an average change of approx.
2 Å in the RMSD (Fig. 5). The most deviation observed
(2.80 Å) as average RMSD change for around steps 40,000
and 45,000 ps for Artemisinin (shown in green) (Fig. 5).
Artemisinin also had the least docking score, and this devia-
tion may be because of the hydrophobic interactions of the
cyclic groups with the receptor residues. Trajectories for
Andrographolide (in red) and Pterostilbene (shown in violet)
after 36,000 ps show equilibration, suggesting stable binding
with the ACE2 receptor macromolecule (Fig. 5).

Similarly, RMSF plot for the trajectories shows approx.
same per-residue fluctuation in the case of Andrographolide
as of Artemisinin (Fig. 6). Pterostilbene and Resveratrol

Fig. 4 Docking pose (left) for Resveratrol docked with human ACE2: S protein complex in the interface between both proteins. (Right) Ligand
interaction diagram showing important interactions involved in the complex

Fig. 5 RMSD analysis (for backbone and C-alpha) for the production run of Andrographolide (red), Pterostilbene (violet), Resveratrol (blue), and
Artemisinin (green) inhibiting the S protein of SARS-CoV-2 in complex with human ACE2

Page 7 of 10     338J Mol Model (2020) 26: 338



showed slight fluctuations. Artemisinin as expected from the
RMSD plot showed more local residue-based fluctuation.
Residue number 240 to 260 shows the highest fluctuation in
all the 4 cases. This cluster of residue could be the functional
site of the ligand binding phenomenon. Table 3 recorded the
average values for all three individual simulation runs.
Average RMSD (for backbone and c-alpha), RMSF, and
number of H-bonds formed are recorded. Supplementary
Fig. 4 demonstrated the hydrogen-bonding pattern observed
during 100 ns simulation in all 4 protein-ligand complexes.
Approximately near 50 ns, no bonds were observed in any
complex. Average numbers of H-bonds formed in case of
Andrographolide, Pterosti lbene, Resveratrol, and
Artemisinin are 3, 3, 2, and 2, respectively (Table 3).

These results suggest that Andrographolide and
Pterostilbene can be good inhibitors for the S protein: human
ACE2 complex interface which will inhibit the binding of S
protein of SARS-CoV-2 to the ACE2 receptor without show-
ing any side effect.

Apart fromRMSD, RMSF, and number of hydrogen bonds
formed between protein and ligand, radius of gyration is also
calculated. Supplementary Fig. 5 depicted the radius of gyra-
tion plots for all the 4 complexes over 100 ns of simulation
time. As we can observe that Rg is decreasing in all cases over
the time, it suggests that binding of ligands helps in the stabi-
lization and compactness of the protein. The radius of gyration
(Rg) of a particle is the root-mean-square distance of all elec-
trons from their center of gravity. It is an important parameter
and is often useful as an indicator for structural changes of a
substance. Changes studied through the use of the radius of

gyration are, for instance, association and dissociation effects,
conformational changes by denaturation, binding of coen-
zymes, and temperature effects (O. Kratky, P. Laggner, in
Encyclopedia of Physical Science and Technology (Third
Edition), 2003).

Solvent accessible surface area for all the proteins was also
calculated to check the effect of ligand binding on the residue
profiling of the surface of the protein. Supplementary Fig. 6
shows solvent accessible surface area (SASA) plot for all 4
complexes as obtained using gmx sas command in
GROMACS [53, 54] for 100-ns simulat ion run.
Pterostilbene and Resveratrol plots are exactly overlapped
by Artemisinin. This suggests that there is no major change
in the structure of the protein on binding with the different
ligand. The total energy of the complexes and individual en-
ergy components are depicted in Supplementary Figs. 7 and
main text Fig. 7. Individual energy components like van der
Waals forces, coulomb, and H-bond are calculated usingMM-
PBSA/MM-GBSA tool in GROMACS. A table (Table 4)
representing these values is also included in the text. The
complex of ACE2 and Andrographolide shows the highest
Gibbs free energy (− 48.164 kJ/mol). It suggests that
Andrographolide is the best lead molecule which shows good
interaction with ACE2 receptor exhibiting it as the potential
target for human ACE2 binding protein. Also, Supplementary
Fig. 8 depicted the secondary structure change plot for all 4

Table 3 The average RMSD for backbone and C-alpha trace, RMSF, and average H-bonds formed between protein and compound across simulations
for all the complexes over 3 replicates of 100-ns molecular dynamics simulations

Complex RMSD Backbone (Å) RMSD C-alpha (Å) RMSF (Å) Average H-bonds formed

ACE2:Andrographolide 1.95 ± 0.19 1.99 ± 0.21 1.39 ± 0.11 2.97 ± 0.15

ACE2:Artemesinin 2.80 ± 0.31 2.89 ± 0.34 1.72 ± 0.20 1.62 ± 0.48

ACE2:Pterostilbene 1.96 ± 0.18 2.04 ± 0.14 1.41 ± 0.15 2.93 ± 0.14

ACE2:Resveratrol 2.45 ± 0.24 2.49 ± 0.28 1.53 ± 0.19 2.24 ± 0.31

Fig. 6 RMSF graph (for alpha carbon) for all 4 protein-ligand complexes
during 100-ns simulation run. RMSF for Pterostilbene and Resveratrol
are exactly overlapped by Artemisinin

Table 4 MMPBSA/MMGBSA analysis performed using the script
MMPBSA.py module showing different energy contributions during
the 100-ns molecular dynamics simulation for each of the four complexes

Contribution ACE2
Andrographolide

ACE2
Artemisinin

ACE2
Pterostilbene

ACE2
Resveratrol

ΔGbind − 48.164 ± 3.56 − 39.776 − 42.625 − 35.619
ΔGcoulomb − 54.2546 ± 4.18 − 34.216 − 51.247 − 48.154
ΔGcovalent 1.456 0.472 1.895 3.843

ΔGHbond − 2.708 − 2.621 − 3.085 − 2.011
ΔGlipo − 38.462 − 13.884 − 35.125 − 21.493
ΔGpacking − 1.135 − 3.173 − 1.875 − 2.856
ΔGGB 68.272 65.941 67.054 61.048

ΔGvdW − 39.881 − 22.294 − 35.051 − 30.548
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complexes as obtained using do_dssp command in
GROMACS [53, 54] for 100-ns simulat ion run.
Pterostilbene and Resveratrol plots are exactly overlapped
by Artemisinin again referring Andrographolide and
Pterostilbene as best leads for further drug development
process.

Conclusions

Initial molecular dynamics, primary screening, molecular
docking, and post-complex molecular dynamics simulations
for 100 ns each (in triplicates) in this research suggested that
the interaction between the S protein: human ACE2 complex
is very important. The interactions are strongly on the helices
of the human ACE 2 protein, which are important in the in-
teraction with the receptor-binding domain of the S protein of
SARS-CoV-2. This was shown in the initial 10-μs simulation
by DE Shaw Research [36]. This interface interaction also
explains why it is important to abolish this interaction. The
most important residue which we see from all the ligand in-
teraction diagrams is His-34 of human ACE2 receptor which
lies on the surface and hence a very important in terms of
interaction with the S protein. We compare and show that
our positive control as well all suggested drug candidates have
shown interaction with His-34 with utilizing non-polar bind-
ing. This interaction will be an important factor in abolishing
the connection between the S-protein and human ACE2, fur-
ther stopping the spread by this first point of contact.
Andrographolide and Pterostilbene have shown promising
binding and stability results by molecular dynamics indicating
their usefulness in the form of inhibiting this important com-
plex. Experimental in vitro studies are suggested with the use

of Andrographolide and Pterostilbene for further analysis and
corroboration.
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