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Background: The ongoing global outbreak of new corona virus (SARS-CoV-2) has been recognized as glo-
bal public health concern since it causes high morbidity and mortality every day. Due to the rapid spread-
ing and re-emerging, we need to find a potent drug against SARS-CoV-2. Synthetic drugs, such as
hydroxychloroquine, remdisivir have paid more attention and the effects of these drugs are still under
investigation, due to their severe side effects. Therefore, the aim of the present study was performed
to identify the potential inhibitor against main protease SARS-CoV-2 6LU7.
Objective: In this study, RO5, ADME properties, molecular dynamic simulations and free binding energy
prediction were mainly investigated.
Results: The molecular docking study findings revealed that andrographolide had higher binding affinity
among the selected natural diterpenoids compared to co-crystal native ligand inhibitor N3. The persistent
inhibition of Ki for diterpenoids was analogous. Furthermore, the simulations of molecular dynamics and
free binding energy findings have shown that andrographolide possesses a large amount of dynamic
properties such as stability, flexibility and binding energy.
Conclusion: In conclusion, findings of the current study suggest that selected diterpenoids were predicted
to be the significant phytonutrient-based inhibitor against SARS-CoV-2 6LU7 (Mpro). However, preclinical
and clinical trials are needed for the further scientific validation before use.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The novel corona virus (SARS-CoV-2) that emerged at the end of
year 2019, is considered as global public health concern, since it
causes high morbidity and mortality (Cui et al., 2019; Arasu
et al., 2020). This human pathogenic new virus was first found in
Wuhan city, China, where an unspecified cause of pneumonia
was reported last year in December 2019 (Gil et al., 2020). Simi-
larly, SARS-CoV (severe acute respiratory syndrome corona virus)
and MERS-CoV (Middle East respiratory syndrome-corona virus),
new COVID-19 virus also belongs to the family of Coronaviridae
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(Gil et al., 2020). It is assumed that COVID-19 virus originated from
bats and with the help of others sources transmitted to humans
(Ghosh et al., 2021). This COVID-19 virus belongs to the class of
RNA virus, which is made up of 22–26 kilo base. Four structural
proteins such as spike, nucleocapsid, membrane and envelop are
encoded by the genome of this positive sensed RNA virus
(Wahedi et al., 2021). The COVID-19 virus is believed to be spread
by physical contact with infected individuals, secretions from the
respiratory system, and through air droplets, they also have the
potency to remain active on the contact surface for several days
(Shetty et al., 2020). Individual affected by this virus, develop
symptoms like breathing difficulty, fever, cough, abdominal pain,
and nausea. Conditions like pneumonia severe acute respiratory
syndrome, renal failure, and death due to multiple organ failure
appear in severe infected cases (Wang et al., 2020). The individual
infected from respiratory problems which are caused due to the
binding of the virus to angiotensin-converting enzymes (ACE2)
which is found in alveoli of the lungs and regulates the cells func-
tions. COVID-19 virus binding to ACE2 leads to the discharge of the
RNA into the cells, then the RNA starts its translation process, dur-
ing this process polyproteins are necessary for the virus are made,
proteolysis of the polyproteins occurs to provide active con-
stituents. An enzyme named RNA polymerase plays an important
role in the RNA multiplications which binds to the active con-
stituents in order to produce a novel virus particle that infects
the neighbor cells. Once, there is an increased infected cells, there
is increased liquid secretion in alveoli that make problems in res-
piration (Kumar et al., 2021).

Some potential targets are spike protein, RNA dependent RNA
polymerase, ACE2 and viral protease (Liu et al., 2020; Ghosh
et al., 2021). The genome of novel COVID-19 virus encodes two
major polyproteins such as pp1a and pp1ab which are similar to
most of the Coronaviridae-genome. The two protease (papain-
like protease) and 3CL protease (3C like protease) are encoded by
ORF1a/b; it plays an important role in cleaving and transforming
the two polyproteins into active and mature non-structural protein
(Gil et al., 2020). By considering the role played by proteases in
viral replication and host cell response regulation, particularly,
the crystallized the Mpro of COVID-19 (PDB id: 6LU7) from the
SARS-CoV that provide the opportunity to control the disease by
demonstrating as a drug target (Liu et al., 2020). Therefore, they
should be considered as key targets for developing antiviral drugs.
In human history and evolution, natural products play a significant
role in the development of drugs for the treatment of various dis-
eases. Plant and animal derived molecules are considered as essen-
tial sources of bioactive molecules. Bioactive molecules from plants
have been widely used in various field including pharmaceutical
and medicine, particularly for the treatment of inflammation, can-
cer, oxidative stress, viral infections and etc., Several antiviral
molecules from plants have already been described by the activity
against Dengue virus, Enterovirus, Hepatitis B, Influence virus and
HIV (Lin et al., 2014; Hussain et al., 2017; Lee and Hur, 2017;
Denaro et al., 2020; Ahmed et al., 2020).

Andrographis panniculata (A. panniculata) is a medicinal herb
native to India although used in many countries of Southeast Asia
(Chao and Lin, 2010). The extremely bitter taste nature of A. pannic-
ulata have been used to treat various diseases including, liver dis-
orders, bowel problems in children, colic pain, common cold, and
infection of the upper respiratory tract and also it possess
immunostimulant, antidiarrheal, anti-inflammatory, antibacterial,
antimalarial activities. The presence of diverse phyto-molecules
like labdane, diterpenoids lactones, flavonoids and some miscella-
neous compounds were also reported by the phytochemical stud-
ies (Mishra et al., 2009). About 4% of the whole plant comprises
andrographolide, neoandrographolide, 14-deoxyandrographile,
14-deoxy-11, 12-didehydroandrographolide and, andrographanin
19
are other diterpene compounds present in the aerial parts of the
plant (Okhuarobo et al., 2014). Previous study confirmed that A.
panniculata had antiviral potential against human immune defi-
ciency virus (HIV), also one of diterpenoids compounds possess
antiviral potential against HIV, human simplex virus (HSV), fla-
viviruses, pestiviruses and (epstein-bar virus) EBV (Jayakumar
et al., 2013). With the above considerations, the aim of the present
study was designing to develop a promising protease inhibitor
against Mpro of COVID-19 by the screening of five majorly present
diterpenoids molecules of andrographolide, neoandrographolide,
14-deoxyandrographolide, 14-deoxy-11, 12-
didehydroandrographolide and andrograpanin from A. panniculata.
Also, we have investigated whether these are satisfying Lipinski’s
Rule of Five (RO5) and ADME properties. Finally, these compounds
were confirmed with molecular docking and dynamic simulation.

2. Materials and methods

2.1. Preparation of ligands

The structure of ligands in sdf format was retrieved using Pub-

Chem (https://pubchem.ncbi.nlm.nih.gov). PubChem is an archive
of chemical compounds and biological activities comprising 3 data-
bases, which is including substance, compound and bioassay data-
bases (Salehi et al., 2020). The ligands and their compound CID
were andrographolide (CID: 5318517), andrograpanin (CID:
11666871), neoandrographolide (CID: 9848024), 14-
deoxyandrographolide (CID: 11624161) and, 14-deoxy, 11,12-
didehydroandrographolide (CID: 5708351). The ligands were con-
verted in to pdb format using Pymol software, then the ligands
were prepared using AutoDock tools to obtain pdbqt file format
of ligands (Ghosh et al., 2021). Drug-likeliness of the ligands were
determined using RO5 which proposes molecular characteristics
like molecular weight not>500 Da, ClogP < 5, hydrogen bond
donor < 5, hydrogen acceptors < 5, shows good permeation and
oral absorption. RO5 of the ligands was calculated using the Super-
computing Facility of Bioinformatics & Computational Biology

(http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp),
Indian Institute of Technology (IIT), Delhi, India.

2.2. Preparation of protein

The 3D protein structure of COVID-19 Mpro with co crystallized
ligand structure (PDB ID: 6LU7) was obtained from protein data
bank (https://www.rcsb.org) in pdb format. PDB is a worldwide
protein data bank that has 3D structural data of the large proteins
(Rosidi et al., 2016). The protease consists of two chains A and C,
chain A belongs to protease and chain C belongs to N3 inhibitor
N-[(5methylisoxazol-3yl) carbonyl] alanyl-L-valyl-N-1- (1R,2Z)-4-
(benzyloxy)-4-oxo-1–1- [(3R)-2-oxopyprolidin-3-3yl] methyl but-
2-enyl)-L-lucinamide. The protein structure was prepared by
removing co-crystallized ligand and water molecules, polar hydro-
gens and charges were added using AutoDock tools. Finally, pdbqt
file format of the protease was obtained.

2.3. ADMET properties

The pharmacokinetic properties including polar surface area

and AlogP were observed using SWISS ADME (http://www.swis-

sadme.ch/) an online web-server. pkCSM ADMET web-server was
used to determine the absorption, distribution, metabolism, excre-
tion, and toxicity of the ligands (Han et al., 2019). CaCO2 perme-
ability, intestinal absorption, skin permeability, substrate or
inhibitor of P-glycoproteins was used to measure the absorption
characteristics of drugs. The drug distribution depends on blood

https://pubchem.ncbi.nlm.nih.gov
http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp
https://www.rcsb.org
http://www.swissadme.ch/
http://www.swissadme.ch/
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brain barrier (BBB) permeability, central nervous system (CNS)
permeability and volume distribution (VDs). Cytochrome P450
model used for substrate CYP2D6 and CYP3A4, inhibitor CYP1A2,
CYP2C19, CYP2C9, CYP2D6 and CYP3A4 used to determine the
metabolism of drugs. The total clearance model and renal OCT2
substrate was used to depict the excretion of drug.

2.4. Molecular docking

Molecular docking was performed using AutoDock version 4.2
which is supported by tools like AutoDock tools, MGL tools and
Rasmol. The native ligand N3 was chosen to find binding affinity.
The position of native ligand N3 in the Mpro on the binding site
was determined by using Autogrid and with the help of XYZ coor-
dinates (-14.649, 11.549 and 70.535 respectively). The same grid
coordinates and grid box (404040) were used for all the ligands.
Genetic Algorithm parameters were then used to perform docking
by using 10 runs of Genetic Algorithm docking. The estimated free
energy of binding of all the selected molecules was observed for 10
runs. Among the docked factors confirmation with lowest RMSD
(root mean square deviation) values was selected and analysed
by using AutoDock 4.2, Pymol 4.50 and Biovia discovery studio.

2.5. Molecular dynamics simulation

Main protease of SARS-COVID-19 was selected as the target for
virus progression and pathway. Molecular dynamics simulation
was executed for recording the frames of protein–ligand complex
during molecular recognition and association. The receptor and
ligand topology files were prepared by Groningen Machine for
Chemical Simulations (Gromacs 2020.1 version) and PRODRG1 ser-
ver. The Force Field GROMOS96 43a1 was applied to all the com-
plex system and (SPC) single point charge water model was
preferred, respectively. Cubic box was adjusted to main protease-
inhibitors complex and solvated accordingly. Counter ions were
added to neutralize system that was of sodium (NA) and chloride
(CL). Energy minimization of complex system was executed with
steps 50,000 and maximum force < 10.0 kJ/mol by steepest descent
minimization algorithm. The NVT (Number of particles, volume
and temperature) and NPT (Number of particles, pressure and tem-
perature) ensemble analysis were observed for 100 (ps) picosec-
onds with leap-frog integrator method. Alpha-carbon atoms were
allowed to move flexibly to ensure the system equilibration. Posi-
tion restraints and bond forming were observed by linear con-
straint solver algorithm. Calculation of electrostatic interaction
was obtained by Particle Mesh Ewald for long-range electrostatics
(PME) with the cut of value (1.2 nm) and grid spacing (0.16). The
equilibrated system was further imported to simulation for the
production with temperature (300) and pressure (1 atm) by mod-
ified berendsen thermostat. The molecular dynamics production
were analyzed for 50 ns and frames recorded for every 2 fs. Trajec-
tories obtained from the molecular dynamics production were
used to prepare root mean square deviation, root mean square fluc-
tuation and hydrogen bonding.
3. Results

3.1. Analysis of ligand characteristics

In this experiment, first our focus was to check each molecule
against Mpro of COVID-19, whether it met the RO5 such as chemical
formula, structure, and properties that define RO5 and were pre-
sented in Table 1 and 2. Results of the current study demonstrated
that the selected all five ligands found to adapt the RO5 without
incurring any violation of the RO5, while native ligand N3 incurred
20
two violations. Based on the RO5 rules they can be selected as the
drug candidate against Mpro of COVID-19.

3.2. Analysis of ADME characteristics of ligand

Further we examined the ADME pharmacokinetics, absorption,
distribution, excretion and toxicity of selected bioactive com-
pounds by using Swiss ADME and admetSAR server and the find-
ings were shown in Table 3. The polar surface area of all the
diterpenoids except neoandrographolide was found to be < 100,
which implies that the diterpenoids except neoandrographolide
had greater membrane permeability or oral absorption. Also, the
study results revealed that the selected bioactive molecules
showed the Papp Coefficient value to be > 8x10-6, this indicates
that the selected molecules are easy to absorb due to its high per-
meability property. Among the selected compounds, androgra-
panin had greater intestinal absorption (100%), and
neoandrographolide had lower intestinal absorption (499.25%).
Skin permeability of a compound is expressed in Log Kp value, if
the value of Log Kp is greater than �2.5 (Log Kp > 2.5) then the
compound is found to have low skin permeability. The five diter-
penoids were predicted to have low skin permeability because all
the compounds have Log Kp > �2.5. The Blood-Brain Barrier
(BBB) permeability is a parameter used to measure whether the
drug candidate can pass through the Blood-Brain Barrier or not.
This BBB permeability is measured in terms of LogBB, if the value
of LogBB � 0.3 then the compound is said to have good BBB perme-
ability, LogBB between 0.3 and �1, the compounds can still pass-
through BBB, LogBB < �1, the compounds relatively have poor
BBB permeability (Kunwittaya et al., 2013). Among the results,
Andrographolide, Andrograpanin, 14- Deoxyandrographolide, and
14- deoxy,11,12-didehydroandrographolide found to have LogBB
value between 0.3 and �1, so these four diterpenoids were pre-
dicted to cross BBB, for Neoandrographolide LogBB value is less
than �1, hence it is found to have relatively poor BBB permeability.

3.3. Molecular docking and dynamics simulation analysis

Table 4 comprises of ligand names, their docked structure
(Fig. 1) with protease, their corresponding energy and their con-
stant Ki value. Among the selected compounds andrographolide
showed the highest binding energy �8.09 Kcal/mol, followed by
14-deoxy,11,12-deoxyandrographolide with binding energy
�7.92 Kcal/mol, neoandrographolide with binding energy �7.76
Kcal/mol, 14-deoxyandrographolide with binding energy �7.67
Kcal/mol. The binding energy of N3 (crystallized ligand) was found
to be �7.69 Kcal/mol. The inhibition constant Ki for andrograpanin
was 1.18 mM, for neoandrographolide was 2.59 mM, for 14-
deoxyandrographolide was 2.05 mM, and for 14-deoxy,11,12-deox
yandrographolide was 1.57 mM. The 2D and 3D visualization of
molecular interaction analysis between Mpro of COVID-19 with
selected compounds are showed in Figs. 2 and 3. The nature of
the bond, amino acid residue involved and their bond distance is
given in Table 4. The native ligand N3 made a total of four hydro-
gen bonds with interacting amino acid residues Gly143, Ser114,
His164, and Glu166 with a bond distance of 1.56, 2.50, 3.07 and
2.58 Å, respectively. Andrographolide made two hydrogen bonds
with Mpro by interacting with amino acids Phe140 and Ser144 with
a bond distance of 2.07 and 1.90 respectively. Andrographanin
made two hydrogen bonds with Mpro by interacting with amino
acids His41 and Asn142 with a bond distance of 2.94 and 2.13 Å,
respectively. Neoandrographolide made six hydrogen bonds with
Mpro by interacting with amino acids Cys145, Met165, Glu166,
Arg188, and Glu189 with a bond distance of 2.62, 2.74, 2.17,
1.96, 2.07, and 2.20 Å respectively. 14-deoxyandrographolide made
three hydrogen bonds with Mpro by interacting with amino acids



Table 1
List of selected bioactive compounds from A. panniculata for potential antiviral activity against Mpro of COVID-19.

Name of compound Molecular
formula

Structure Pharmacological activity

N3 C35H48N6O8 –

Andrographolide C20H30O5 Anticancer, anti-diabetic, anti-inflammatory, antibacterial, anti-malarial, anti-hepatitis, anti-HIV,
anti-atherosclerosis and hepatoprotective

Andrograpanin C20H30O3 Anti-biofilm, anti-HIV,

Neoandrographolide C26H40O8 Anti-inflammatory, anti-malarial, immunomodulatory

14-Deoxyandrographolide C20H30O4 Anticancer, anti-inflammatory, anti-HIV

14-deoxy-11,12-
didehydroandropholide

C20H28O4 Anti-cancer, anti-HIV, anti-atherosclerosis, relaxant, anti-hyperglycemic

Table 2
Lipinski’s rule of five (RO5) of Mpro of COVID-19 and selected bioactive compounds from A. panniculata for protein potential inhibitors.

Ligands Molecular
formula

Molecular
weight
<500

LogP
<5

H-bond
donor < 5

H-bond
acceptor < 10

Violations Meet RO5
criteria

N3 C35H48N6O8 680.00 0.6967 5 12 + –
Andrographolide C20H30O5 332.00 3.1153 2 4 – +
Andrograpanin C20H30O3 318.00 4.0209 1 3 – +
Neoandrographolide C26H40O8 480.00 1.8452 4 8 – +
14-Deoxyandrographolide C20H30O4 334.00 2.9917 2 4 – +
14-deoxy-11,12-

didehydroandropholide
C20H28O4 332.00 2.7677 2 4 – +
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His41 and Leu141 with a bond distance of 2.99, 2.00 and 2.17 Å,
respectively. Likewise, 14-deoxy,11,12-deoxyandrographolide
made four hydrogen bonds with Mpro by interacting with amino
acids His41, Tyr54, Leu141, and Ser144 with a bond distance of
2.82, 2.09, 1.98 and 2.25 Å, respectively. Similarly, all of selected
bioactive compounds also bind with these two catalytic residues
(His41 and Cys145) when both the hydrogen and non-hydrogen
bonds were considered. Also, apart from andrographolide other
selected bioactive compounds have also demonstrated a significant
binding energy towards Mpro of COVID-19.

Main protease with andrographolide derivatives were analyzed
for conformational changes and constraints. Trajectories recorded
for 50 nano seconds were chosen to evaluate the ligand position
during a longer simulation by root mean square deviation, fluctu-
ation and hydrogen bonding. From the result of RMSD (Fig. 4),
RMSF (Fig. 5) and hydrogen bonding plots (Fig. 6), it is observed
that main protease – andrographolide derivatives are strong
enough to maintain stability. All the diterpenoids differed in
physicochemical properties were sharing the free energy of
21
binding between �5 to �8 kcal/mol. In total, binding energies
have been calculated and considered for better interaction that
are reasonable for andrographolide (-7.06 kcal/mol) and 14-
deoxyandrographolide (�7.01 kcal/mol). 14-deoxy-11,12-didehy
droandropholide (�6.96 kcal/mol) and andrographonin
(�6.87 kcal/mol) are recorded for energy differences while neoan-
drographolide is found with �5.47 kcal/mol.

4. Discussion

The novel coronavirus causes massive public health crisis in all
over the world. Since there are no approved drugs or vaccines
available, new treatment strategies are urgently needed for treat-
ing COVID-19 (Kumar et al., 2020; Bhojaraj et al., 2021). Computa-
tional biology based drug development model are enabling the
identification of new drugs and used to be aware of molecular
aspects of protein targets and target-ligand interactions (Sheikh
et al., 2020). Repurposing of FDA approved naturally identified
antiviral drugs will be the right choice at this time for discovering



Table 3
Pharmacokinetics, absorption, distribution, excretion and toxicity of selected bioactive compounds from A. panniculata determined by using SWISS ADME and pkCSM ADMET web
server.

Parameters N3 Andrographolide Andrograpanin Neoandrographolide 14-deoxyandrographolide 14-deoxy11,12-
didehydro
andrographolide

PSA 197.83 86.99 46.53 125.68 66.76 66.76
AlogP98 2.74 2.33 3.95 2.33 3.15 2.52
Absorption
Water solubility �4.181 �3.384 �4.199 �3.826 �3.296 �3.203
CaCo2 permeability 0.501 1.24 1.444 0.502 1.236 1.253
Intestinal absorption 63.398 98.427 100 49.295 98.713 99.561
Skin permeability �2.736 �3.119 �3.13 �2.747 �3.106 �3.117
P-glycoprotein substrate + + + + + +
P-glycoprotein-I inhibitor + + + + + +
P-glycoprotein-II inhibitor – – – – – –
Distribution
VDss (human) �0.764 �0.268 �0.025 �0.819 �0.252 �0.259
Fraction unbound 0.052 0.149 0.015 0.202 0.158 0.175
BBB permeability �1.725 0.046 �0.158 �1.165 0.017 0.013
CNS permeability �4.013 �2.083 �1.483 �2.876 �2.208 �2.286
Metabolism
CYP2D6 substrate – – – – – –
CYP3A4 substrate + + + – + +
CYP1A2 inhibitor – – – – – –
CYP2C19 inhibitor – – – – – –
CYP2C9 inhibitor – – – – – –
CYP2D6 inhibitor – – – – – –
CYP3A4 inhibitor + – – – – –
Excretion
Total clearance 0.713 1.19 1.115 0.952 1.175 1.301
Renal OCT2 substrate – + – – + +
Toxicity
AMES toxicity – – – – – –
Maximum tolerated dose 0.015 �0.124 �0.616 �0.953 �0.127 �0.127
hERG I inhibitor – – – – – –
hERG II inhibitor + – – – – –
Oral rate acute toxicity (LD50) 4.138 3.433 2.678 4.065 2.655 2.622
Oral rat chronic toxicity (LOAEL) 3.606 1.57 2.056 3.566 1.567 1.487
Hepatotoxicity + – – – – –
Skin sensitization – – – – – –
T. pyriformis toxicity 0.285 0.443 0.865 0.285 0.447 0.441
Minnow toxicity 4.885 0.484 �0.723 5.135 0.443 0.537

Table 4
Molecular docking results with maximum binding affinity of selected bioactive compounds from A. panniculata against Mpro COVID-19 (6LU7) and its cellular receptor.

Ligands Molecular
formula

Molecular
weight

No of
H- bond

H-bond distance Å Binding
energy
(Kcal/mol)

Inhibition
constant
(Ki) mM

Interacting amino
acid residues

N3 C35H48N6O8 680.00 4 1.56, 2.50, 3.07, 2.58 �7.69 2.32 Gly143, Ser144, His164, Glu166
Andrographolide C20H30O5 332.00 2 2.07, 1.90 �8.09 1.18 Phe140, Ser144
Andrograpanin C20H30O3 318.00 2 2.94, 2.13 �7.62 2.59 His41, Asn142
Neoandrographolide C26H40O8 480.00 6 2.62, 2.74, 2.17, 1.96,

2.07, 2.20
�7.76 2.05 Cys145, Met165, Glu166,

Arg188, Gln189
14-Deoxyandrographolide C20H30O4 334.00 3 2.99, 2.00, 2.17 �7.67 2.40 His41, Leu141
14-deoxy-11,12-didehydroandropholide C20H28O4 332.00 4 2.82, 2.09, 1.98, 2.25 �7.92 1.57 His41, Tyr54, Leu141, Ser144
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drugs against COVID-19 since, they have already evaluated the tox-
icity and safety in human against the management of different dis-
eases (Kandeel and Al-Nazawi, 2020). The latest discovery of Mpro

structure of COVID-19 offers a promising possibility of detecting
prospective pharma-kinetic candidates in successful COVID ther-
apy. Several of antiviral bioactive compounds have been isolated
and used in the pharmaceutical. Natural products have increased
significance in this sense in recent decades as effective antiviral
agents (Prasanth et al., 2021). The RO5 rule is used for the determi-
nation of the drug-like energy and if any bioactive molecule pos-
sesses physico-chemical properties to be used as an active drug
that can be consumed orally in humans (Lipinski, 2004). In deter-
mining whether a molecule has drug-likeness, one of them is to
22
follow RO5. Taking this into account, we have screened five diter-
penoids from A. panniculata as novel ligand molecules against Mpro

of COVID-19. The study results demonstrated that the selected all
five ligands found to adapt the RO5 without incurring any violation
of the RO5, while native ligand N3 incurred two violations. It is also
used to predict the probability of success or failure of the molecule
with biological activity to be developed as a drug.

We further explored the ADME pharmacokinetics, absorption,
distribution, excretion and toxicity of selected bioactive com-
pounds by using Swiss ADME and admetSAR server and the study
findings were shown in Table 3. The polar surface area of all the
diterpenoids except neoandrographolide was found to be < 100,
which implies that the diterpenoids except neoandrographolide



Fig. 1. (a) Binding sites for N3 ligands within Mpro of COVID-19. (b) Binding sites for andrographolide ligands within Mpro of COVID-19. (c) Binding sites for andrograpanin
ligands within Mpro of COVID-19. (d) Binding sites for neoandrographolide ligands within Mpro of COVID-19. (e) Binding sites for 14-deoxyandrographolide ligands within
Mpro of COVID-19. (f) Binding sites for 14–11,12-didehydroandrographolide ligands within Mpro of COVID-19.
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had greater membrane permeability or oral absorption. AlogP val-
ues helps in determining the lipophilicity of a compound, if the
value of AlogP < 5, then the compound will have good lipophilicity
(Han et al., 2019). Taking this into account, we also determined the
AlogP value for all selected bioactive compound and the results of
the study showed that AlogP value for all compounds were < 5 that
indicating these selected compounds have ideal lipophilicity.

Also, in this study, we determined the absorption characteris-
tics of bioactive molecules using CaCO2 permeability, intestinal
absorption, skin permeability and P-Glycoprotein substrate or inhi-
bitor. If the Papp Coefficient value is > 8x10-6 and the predicted
value is > 0.90 then the molecule will be easily absorbed. Among
the results, all the selected bioactive molecules showed the Papp
Coefficient value was > 8x10-6, this indicates that the selected
molecules are easy to absorb due to its high permeability property.
Bioactive molecules with intestinal absorption percentage < 30
were considered to have a low intestinal absorption. Since the
entire selected bioactive molecules intestinal absorption % value
was than < 30, which confirm the good intestinal absorption.
Among the selected compounds, andrograpanin had greater
intestinal absorption (100%), and neoandrographolide had lower
intestinal absorption (499.25%). Same like, our study results also
showed the greater Log Kp values for all the selected compounds.
P-Glycoprotein is a transporter protein that belongs to the family
of ATP-binding cassette (ABC), plays a key function in eliminating
Xenobiotics and toxins from the cells (Lin and Yamazaki, 2003).
It has two isoforms, class I (drug transport) and class II isoforms
(export phosphatidylcholine to bile). Moreover, P-Glycoprotein
inhibitors increase the drug bioavailability in the cell by inhibiting
P-Glycoprotein. All five diterpenoids were found to act as a sub-
strate for P-Glycoprotein to remove them from the cells, and these
selected bioactive molecules were acting as inhibitor for P-
Glycoprotein I not for P-Glycoprotein II.

The drug distribution in tissues in-vitro and in-vivo can be mea-
sured by determining the volume of distribution (Vd). The com-
pounds high distribution is considered when value of Log Vs
23
is > 0.45 (Log Vd > 0.45), but our study results showed that all
selected bioactive molecules had lower distribution value. The
blood brain barrier (BBB) is considered as an important factor to
analyse the drug permeability, and this permeability analysis is
mainly done to drug used to treat CNS related illness. BBB perme-
ability is measured in terms of LogBBB, if the value > 0.3 then the
compounds will have good BBB permeability, if the LogBBB value
between 0.3 to �1 then the compound can still pass via BBB and
if the value <�1 then the compound relatively have poor BBB per-
meability (Kunwittaya et al., 2013).

Cytochrome P450 (cyt P450) is a heme-containing enzymes, is
located on the lipid bilayer of the endoplasmic reticulum of the
hepatocytes and most of drugs, steroids, and carcinogens metabo-
lisms takes place in it with the help of cyt P450 enzyme
(Guengerich et al., 2019). CYP2D6 and CYP3A4 are two main sub-
types of cyt P450. From the study, we confirmed that the selected
compounds except neoandrographolide can be metabolized in liver
due to its substrate function. According to AMES study analysis, no
toxicity was found for all selected bioactive compounds, since the
hERG channel is not affected, there is no cardiotoxicity, and skin
sensitization was noted by these biomolecules.

For a successful drug development, it is important that the
lead molecule should exhibit maximal potency against the drug
target, be safe as well as have appropriate pharmacokinetic prop-
erties. Hence, determination of pharmacokinetic properties is
important. The pharmacokinetics study of N3 inhibitor showed
that the compounds had lower absorption, good lipophilicity, less
permeability, greater intestinal absorption and lower skin perme-
ability, N3 act as both substrate and inhibitor for P-glycoprotein I,
which implies that the compound can be excreted from the cells
and they showed good bioavailability. Also, the result showed
that the distribution volume of the compound was very low
and the ability to cross BBB and CNS was shown very low, the
compound act as both substrate and inhibitor for CYP3A4 which
indicates that it can be metabolized in liver. ADMET profiling is
critical phase of drug finding and development research as it



Fig. 2. (a and b) 2D and 3D structural interaction view of N3 ligands with Mpro of COVID-19. (c and d) 2D and 3D structural interaction view of andrographolide ligands with
Mpro of COVID-19. (e and f) 2D and 3D structural interaction view of neoandrographolide ligands with Mpro of COVID-19.
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helps in obtaining the optimal balance of properties necessary for
load or hit discovery that are eventually safe and effective. As sta-
ted by ADMET result, N3 was found to be hepatotoxic and car-
diotoxic nature.

Concerning a ligand to serve as a therapeutic molecule, it must
bind to a specific catalyst site with significant relationship. In some
cases, the ligands binds to the allosteric sites, which leads to speci-
fic structure or changes to compliance with the binding site mod-
ulation or inhibition of molecular binding (Poongavanam et al.,
2019). We speculate that in case of Mpro COVID-19, even though
the ligands are not binding to interfacial regions, they may indi-
rectly affect the binding of Mpro to COVID-19 receptor. The study
24
findings clearly showed that andrographolide had a greater affinity
to Mpro of COVID-19 than native ligand N3 and other selected
bioactive compounds.

From the in-silico studies, it clearly showed that all selected
bioactive compounds had a good binding energy towards the Mpro

of COVID-19. The binding energy value of �6 Kcal/mol is consid-
ered as the upper threshold value for ligand binding study, if the
binding energy value is > -6 Kcal/mol then the ligands it is consid-
ered it have good binding affinity with receptor. Our study results
also revealed that all the selected compounds had a binding
energy > -6. But, the binding of the native ligand N3 to the two cat-
alytic residues (His41 and Cys145) were considered the major fac-



Fig. 3. (a and b) 2D and 3D structural interaction view of andrograpanin ligands with Mpro of COVID-19. (c and d) 2D and 3D structural interaction view of 14-
deoxyandrographolide ligands with Mpro of COVID-19. (e and f) 2D and 3D structural interaction view of 14–11,12-didehydroandrographolide ligands with Mpro of COVID-19.
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tor determining the ability of the inhibitor to inhibit the protease
activity of the Mpro of COVID-19 (Ghosh et al., 2021). Similarly,
all of selected bioactive compounds also bind with these two cat-
alytic residues (His41 and Cys145) when both the hydrogen and
non-hydrogen bonds were considered. In addition, it has been
found that the andrographolide have better binding energy
towards Mpro of COVID-19 compared with other bioactive com-
pounds due to their ability of binding affinity with two catalytic
residues (His41 and Cys145). Apart from andrographolide other
selected bioactive compounds have also demonstrated a significant
binding energy towards Mpro of COVID-19. When the inhibition
constant Ki values of the selected bioactive compounds are taken
25
into account, andrographolide has the lowest Ki value, which rep-
resents the ability to inhibit the Mpro of COVID-19 at low concen-
tration. Earlier literature also demonstrated the antiviral activity
of andrographolide against HIV, HSV and EBV viruses (Jayakumar
et al., 2013).

To investigate the protein stability and atom movements dur-
ing the molecular association, molecular dynamics and simulation
are playing significant role in the post docking studies. Main pro-
tease with andrographolide derivatives were analyzed for confor-
mational changes and constraints. Trajectories recorded for 50
nano seconds were chosen to evaluate the ligand position during
a longer simulation by root mean square deviation, fluctuation



Fig. 4. The RMSD plots, (a) andrographolide, (b) andrographonin, (c) neoandrographolide, (d) 14-deoxyandrographolide, (e) 14-deoxy-11,12-didehydroandropholide, are
clearly indicating the back bone and ligand fit following the stability curve and the ligands found constantly (block line: protein C-a and red line: ligand rmsd).
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and hydrogen bonding. From the result of RMSD (Fig. 4), RMSF
(Fig. 5) and hydrogen bonding plots (Fig. 6), it is observed that
main protease – andrographolide derivatives are strong enough
to maintain stability. Differences in RMSD were observed for
the diterpenoids, which is under 0.5 (nm), respectively. Hydrogen
bonding is mainly considered for stability and interaction of sys-
tem, which makes the rigidity between main protease- inhibitors.
RMSF plot explains the residues fluctuating among 306 amino
acids as confirmation change over time period. Consequently, N
and C terminal residues have undergone high fluctuation. Com-
bined result of ligand bound RMSD showing that the first 5 ns
are constant for all the main protease-inhibitors. Next 45 nano
seconds, ligand bound state moved vigorously were revealed by
comparing root mean square deviation. Energies obtained in
docking process were then tabulated to distinguish the Free
26
energy of binding, Vander Waals, electrostatic, inter molecular,
torsional energies and unbound system. Free energy of binding
and Vander Waals energies were high for andrographolide as
�0.76 kcal/mol and �8.49 kcal/mol, while electrostatic energy is
�0.06 kcal/mol. In order to compare the free energy of binding,
bar plot was presented that shows the slight difference among
diterpenoids. All the diterpenoids differed in physicochemical
properties were sharing the free energy of binding between �5
to �8 kcal/mol. In total, binding energies have been calculated
and considered for better interaction that are reasonable for
andrographolide (-7.06 kcal/mol) and 14-deoxyandrographolide
(-7.01 kcal/mol). 14-deoxy-11,12-didehydroandropholide
(-6.96 kcal/mol) and andrographonin (-6.87 kcal/mol) are
recorded for energy differences while neoandrographolide is
found with �5.47 kcal/mol.



Fig. 5. (a) Ligand fit RMSD comparison among diterpenoids exhibits atomic details of aberration. (b) Predicted free energy of binding of diterpenoids reveals the interaction
energy. (c) XY-scatter diagram of root mean square fluctuation indicating the amino acids fluctuation with residue number.
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5. Conclusion

Together, based on our knowledge this is the first report proven
the efficacy of the selected five diterpenoids compounds from A.
27
panniculata against crystal structure of SARS-CoV-2 Mpro (6LU7).
Among the study findings, all diterpenoids, especially andro-
grapholide can effectively inhibit the interaction between Mpro of
SARS-CoV-2 with its receptor. Also the pharmacokinetic and



Fig. 6. The hydrogen bond plots, (a) andrographolide, (b) andrographonin, (c) neoandrographolide, (d) 14-deoxyandrographolide, (e) 14-deoxy-11,12-didehydroan-
dropholide, are dictating the movements and number of hydrogen bonds with 50,000 picoseconds (ps).
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molecular dynamic simulation study results proved that all
selected diterpenoids compounds from A. panniculata have good
pharmacological properties such as no violation, better absorption
property, bioavailability, BBB permeability, low toxicity and inhibi-
tion constant Ki value. Hence, according to our study findings, it is
suggested that andrographolide from A. panniculata can be useful
therapeutic molecule against SARS-CoV-2 for controlling viral
attachment to the host cells through the inhibition of Mpro of
28
SARS-CoV-2. However, further study is warranted to validate the
therapeutic ability of andrographolide in in-vivo model.
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