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ABSTRACT use as a promising candidate for COVID-19 Mpro and hACE-2 by using in
Background: Tabebuia impetiginosa is an important medicinal plant rich in silico approaches.

lapachol, a-lapachone, and p-lapachone known to possess several biological
activities. Objective: In this study, we investigated the drug potential of
lapachol, a-lapachone, and f-lapachone using molecular docking, molecular OH

dynamic (MD), and drug-likeness properties. Materials and Methods: The O‘
computational study was performed using SwissADME software for the SN

determination of the pharmacokinetic properties of the tested compounds.

0.

AutoDock Vina and Genetic Optimization for Ligand Docking (GOLD) < =

were used for the docking analysis, and MD simulations were run using Lapachol AR Balzbechons
Schrodinger’s Desmond Simulation. Results: The three compounds lapachol,

a-lapachone, and p-lapachone binds to cysteine (Cys)-histidine (His) catalytic Docking analyses
dyad (Cys145 and His41) along with the other residues with, respectively, the Dynamic study

following docking score 48.69, 47.06, and 47.79. Against viral entry receptor,
human angiotensin-converting enzyme 2 (hACE-2), a-lapachone exhibited the
highest GOLD Fitness score complex (54.82) followed by lapachol (42.53) and
f-lapachone and hACE-2 (38.74) generating several active sites in the target
proteins. A 100 ns MDs simulation study revealed the stable conformation of
bioactive compounds within the cavity of severe acute respiratory syndrome  Abbreviations used: 2D: Two dimensional; 3D: Three dimensional; 3CLpro:
coronavirus 2 (SARS-CoV-2) of hACE-2 protein and main protease (Mpro).  3-chymotrypsin like protease; Mpro: Main protease; ADME: Absorption,
From the dynamic study, it was observed that lapachol was tightly bound  Distribution, Metabolism, and Excretion; COVID: Coronavirus Disease;
with catalytic dyad residue Cys145 of Mpro with more than 40% time of  SARS.CoV-2: Severe acute respiratory syndrome coronavirus 2; hACE-2:
simulation, also post-simulation MM-GBSA binding free energy (AG Bind)
revealed the highest energy score (-51.18 + 5.14 kcal/mol) among the
evaluated complex. Moreover, the absorption, distribution, metabolism,
and excretion (ADME) properties demonstrated that the investigated
compounds passed the pharmacokinetic and drug-likeness criteria without
undesirable effects. Conclusion: The computational study highlighted that
these compounds could be highly recommended and developed as part of
an effective drug against the SARS-CoV-2 virus. Correspondence:

Key words: Computeraided strategies, drug repurposing, hACE-2, Mpro, S [V Seuss,

SR Department of Biology, University of Hail, College
SUMMARY of Science, PO. Box 2440, Ha'il 2440, Saudi Arabia.
e Three natural bioactive compounds, namely, lapachol, a-lapachone, and E-mail: snmejdi@yahoo.fr

p-lapachone isolated from T impetiginosa were screened for their potential ~ DOI: 10.4103/pm.pm_251_22

Main protease: SARS-CoV-2
hACE2

human Angiotensin-converting enzyme 2; TMPRSS2: Transmembrane
Serine Protease 2; Cys: Cysteine; His: Histidine; GOLD: Genetic Optimisation
for Ligand Docking; Autodock: Automatic Docking; MM-GBSA: Molecular
Mechanics-Generalized Born Surface Area:

rG: Radius Giration; RMSD: Root Mean Square | Access this article online
Deviation; RMSF: Root Mean Square Fluctuation. | Website: www.phcog.com
Quick Response Code:

This is an open access journal, and articles are distributed under the terms of the
Creative Commons Attribution-NonCommercial-ShareAlike 4.0 License, which - - - - - -
allows others to remix, tweak, and build upon the work non-commercially, as long as Cite this article as: Snoussi M, Ahmad |, Patel H, Noumi E, Zrieq R, Saeed M, et al.
appropriate creditis given and the new creations are licensed under the identical terms. Lapachol and (a/p)-lapachone as inhibitors of SARS-CoV-2 main protease (Mpro)
and hACE-2: ADME properties, docking and dynamic simulation approaches.
Phcog Mag 2022;18:773-82.

For reprints contact: WKHLRPMedknow_reprints@wolterskluwer.com

© 2022 Pharmacognosy Magazine | Published by Wolters Kluwer - Medknow 773



[Downloaded free from http://www.phcog.com on Wednesday, November 23, 2022, IP: 193.205.162.16]

MEJDI SNOUSS], et al.: Bioactive Molecules Against SARS-CoV-2

INTRODUCTION

Plant-based secondary metabolites are potent reservoirs with many
therapeutic and pharmacological effects.'¥ They have attracted great
attention due to their secreted bioactive molecules that could be
developed as powerful drugs against several diseases without or with less
side effects.”® The consumption of herbal medicine is also known to
improve the immune response.”'” Currently, the arsenal of antiviral and
antibiotic drugs has been strictly compromised by the earlier devastating
of COVID-19, forcing the creation of a new front-line for discovering
effective drugs and new vaccines.!'"!?! Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) enters into host epithelial and lung cells
by the interaction of spike protein to angiotensin-converting enzyme
2 (ACE-2) receptors using the cellular serine protease transmembrane
serine protease 2 (TMPRSS2) for S protein priming.*'*) The receptor
binding domain in S1 directly binds to the peptidase domain of human
angiotensin-converting enzyme 2 (hACE-2).1"!

During this epidemic, cancer patients are more exposed to infections
and therefore are considered to be a highly vulnerable group. A literature
survey outlined that the antiviral mechanism of lapachol and its
derivatives have not been yet studied, but we inspired the use of lapachol
and its analogs based on other studies using the anticancer drug on
SARS-CoV-2, which enhances the body’s immune response against
cancer, were actually to treat COVID-19.") Also, f-lapachone as a
pro-drug, with the commercial name ARQ-761, is actually in phase I/II
of clinical studies for solid tumors.""®!

In silico docking, analysis has demonstrated that plant-derived
molecules were able to bind to SARS-CoV-s main proteases two
proteases [PLpro and 3-chymotrypsin like protease] responsible for
the synthesis and maturation of the various viral polyproteins.!'”! In
2020, Nayak®! reviewed the interaction of peptidic and non-peptidic
molecules with hACE-2 as potential inhibitors of SARS-CoV-2
attachment to human cells. It has been recently reported that linolenic
and eicosapentaenoic acids highly block the entry of SARS-CoV-2
to the host cells.”!! Wang and colleagues?? claimed that dalbavancin
as a lipoglycopeptide antibiotic, directly binds to hACE-2, with
high affinity, thereby blocking its interaction with the SARS-CoV-2
spike protein. Telmisartan (ClinicalTrials.gov ID: NCT04355936)
and losartan (ClinicalTrials.gov ID: NCT04312009) were proposed
as alternative options for treating COVID-19 patients before the
development of acute respiratory distress syndrome.®! Recently,
Alacepril andlisinopril were found to interact with hACE-2.* Moreover,
dermaseptin-S9 was able to prevent the attachment of SARS-CoV-2
spike protein to the surface of the ACE-2 receptor.’ Besides that,
alatrofloxacin, azithromycin, cefoperazone, rifapentine, and vancomycin
as antibacterial drugs have been proved to bind to ACE-2 to obstruct
SARS-CoV-2 binding.* Recent studies also reported the binding of
nystatin and posaconazole against SARS-CoV-2 spike protein binding
site.’”? Onthe other hand, the antihypertensive (Azilsartan kamedoxomil,
deserpidine, and reserpine), statins (Pitavastatin and simvastatin),
antimigraine  (Dihydroergotamine), antiasthmatic (Zafirlukast),
antihistamine (Loratadine), cardiac glycoside (Digoxin), and
antimalarial (Mefloquine). Mefloquine (an antimalarial drug) has
been confirmed to compete with spike protein for binding to ACE-2,
rather than hydroxychloroquine, which binds to another region of
ACE-2.22%! Other small molecules with anti-inflammatory actions
like mycophenolic acid, pemirolast, isoniazid, and eriodictyol were
also tested and demonstrated their good binding affinity to ACE-2,
suggesting their importance in the treatment of COVID-19.5%

Till now, no specific drugs for COVID-19 are available despite some
vaccines that have been commercialized by different pharmaceutical
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companies, but there are controversies on the side effects. In
addition, the gravity of the situation requires the use of all resources
to remedy which scourge to find out therapeutic agents valid for a
long period. Therefore, lapachol, a-lapachone (1,2-naphthoquinone),
and f-lapachone (1,4-naphthoquinone) [Figure 1] as three natural
products belonging to the naphthoquinone’s classes.®!! Lapachol
isolated from the heartwood of Tabebuia impetiginosa (syn.
T. avellanedae) with the red type is known to cure several diseases
such as herpes, malaria, cancer, fevers, eczema, ulcers, skin disorders,
manage trypanosomiasis, syphilis, bacterial, and fungal infections.*>*!
Lapachol has been found to possess antiviral activity against Epstein-
Barr virus and enterovirus in vitro.?**! Also, it has been reported that
B-lapachone promotes the preparation of collagens and is responsible
of whitening skin and hyperpigmentation skin diseases.***”! Both
a-lapachone and f-lapachone represent significant cytotoxicity on
mammalian cells and were used as a potential leishmanicidal drug.”®
B-Lapachone has been described to prevent the proliferation of cancer
cells, to inhibit human lung cancer xenograft growth and angiogenesis,
used as pro-drug, with commercial name ARQ-761, is in phase I/
II of clinical studies for solid tumors as well as to promote various
biological properties including anti-inflammatory, antibacterial, and
anti-trypanosoma. 1340

Therefore, in the present study, we investigated lapachol, a-lapachone,
and B-lapachone as potential inhibitor candidates for COVID-19
main protease (Mpro) and hACE-2, using modeling, virtual screening,
molecular docking, and molecular dynamics (MDS) simulation with
absorption, distribution, metabolism, and excretion (ADME) and target
prediction.

MATERIALS AND METHODS

Molecular docking

Three-dimensional (3D) structure of 6LU7 and 2AJF was retrieved from
RCSB Protein Data Bank.?!

Docking using autoDock Vina and Genetic
Optimization for Ligand Docking (GOLD)

Docking of protein ligands was carried out using AutoDock Vina,!"!
GOLD,*#? and LibDock from Discovery Studio Client v20.1.0.19295.
The receptor protein 6LU7 was prepared by removing water and
co-crystal ligand (remdesivir), hydrogen and charges were added to the
structures. The grid box dimensions as follow: x = -10.729 A, y=12.418
A,z = 68.816 A and grid box size as follows: x = 504,y =504,z = 50 A
were set for 6LU7 a grid space of 0.375A. The ligand pdbqt file was
prepared in AutoDock MG Tool. During the docking process, the ligand
was kept flexible and receptors were set rigid.

Molecular dynamic (MD) simulation

Molecular docking studies predict ligand binding status in rigid protein
structures (static conditions). Therefore, MD simulations were run using
Schrodinger’s Desmond Simulation as done previously.*#
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Figure 1: Structures of lapachol (1), a-lapachone (2) and B-lapachone (3)
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Post-simulation molecular mechanics-generalized
born surface area (MM-GBSA) analysis

Post-simulation binding free energies (AG Bind) of the ligand-protein
complexes were calculated using the molecular mechanics combined
with a generalized MM-GBSA approach. The Python script thermal
mmgbsa.py was employed to assess Prime MM-GBSA binding free energy
for 0-1000 frames having a 100-step sampling size in the simulation
trajectory with the VSGB solvation model associated with the OPLS3e
force field. VSGB is a novel energy model (VSGB 2.0) for high resolution
protein structure modeling. The Prime MM-GBSA binding free energy
(kcal/mol) is calculated following the same work of Patel et al.*”!

ADMET and molecular target predictions

Pharmacokinetic assessment of lapachol, a-lapachone, and f-lapachone
was performed using SwissADMEF%3) and pkCSM web tools."*

RESULTS

Binding Interaction of Lapachol, a-Lapachone, and
B-Lapachone with Mpro

Molecular docking of the selected known bioactive compounds was
performed to study their interaction mode against SARS-CoV-2
Mpro (PDB ID: 6LU7) and hACE-2 (PDB ID: 2AJF). Figure 2 shows
the binding affinities along with the neighboring residues of papain-like
protease (PLpro) and human receptor protein hACE-2 interacting with
the selected compounds.

The three compounds lapachol, a-lapachone, and S-lapachone bind to
cysteine (Cys)-histidine (His) catalytic dyad (Cys145 and His41) along
with the other residues with, respectively, the following docking score
48.69, 47.06, and 47.79. Lapachol forms one H-bonds with Glul43
and other hydrophobic interactions. a-Lapachone established van
der Waals interactions with Tyr54, Cys145, His164, Glul66, Leul67,
Pro168, Val186, Asp187, Thr190; H-bond: GIn192; Unfavorable Bump
interaction with only Argl88, Pi-Sigma interactions with GIln189 and

Alkyl/Pi-Alkyl interactions with His41, Met49, and Metl165 residues,
however, -lapachone binds to Mpro residues via several hydrophobic
interactions.

Binding interaction of Lapachol, a-Lapachone, and
B-Lapachone with hACE-2

The obtained data of docked complexes between the selected molecules
and the crystal structure of hACE-2 unveiled that lapachol expressing
high binding score was found to interact with binding pockets to
form hydrophobic interactions with Glu310, Lys313, Phe314, Ser317,
Lys416, His417, Ser420, Ile421, Ser545, Asn546, and Asp543 amino
acids. a-lapachone-hACE-2 complex (54.82) generated van der Waals
interactions with Ser420, Asp543, Ile544, and Ser547. The other
significant interactions that stabilize a-lapachone and hACE-2 complex
include Pi-Lone Pair with Ser545, C-H bonds with Ser545, Amide-Pi
Stacked interactions with Asn546, and Alkyl/Pi-Alkyl with Lys416,
His417, Ala533. The highest binding energy between S-lapachone and
hACE-2 established H bonds interactions with Lys416, van der Waals
interactions with His417, Ser420, Cys530, Lys534, His535, Asp543,
Tle544, Asn546, Ser547, Pi-Lone Pair interaction with Ser545, and Alkyl/
Pi-Alkyl with Ala533, Cys542 residues.

Molecular dynamics simulation

In order to understand the stability and conformations changes of the
hACE-2 protein (2AJF) and Mpro (6LU7) domain complexed with the
bioactive compounds lapachol and a/f-lapachone, we performed the root
mean square deviation (RMSD), root mean square fluctuations (RMSF),
protein-ligand contact mapping and the time-dependent radius of
gyration (rGyr)."***! The RMSD value for the Ca atoms was computed
over 100 ns simulations to evaluate the stability of all the systems. Lower
the RMSD fluctuation infers a more stable structure of the protein.
The RMSD plot of simulated complex is presented in Figure 2. The
simulation results of the 2AJF-f-lapachone complex showed that ligand
has crossed the RMSD value of more than 4 A (acceptable RMSD 1-3)

ety Aty o
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‘Ligand RMSD (A°)
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Figure 2: Time decedent RMSD of Simulated protein-ligand complex (Protein-RMSD is shown in gray while RMSD of Ligand is shown in red)
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and was found unstable during the 100 ns time of the simulation. The
RMSD of the 2AJF-a-lapachone, 6LU7-lapachol, 6LU7-a-lapachone,
and 6LU7-p-lapachone was observed to be 4.2 A, 2.4 A, 3.0 A, and 3.5
A, respectively, as compared to the initial structure (zero frame ligand).
Slightly higher RMSD was observed for the 2AJF lapachol at around 96
ns as shown in Figure 3. In the 2AJF-f-lapachone complex, the highest
fluctuation was observed at a time span of 91 ns with an RMSD of 3.6
A. To assess remdesivir stability in complex with SARS CoV-2 main
protease, the RMSD value for the Ca backbone was monitored for 100
ns simulations.

During the simulation, the flexibility of the protein system was also
examined by computing the RMSF of individual amino acid residues in
the protein to examine the binding efficiency of bioactive compounds
with hACE-2 and Mpro proteins [Figure 3]. The average RMSFs assessed
for the complex of 2AJF-Lapachol, 2AJF-a-lapachone, 6LU7-Lapchol,
6LU7-a-lapachone, and 6LU7-f-lapachone and 6LU7-remdesivir are
1.123 A, 0.893A, 0.921 A,1.094 A, 1.777 A, and 1.245 A, respectively,
that implying that hACE-2 protein and Mpro protein exhibit minimal
fluctuation and relative secondary conformational stability upon binding
of reported bioactive compounds.®>* All the RMSF values in A of ligand
contacted residues are listed in Table 1.

Throughout the simulation, protein interactions with the ligand were
also monitored. These interactions can be categorized by type, reviewed,
and portrayed in Figure 4. The amino acid residues Asn546 and Lys313
of hACE-2 exhibited hydrogen bond and water-mediated hydrogen bond
interactions with the Lapachol, as revealed by docking studies, which also
existed in MD throughout the trajectory, with 46 and 64% interaction of
stipulated time. The second bioactive compound a-lapachone on target
2AJF revealed significant hydrophobic interaction with hydrophobic
amino acid residues Pro321 and Phe555, during the entire simulation.
Apart from these residues, amino acid Val318, Gly319, Asp543, Asn546,
Ser547, and Arg559 also contributed to the water-mediated hydrogen
bond with the target molecule in the active site. It is noticed that

simulated bioactive compound (Lapachol and a-lapachone) in 2AJF
Protein mostly interacted through hydrophobic and water-mediated
hydrogen bonding.

It was observed [Figure 2] that lapachol interacted with the Mpro active
site with Gly143, Ser144, and GIn189 mainly through hydrogen bonding
with 29-86% throughout the simulation time. A crucial catalytic dyad
residue, Cys145, was also actively contributed by a bidentate hydrogen
bond with Lapachol in the active site. The terminal carbonyl group
of a-lapachone interacted with Thr190 (35%) and GInl192 (53%)
via hydrogen bonding. Active site amino acid residues of 6LU7 like
Asnl42, Cysl45, Hisl64, Glul66, and GInl89 were also contacted
with a-lapachone through water-mediated hydrogen bonding. In the
complex of -lapachone-Mpro, mainly hydrophobic and water-mediated
hydrogen bond interactions were observed. In this complex, crucial
residue Cys145 interacts with -lapachone via three types of interaction,
hydrogen bonding, hydrophobic, and water-mediated hydrogen
bonding. Protein-ligand contact mapping shows that remdesivir binds
to the main protease protein through Thr25, Thr45, Asnl42, Gly143,
Cysl145, Glul66, GIn189, and Thr190 and exhibited more than 10%
hydrogen bond interactions. Among them, catalytic dyed residue Cys145
makes all three (hydrogen, hydrophobic, and water-mediated hydrogen
bonding) types of interaction with remdesivir [Figure 4].

The rGyr property was also investigated to demonstrate the stability of the
bioactive compounds in the hACE-2 protein and Mpro binding pockets
over a 100 ns simulation. The extension of a ligand is estimated by its
rGyr, which is comparable to its principal moment of inertia [Figure 5].
A high value or abnormal variation of rGyr in different frames signifies
the instability of the system, whereas a low and consistent variation of
rGyr indicates the stability of the system. The bioactive compounds in
complexes with hACE-2 protein and Mpro exhibited an average rGyr
value of 3 A [Table 2]. The rGyr did not show any significant changes.
These constant values exhibited a consistent pattern of behavior.

2A]JF-lapachol |

2AJF-a-lapachone

6L.U7-lapachol

6L.U7-a-lapachone

MSF

ndex

6LU7-B-lapachone

6L.U7-Remdesivir

MSH

1dex

Figure 3: The RMSF of Ca atoms of hACE-2 protein (2AJF) and MP™ (6LU7)
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Table 1: RMSF values Ca atoms of ligand contacted residues with hACE-2 protein (2AJF) and Mpro protein (6LU7) after binding of lead compounds

hACE-2 protein (2AJF).

SARS-CoV-2 Mpro (6LU7)

Lapchol RMSF a-Lapchone RMSF Lapchol RMSF a-Lapchone RMSF B-Lapchone RMSF
Complex (A°) Complex (A°) Complex (A°) Complex (A°) Complex (A°)
Asplll 1.747 Lys313 0.987 Thr26 0.717 Ser46 Ser46 Thr25 1.024
Lys112 1.261 Val316 0.858 His41 0.582 Glu47 Glu47 Thr26 0.825
Glu310 1.042 Ser317 0.869 Thr45 1.528 Met49 Met49 His41 0.821
Glu312 1.088 Val318 0.767 Ser46 1.68 Asnl42 Asnl42 Thr45 2.684
Lys313 1.114 Gly319 0.859 Glud7 2.239 Cysl145 Cys145 Ser46 3.493
Phe314 0.851 Leu320 0.788 Met49 1.121 His164 Hisl64 Glua7 4.548
Val316 0.905 Pro321 0.847 Asnl42 0.875 Metl165 Met165 Leu50 4.511
Ser317 0.891 Met383 0.601 Gly143 0.747 Glul66 Glul66 Pro52 3.163
Val318 0.894 Ala384 0.614 Ser144 0.603 Leul67 Leul67 Tyr54 2.094
Gly319 0.964 Lys416 1.168 Cysl45 0.498 Pro168 Pro168 Asnl42 1.31
Leu320 0.952 Ser420 1.395 His163 0.507 Aspl187 0.788 Gly143 1.112
Pro321 1.305 Lys534 1.138 Met165 0.532 Argl88 1.169 Ser144 0.832
Asn322 1.603 His535 1.602 Glul66 0.631 GIn189 1.198 Cys145 0.784
Lys416 0.98 Asp543 0.732 His172 0.626 Thr190 1.263 His164 0.838
His417 0.925 Ser545 0.915 Argl88 0.859 GIn192 1.05 Met165 0.961
Lys419 1.173 Asn546 0.804 GIn189 0.997 Glul66 Glule6 Glul66 1.041
Ser420 1.321 Ser547 0.725 Leul67 Leul67 Leul67 1.416
Ile421 1.416 Thr548 0.818 Pro168 Pro168 Pro168 1.818
Gly422 1.472 Glu549 0.791 Phel85 1.012
Leu424 1.48 GIn552 0.893 Aspl87 1.081
Glu430 1.808 Leu554 0.854 GIn189 1.745
Asp543 0.971 Phe555 1.02 Thr190 1.869
Ser545 1.089 Leu558 0.668 GIn192 1.892
Asn546 1.009 Arg559 0.707

Thr548 1.002

Glu549 0.869

GIn552 0.766

Phe555 0.772

Arg559 0.892
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Figure 4: Protein-ligand contact analysis of MD trajectory, monitored throughout the 100 ns simulation time

The MM-GBSA method uses molecular mechanics, generalized Born
solvation models, and a solvent accessibility approach to estimate
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binding free energies (AG Bind) based on MD simulation trajectories.
The post-simulation MM-GBSA was calculated from frame 0 to 1000
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at every 10" frame, totaling 100 structures of each protein-ligand
complexes, and average binding energies with standard deviation
have been tabulated in Table 2. The calculated average AG Bind of
the complex of 2AJF-Lapachol, 2AJF-a-lapachone, 6LU7-Lapchol,
6LU7-a-lapachone, = 6LU7-B-lapachone, and  6LU7-remdesivir
was found to be - 249477 kcal/mol, -34.0672 kcal/mol,
—51.1813 kcal/mol, —42.1107 kcal/mol, —39.3305 kcal/mol, and -
46.50 kcal/mol, respectively, (49,50). 6LU7-Lapchol results displayed
the promising binding free energy scores when compared with the
remdesivir complex MM-GBSA calculations.

ADME properties

Assessment of pharmacokinetic possessions for a successful drug in the
early phases of drug discovery and development through in silico ADME
screens is essential to achieve their drug-likeness and minimize their risk
attrition in the late stage. Results [Table 3] showed good drug-likeness
properties and that the selected compounds could not be substrates of
P-glycoprotein (P-gp). The cytochrome P450 monooxygenase (CYP)
enzymes super-family regrouping cytochrome CYP1A2, CYP2CI9,
CYP2C9, CYP2D6, and CYP3A4 are important in drug metabolism
in the liver and biotransformation of drugs through O-type oxidation
reactions have been predicted, especially those of 2D6, 2C9, and 3A4

~——2AJF-lapachol complex 2AJF-a-lapachone complex

——6LU7-lapchol complex —6LU7-a-lapachone Complex

=—6LU7-Ramdesivir Complex

—6LU7-Plapachone Complex

Time (ns)

Figure 5: Radius of gyration (rGyr) graph of the simulated complex at 100
ns simulation time

which are the most important forms in human. Data showed that all
hits are inhibitors of CYP1A2 and CYP2C19, not inhibitors of CYP2C9
and CYP2D6; however, CYP3A4 was only inhibited by f-lapachone.
The selected compounds exhibited good lipophilicity results with a
bioavailability score (85%) and suitable skin permeation (LogK,) values
suggesting making them easily accessible via the skin.

The pink area of bioavailability radar chart of three compounds [Figure 6]
representing the most drug-likeness parameters justified that the
designed compounds are fully included in the pink area suggesting their
good oral bioavailability.

BOILED-Egg graph (WLOGP vs. TPSA) indicates that the three
molecules are non-substrate of P-gp [Figure 7].

Target prediction

Data [Figure 8] outlined that lapachol has 26% enzyme, 12% protease,
and 4% of kinase, whereas a-lapachone predicts 18% enzyme, 20%
protease, and 2% of kinase and f3-lapachone can be targeted for 26%
enzyme and 4% of the kinase.

DISCUSSION

This study aimed to screen three bioactive molecules, lapachol,
a-lapachone, and p-lapachone identified in the medicinal plat,
T. impetiginosais that can target Mpro and hACE-2 to find novel
compounds that can be used as a new drug against coronavirus as a
strategy in antiviral drug discovery and development./®® Results were
confirmed when compared to the residues of the high-volume pocket of
Mpro sharing more identical amino acids. Lapachol, a-lapachone, and
B-lapachone also show high binding efficiencies suggesting their high
potential for repurposing. Recently, different synthetic drugs were docked
with SARS-CoV-2 proteins including hydroxychloroquine, chloroquine,
ivermectin, raltegravir, daclatasvir, simeprevir, cobicistat, oseltamivir,
and remdesivir demonstrated that drug molecules of oseltamivir,
ritonavir, remdesivir, ribavirin, and favipiravir had a greater capability to
inhibit SARS-CoV-2, since they demonstrated high-affinity interactions
with the COVID-19 Mpro in complex with the N3 inhibitor.[**-¢]
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Figure 6: Bioavailability radar of the selected compounds, based on their physicochemical indices ideal for the oral bioavailability. (a) Lapachol;

(b) a-Lapachone ; (c) B-Lapachone

Table 2: Radius of gyration of and post-simulation MM-GBSA-based binding free energy (AG Bind) for the protein-ligand complexes

Complex name

Radius of gyration, rGyr (A°)

MM-GBSA, AG Bind (kcal/mol)

Mean Range Mean Range
2AJF-Lapachol 3.24+0.06 3.41 to 3.02 —24.95+4.35 —30.86 to—17.98
2AJF-a-lapachone 3.03+0.02 3.10 to 2.96 —34.07+9.11 —45.57 to—18.57
6LU7-Lapchol 3.20+0.05 3.38 t0 2.97 —51.18+5.14 —56.32 to—39.69
6LU7-a-lapachone 3.03+0.02 3.09 to 2.96 —42.11+4.40 —50.36 to—33.86
6LU7-f-lapachone 2.96+0.02 3.02t02.91 -39.33+4.91 —46.26 t0—28.83
6LU7-,8-remdesivir 2.86+0.05 2.72 to 3.00 —46.50+3.96 —59.12 to—38.27
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In order to validate our results, the viral RNA polymerase inhibitors,
remdesivir have been also docked against 6LU7 and compared
to lapachol, a-lapachone, and p-lapachone. Results showed that
remdesivir interacts with 6LU7 forming the following interactions:
H-bond with Glul66 (2.38 A), GIn189 (2.63 A); Carbon H-bond
with Thr190 (1.86 A); Pi-Anion with Glul66 (4.26 A) and Alkyl/
Pi-Alkyl with His41 (4.05 A), Met49 (3.75 A), and Ala 191 (4.34 A)
residues [Figure 9]. Based on the above data, lapachol, a-lapachone
and f-lapachone shared several residues as remdesivir when
interacting with 6LU7, especially those of His41l, Met49, Glul66,
and GIn189 (lapachol), and His41l, Met49, Glul66, GIn189, and
Thr190 (a-lapachone and f-lapachone). Thus lapachol, a-lapachone,
and B-lapachone hold the potential to be developed as treatment
toward COVID-19.

Previous reports have investigated the interaction between plant-derived
compounds and marine-based molecules with SARS-CoV-2 key
enzymes.'®7 In 2020, Bhuiyan and colleagues® reported that about
219 plants belonging to 83 families with antiviral activities, and among

Bes

A
O PGP
o PGP

a-apachone

14 TPSA

Figure 7: Boiled egg plot of the top selected compounds

them 149 plant species (from 71 families) possess several secondary
metabolites (glycosides, flavonoids, alkaloids, tannins, saponins,
phenolic acids, terpenoids, coumarins, organosulfur compounds,
nitrogen-containing compounds, etc.) that can interfere with
SARS-CoV-2 enzymes. Using computational approaches (molecular
docking and dynamic simulation), Maurya and Sharma”"! demonstrated
that traditional Kadha preparation (Ayurvedic medicine) possesses
diverse phytoconstituents that can be useful for the treatment and
prevention of COVID-19 virus as they showed high binding affinity (low
binding energy). The same authors reported that withaferin A
(=9.1 kcal/mol), stigmasterol (8.8 kcal/mol), vicenin (-8.8 kcal/mol),
and ursolic acid (8.7 kcal/mol) were the highest molecules binding to
hACE-2.

A 100 ns molecular dynamics simulation study showed the stable
conformation of bioactive compounds within the cavity of hACE-2
protein and Mpro. From the dynamic study, it was assumed that the
promising bioactive compound lapachol has been tightly bound with
catalytic dyad residue Cys145 of Mpro with more than 40% time of
simulation, also post-simulation MM-GBSA binding free energy (AG
Bind) revealed the highest energy score (=51.18 + 5.14 kcal/mol) among
the evaluated complex.

All these findings highlighted the potential use of natural compounds
from medicinal and aromatic plant extract as SARS-CoV-2 inhibitors.

Table 3: ADME profiles of lapachol, a-lapachone and S-lapachone according
to SwissADME software

Entry Lapachol a-lapachone  B-lapachone
GI absorption High High High
BBB permeant Yes Yes Yes
P-gp substrate No No No
CYP1A2 inhibitor Yes Yes Yes
CYP2C19 inhibitor Yes Yes Yes
CYP2C9 inhibitor No No No
CYP2D6 inhibitor No No No
CYP3A4 inhibitor No No Yes
Log Kp (skin permeation) —5.80 —6.22 -5.90
Lipinski Yes Yes Yes
Bioavailability Score 0.85 0.85 0.55
Consensus Log P 254 24D 2.56

4.0% 20.0%
6.0% 4.0%
26.0%
18.0%
14.0% 2.0%
2.0%
4.0%
2.0% 26.0% 2.0% 6.0%
2.0% 2.0%
2.0% 2.0% 2.0%
2.0% 2.0%
18.0% 2.0% 2.0%
12.0% 20% i
6.0% 4.0% 6.0% 14.0%
B Enzyme M Isomerase B Enzyme B Protease ;asef ; :Enzyme
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i [ Family C G protein-coupled receptor Ml Phosphodiesterase
[ Hydrolase B Protease I Voltage-gated ion channel B Oxidoreductase B tyese B ‘oot
() Membrane receptor B Kinase O] Nuclear receptor B Eraser ] Reader [ Electrochemical transporter
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Figure 8: Pie-chart of top-50 target predicted for selected molecules. (a) Lapachol; (b) a-Lapachone; (c) f-Lapachone
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Figure 9: GOLD Fitness docking score, 2D, 3D, and interacting residues of remdesivir with the active site of COVID-19 6LU7 (MP®). AutoDock Vina Docking
Score: remdesivir-6LU7 (-7.8 kcal/mol); Residues interacting with compounds: Conventional hydrogen bond: Glu166 (2.38 A), GIn189 (2.63 A); Carbon
hydrogen bond: Thr190 (1.86 A); Pi-Anion: Glu166 (4.26 A); Alkyl/Pi-Alkyl: His41 (4.05 A), Met49 (3.75 A), Ala 191 (4.34 A)

CONCLUSION

In this study, we have demonstrated the potential of lapachol,
a-lapachone, and f-lapachone as main ligands for the SARS-CoV-2
and that SARS-CoV-2 Mpro and hACE-2 may be a viable target for
antiviral development. Molecular dynamics simulations were performed
on protein-ligand complex using Desmond at 100 ns to investigate
their binding conformational stability. The stability of the protein—
ligand complex was observed to be maintained throughout the 100 ns
simulations based on RMSD, RMSE, and protein-ligand interactions.
Also, all the amino acid interactions identified during docking studies
of the bioactive compounds were also shown during the dynamic
simulation study. Especially, lapachol was found that have tightly
bound to Mpro crucial residue Cys145 with a significant —51.1813 +
5.14 kcal/mol AG Bind score. As per pharmacokinetics investigation, the
compounds showed excellent drug-likeness properties. This study shows
the effectiveness and importance of studying protein-ligand complex
stability via dynamics to corroborate docking studies. Furthermore,
these bioactive molecules would have the potential to act as promising
drug candidates and could be utilized for further investigations as a
template against SARS-CoV-2 with mandatory in vitro assays, before
their evaluation in patients through clinical trials.

Our work shows the importance of studying protein-ligand complex
stability via dynamics to corroborate docking studies. Although the
results seem promising, it is important to validate this activity. Therefore,
these molecules should be further investigated for in vitro and/or in vivo
antiviral activity. They may also be used as templates for the development
of future drugs against SARS-CoV-2 and other coronaviruses. Thus,
these data may provide relevant information to advance our ability to
combat COVID-19.
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