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ABSTRACT

The COVID-19 pandemic caused by SARS-CoV-2 infection is of global concern. The SARS-CoV-2 main protease
(MP©2, PDB ID: 6LU?7), is an important SARS-CoV-2 enzyme in mediating viral replication and transcription, making
it very strategic to be a drug target. Amentoflavone and its derivatives underwent molecular docking and 3D ligan-
based pharmacophore modeling to analyze their molecular interactions against MP™? and evaluation for their
absorption, distribution, metabolism, excretion, (ADME) properties. Fifty-one compounds had better docking
parameters than comparison compound (remdesivir) and S29 is the best-docked compound (AG= -13.06 kcal/mol).
Amentoflavone derivatives are promising candidates for novel anti-COVID agents.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a contagious and multi-organ disease caused by a viral infection
called severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). SARS-CoV-2 is mainly
transmitted through air droplets and direct contact. The disease was first identified in December 2019 in
Wuhan, China, and has since spread globally, resulting in the ongoing COVID-19 pandemic. At the end of
April 2021, there have been 140 million people confirmed positive for SARS-CoV-2 infection with a total
more than 3 million of death.! Vaccine are currently being developed, however; no single antiviral drug is
proven effective for severe cases. Discovering antiviral drugs is essential to contain this global burden.>*
SARS-CoV-2, a member of the B-coronavirus family, is characterized as a single-stranded RNA enveloped
in 60-100 nm diameter oval/round-shaped membrane covered by spike glycoproteins. The SARS-CoV-2
RNA chain (~30,000 nucleotides) has approximately 80% identical nucleotides sequence to that of SARS-
CoV, the culprit of the SARS 2003 outbreak.* ° It is comprised of a replicase enzyme gene that encodes
two overlapping polyproteins, ppla and pplab, essential for viral replication and transcription. SARS-CoV-
2 infects cells via membrane fusion initiated by binding between its spike glycoproteins to angiotensin-
converting enzyme 2 (ACE2) protein —which is highly concentrated in the surface of the airway epithelial
cells. Once viral RNA materials are released into cell cytoplasm and being translated to polyproteins,
SARS-CoV-2 main protease MP™? (PDB ID: 6LU7) (also named as chymotrypsin-like protease (3CLP™?)
leads proteolytic processing by digesting the polyprotein conserved sites, starting with the autolytic
cleavage of this enzyme itself from ppla and pplab. This proteolysis generates functional polypeptides to
facilitate virus replication (Fig.-1).*

The complete structure of SARS-CoV-2 MP™? was discovered in February 2020, two months after the initial
outbreak. The SARS-COV-2 MP*? (also named 3CLP®? Protein Data Bank (PDB) ID: 6LU7) has a
remarkable 96% amino acid sequence identity of SARS-CoV MP* (3CLP™, PDB ID: 1UJ1) and their crystal
structure is also highly similar.!! The catalytic amino acid of MP2 is represented by dyad His41 and Cys145
which are conserved in both SARS-CoV and SARS-CoV-2 by cleaving the viral polyprotein at eleven
conserved sites through recognizing sequence Leu-Gln|Ser/Ala/Gly.® The root-mean-square deviation

Rasayan J. Chem., 14(3), 1469-1481(2021)

http://doi.org/10.31788/ RJC.2021.1436172 This work is licensed under a CC BY 4.0 license.



RASAYAN J. Chem.
Vol. 14 | No. 3 |1469-1481| July - September | 2021

(RMSD) of the backbone root between these two proteins is only 1.4 A, less than the 2.0 A cutoff.” The
similarities of their catalytic amino acids and their amino acid target sequence on viral polyprotein are an
indicator of efficient inhibition by the same inhibitor.

As a 33.8-kDa enzyme, MP™? is among the highly conserved non-structural SARS-CoV-2 proteins and also
lacks closely related homologs in humans. Consequently, inhibiting SARS-CoV-2 MP™? should not be toxic
to humans. Since MP™? is indispensable for viral replication and infection processes, inhibiting MP™2
enzymatic activity would block the viral life cycle. These properties make MP™ a valid and very attractive
drug target.>*
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Fig.-1: The Structure of SARS-CoV-2 and its Replication Mechanism

In SARS-CoV-2 infected patients, the immune system responds by mobilizing inflammatory cells. If a
bacterial infection concurrent, inflammation might progresses severely and rapidly destroy lung tissue,
leads to systemic hypoxia and multi-organ failure which often fatal.® The current COVID-19 treatment
guidelines are either loosely based on the regimen involved in The Solidarity Trials or according to
local/national guidelines. Drugs evaluated in The Solidarity Trials are anti-Ebola (remdesivir), anti-HIV
(lopinavir and ritonavir combined), and a combination of anti-HIV with interferon-beta, each in comparison
to the local standard of care.!” Generally, antiviral drugs have mild adverse effects, however, their efficacy
to disturb SARS-CoV-2 replication is still unclear. Drugs proposed to inhibit viral entry, e¢.g. camostat
mesylate, are still under investigation.!! Chloroquine (and hydroxychloroquine) which was presumed able
to disturb viral endosomes, is also banned from further research due to its null benefit for COVID-19
patients.'” Based on recent reports, there is no anti-SARS-CoV-2 drug with a clear action mechanism that
can be relied upon.'?

Amentoflavone (C3oHisO10), a natural polyphenolic compound found in Calophyllaceae, Clusiaceae,
Cupressaceae, Euphorbiaceae, and Selaginellaceae family and Calophyllum, Garcinia, and Selaginella
genus is a biflavonoids (dimeric apigenin) which is linked by covalent bonds between C3'-C8’” atoms (Fig.-
2).

OH O

Fig.-2: The Structure of Amentoflavone.!!
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The hydroxyl groups on the C5, C7, C4’, C5”’, C7"’, and C4’*’atoms can be easily substituted with other
groups to obtain derivative compounds. Amentoflavone has many natural derivatives and is also reported
to have antiviral and antibacterial activity, including a potent noncompetitive inhibitory activity against
3CLP™ of SARS-CoV.!314 MP™2 also has a similar characteristic as observed in other coronavirus proteases
in cleaving proteins after the Gln residue. Hence, amentoflavone and its derivatives might also have
inhibitory activity towards MP™*. This study reports molecular docking to obtain structural information
among amentoflavone and its derivatives against MP™? and further virtual screen these pharmacophores as
the starting point for structure-guided drug discovery. Due to the mutagenic potential of amentoflavone, it
is crucial to obtain suitable derivatives that maintain MP®? inhibitory activity but also have excellent
pharmacological properties including the lowest toxicity."

EXPERIMENTAL

Hardware and Software

A personal computer with 6-cores 12-threads AMD Ryzen 5 2600, 3.4 GHz CPU with Radeon RX 570

GPU and 16 GB RAM was employed and equipped with the following software for /n-silico studies:

1. The ChemOffice 2010 and ChemDraw Ultra 12.0 software (PerkinElmer Inc., downloaded from
http://www.cambridgesoft.com) for drawing 2D structures and convert them into 3D structures,

2. LigandScout Advanced 4.1 software (Wolber and Inte: Ligand GmbH, downloaded from
http://www.inteligand.com/ligandscout/download.shtml) for pharmacophore modeling,

3. AutoDock 4.2.6 and AutoDockTools 1.5.6 programs (The Scripps Research Institute, downloaded from
http://www.autodock.scripps.edu) for molecular docking simulations,

4. BIOVIA Discovery Studio 2017 R2 Client (Dassault Systémes, downloaded from
http://www.accelrys.com/) for visualization of PDB complex, the bond between ligands and receptors,
geometry optimization, and overlays during the validation process,

5. PreADMET webserver application (Bioinformatics and Molecular Design Research Center; available at
https://preadmet.bmdrc.kr/adme/) for ADME properties evaluation, and

6. admetSAR webserver application (Shanghai Key Laboratory of New Drug Design, China; available at
http://Immd.ecust.edu.cn/admetsar?/ also for ADME properties evaluation.

Acquisition of Chemical Structure

The 3D structure of the MP™? was downloaded from Protein Data Bank (PDB) (http://www.rscb.org, PDB
ID: 6LU7). As a result of the X-ray crystallography depiction, MP™? (6LU7) was complexed with N3
inhibitor molecules. The separation was performed using the BIOVIA Discovery Studio. The 3D structure
of the ligands (amentoflavone and its derivatives) was drawn and has been optimized using ChemOffice
2010, and ChemDraw Ultra 12.0 (PerkinElmer Inc.). Seven commercially available drugs included in The
Solidarity Trial and local COVID-19 treatment guidelines (Azithromicyne, Favipiravir, Lopinavir,
Nelfinavir, Oseltamivir, Remdesivir, and Ritonavir) were chosen as comparison compounds. Their 3D
structure was downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/).

Molecular Docking Simulation

6LU7 and all ligands (including comparison compounds) were prepared using AutoDockTools 1.5.6. and
were protonated by adding hydrogen atoms to the structures. As a macromolecule, 6LU7 was added to
Kollman charges, and ligands were added to Gasteiger charges. Grid parameter data was based on a grid
box consisting of 26x54x32 points with a spacing of 0.375 A and adjusted to the active sides of 6LU7 at x
= -9,732, y = 11,403, and z = 68,925. Docking parameter data is based on the Lamarckian Genetic
Algorithm (LGA) with 100 runs, 150 population size, 2,500,000 energy evaluation, 0.02 gene mutation
rate, and 0.8 rates of crossover. Ligands with the lowest bond energy (AG) to 6LU7 were selected and each
interaction with 6L.U7 was further characterized (LigandScout Advanced 4.1). Therefore, as mentioned by
Murthy and Nasaiah (2019) and Muchtaridi et. al, all the compounds are ranked based on the docking
parameter (Gibbs free energy), key amino acid interaction, several clusters, and inhibition constant.?'-33

3D Ligan-based Pharmacophore Modelling
The 3D ligan-based-pharmacophore modeling is performed on the X-ray crystallography structure of N3-
inhibited 6L U7 (LigandScout Advanced 4.1). Amentoflavone and its derivatives were screened through the
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model that has already build with the 3D-ligand based pharmacophore modeling and scored that expressed
as a percentage of the pharmacophore-fit score.

ADME Prediction

ADME predictions including Human Intestinal Absorption (HIA), Caco-2 cell absorption (oral absorption
estimates), plasma-protein binding (PPB) penetration, and blood-brain barrier (BBB) penetration, and
significant descriptors of drug-likeness such as mutagenicity, toxicological dosage level for different
tissues, and pharmacologically relevant properties of the compounds were predicted using web applications
at PreADMET server (https://preadmet.bmdrc.kr/adme/) and admetSAR server
(http://lmmd.ecust.edu.cn/admetsar2/).

RESULTS AND DISCUSSION
Receptor Preparation and Validation
The X-ray structure of MP™? (complexed with N3 inhibitor, PDB ID: 6LU7) selected for molecular docking
studies to amentoflavone and its derivatives was the first PDB published (March 18, 2020) and the only
available MP™? structure when our preliminary docking studies were started: (xavlxx: N-[(5-methyl
isoxazole-3-yl)carbonyl] alanyl-L-valyl-L-N~1~-((1R,2Z)-4-(benzyloxy)-4-oxo-1-[[(3R)-2-
oxopyrrolidin-3-ylJmethyl]but-2-enyl)-L-leucinamide). The 6L.U7 has already specified with the value of
the experimental resolution (2.16 A), R-value work (0.202), R-value free (0.235), and R-value observed
(0.204). The X-ray structure revealed that N3 formed a covalent bond with Cys145 and a conventional
hydrogen bond with Glu166, GIn189, Thr190, His163, Gly143, And His164."
Before molecular docking was performed, N3 was extracted from the MP™? structure and re-docked back
to MP™2 to verify that the molecular docking software can reproduce the agonist conformation of N3. The
result is valid when an RMSD value obtained is <2.0 A.” The best-docked N3 conformation showed an
RMSD of 1.77 A compared to the original MP? X-ray conformation.!! (Table-S1, Supplementary Data).

Modification of Amentoflavone to Produce its Derivatives

The design of amentoflavone and its derivatives are shown in Table-S2 (Supplementary Data). Modified
structures of amentoflavone are obtained from natural derivative compounds (NDC) that are present in
plants (9 compounds) and from artificial modification. NDC structure data was downloaded from
PubChem. Artificial modification of amentoflavone was focused at C7, C4’, C7°’, and C4’”’ atoms due to
its versatility for substitution with methoxy and methylcyclohexane, in particular, to increase their
hydrophobicity.'?

Besides that, the structure modification is aimed to give higher flexibility to the ligands. This way is
conducted to influence the binding mode of interaction of the ligand to its receptor. According to Koshland
(1958) as cited by Megantara et.al, the receptor will re-shape its conformation as the penetration of ligand
occurred to provide accessibility for the ligand-binding.*

Forty-two artificial derivative compounds (ADC) were obtained, coded as H1-H6 and S1-S36. The 2D
structure of ADC was drawn with ChemDraw Ultra 12.0 and converted to 3D by Chem3D Ultra 12.0. The
predominant conformational ligand structures (the correct geometry and conformation) of each ADC have
been determined by energy minimization calculations using the Austin Model (AM1) semi-empirical
method.

Drug-likeness Evaluation

The drug-likeness of amentoflavone derivative compound was identified with Lipinski’s Rule of Five
(RO5) as follows: molecular mass <500 Da, hydrogen bond donors <5, hydrogen bond acceptors <10, and
logP <5. A compound that fulfills RO5 (no more than one violation) is associated with 90% of orally active
drugs thus has to achieve phase II clinical status, otherwise, there is a high probability of oral activity
problem.!® Table-S3 (Supplementary Data) shows that 38 amentoflavone derivative compounds pass RO5
criteria, except their molecular weights (>500 Da). However, since MP™? is not a viable target for small-
molecule inhibitor <500 Da, the exception in this regard is amenable for SARS-CoV-2 antiviral drug design,
as keeping the rest of the RO5 parameter has met.'’
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Table-S3 shows that the best-docked amentoflavone derivative compound (S29) has two ROS5 violations
(i.e. molecular weight 620.2 g/mol and logP 5.26), thus may not be concluded as a druglike compound.
However, logP of 5.2 might be acceptable because it falls in the percentile of 10-90% compared to over
1,000 orally administrated FDA-approved drugs.'®

Fulfilling the ROS5, however, is not a guarantee of drug-likeness because ROS5 explained no specific
chemistry structural features found in drugs or non-drugs.'” Therefore, a compound with more than one
ROS violation can be formulated into non-oral preparation, once their parameters and property range
differences from oral drugs have been cautiously considered, in this case as an intravenous or inhalation
preparation.'® Inhalation drugs tend to have a higher polar surface area (PSA) because pulmonary
permeability is less sensitive to polar hydrogen-bonding functionality.”” However, inhalation preparation
might have its relevance since the most affected by SARS-CoV-2 infection is the respiratory system.’

Molecular Docking Simulation
Targeting the key residues (catalytic amino acid) in the active site of MP™? is the main inhibition strategy
to inactivate the MP™? proteolytic function. The active site of MP*? consists of Thr24, Thr26, Phe140,
Asnl42, Gly143, Cys145, His163, His164, and Glu166 residues while Cys145 plays the role as the catalytic
amino acid during proteolysis by cleaving sequence Leu-Gln | Ser/Ala/Gly.> The hydrogen bond between
protein side chains and the drug is fundamental for inhibition and stability, thus play a significant role in
drug-receptor interaction. The distance between the hydrogen-bond donor and acceptor (the shorter, the
stronger) determine the strength of a hydrogen bond.*!
As mentioned above, the MP™? structure was obtained in a form of complex inhibition with N3. Table-2
shows that N3 has two short and strong hydrogen bond: Cys145 (1.8 A) and His163 (2.4 A); and five
moderate hydrogen bonds: Gly143 (2.9 A), His164 (2.8 A), Glul66 (2.8 A), GIn189 (2.9 A), and Thr190
(2.8 A). Table-1 shows molecular docking parameters from seven comparison compounds (drugs
commonly used in COVID-19 guideline therapy), lead compound (amentoflavone), NDC, and ADC. Sixty-
one compounds had a better affinity (AG) than remdesivir (-8.38 kcal/mol) and lopinavir (-9.86 kcal/mol),
two promising protease inhibitors involved in The Solidarity Trial. Among amentoflavone derivatives, S29
is the best-docked molecule (-13.06 kcal/mol) by binding to Glu166, Asn142, Met49, Phe40, Ser144, and
more importantly Cys145 residues via hydrogen bonds (Fig.-3), a crucial aspect in MP®? inhibitor design.
Besides, the S29-MP™? interaction is strengthened and stabilized by several amino acids whose very strong
hydrogen bonds: Ser144, His63, Phe140, and Thr190 (Table-1, Fig.-3).
Twenty-four natural and artificial amentoflavone derivatives pass the molecular docking simulation
screening based on the following parameter: able to bind Cys145, lowest Gibbs’ energy, and highest affinity
(smaller Ki) (Table-1, bold): garciniaflavone A, garciniaflavone F, pyranoamentoflavone,
taiwanhomoflavone A, taiwanhomoflavone B, H1, H3, H4, H5, S1, S2, S5, S6, S14, S22-24, S26, S27, S29,
S30, S32, S34, and S35.

Table-1: Molecular Docking Parameters of Comparison Compound, Amentoflavone, and its Derivatives

. .. AG . Ligan-Receptor Interactions
No Ligand Origin Ki
(kcal /mol) Hydrogen Bond Van der Waals
. . 165.41
1 Azithromycin CcC -5.16 oM - -

678.11 |Asnl42, Gly143,

2 Favipiravir CC -4.32 uM Cys145, Serl144

Leul41, Phel40

Alal91, Thr190, Met165,
GIn189, His164, Argl88,
3 Lopinavir CcC -9.87 58.65 nM - Aspl87, Met49, His163,
Leul41, Phel40, Asnl42,
Gly170, Leul67

Thr190, Alal91, GIn192,
Argl88, Gly143, Serl144,
Leul41, His172

Glul66, GIn189,

4 Nelfinavir CcC -9.86 59.52 nM Phe140, His] 64
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.. Thr190, GIn192, Argl88,
5 Oseltamivir CcC -7.61 2.62uM | Glul66, GInl189 Aspl87, His141, Tyrs4, Met49
Aspl87, His164, Glul66,
6 Remdesivir cC -8.38 71?\'420 Lc*lnllflg’:er‘l‘j’z Phe140, Ser144, Gly143,
n cuial, Asn Asn142, Thr4s
Leul67, GIn192, Val186,
7 Ritonavir CcC -8.82 342.66 | Glul66, Glnl89, Thr190, His164, His41, Tyr54,
nM Metl65, Argl88,
Aspl87
Guto st | T Ve
8 Amentoflavone PC -10.68 14.93 nM | Phel40, His163, ’ ’ ’
Cvsl45 Leul4l, Ser144, Asnl42,
y Gly143, Leu27
Gt iy | N BT el
9 | Garciniaflavone A | NDC -8.17 1.03uM | Gly143, Ser144, GIn189, Leul67, Prol68, His
Cys145
164
Ser144, Leul41, Phel40,
.. 356.56 His172, Asnl142, Leu27,
10| Garciniaflavone B NDC -8.8 Y Metl65, Gly143 Aspl87, Argl88, Val186,
GIn192, His164, Glul66
Gly143, Leul4l, |Asnl42, Ser144, Phel40, Met49,
11| Garciniaflavone C NDC -11.02 8.32nM | His163, GIn192, His164, Asp187, Argl88,
Thr190 Alal91, Leul67
Alal91, Leul67, Argl88,
.. His163, Leul4l, His172, Asp187, His164,
12| Garciniaflavone D | NDC | -11.38 | 4.570M | 510195 “Thr190 | Glul66, Phel40, Metd9, Serl44,
Asnl42, Gly143
Leul4l, Asnl42, His172,
Glul66, Metl65, His172,
13| GarciniaflavoneE | NDC | -9.85 |59.75nM Glyll‘_? ’15663“44’ Phe140, His164, Arg188,
1S Thr190, Alal91, GIn192,
Leul67
Glul66, Gly143, Met49, Leul41, Asnl42,
14| Garciniaflavone F NDC -9.65 85.07 nM | Cys145, Ser144, His164, Argl88, Thr190,
His163 Alal91, His172, Phe140
Glul66, Asn142, Argggl%;rgfrfs%l%ngigs’164
15 |Pyranoamentoflavone| NDC -10.28 29.01 nM | Cys145, His163, Ser144, Phel40, Leul67,
Leul4l
GIn192.
Taiwanhomoflavon Phel40, His163, His172, Met165, Alal91,
16| 1AW ‘; orlavene | \pc | -10.56 |18.22nM|Leul4l, Cysl45,|  Thr190, GIn192, Argl88,
Sser144, GIn189 Asnl42, Gly143, Leu27
. Glul66, His163, Metl65, Phel40, Asnl142,
17 Ta‘wa“h"l;“"ﬂav"“e NDC | -8.67 4‘:121\;34 Serl44, Leul4l, | Gly143, Leu27, His41, Gly143,
Cys145 Met49, Leul67, Pro168
Alal91, GIn189, Leul 67,
) 110.85 | His164, Cys145, | Argl88, Asp187, Tyr54, Met49,
18 HI ADC 9.49 nM Thr190, Prol68 Asnl42, Gly143, His163,
Glul66
Glul66, Leul 67, GIn192,
Prol68, Alal91, Argl88,
19 H2 ADC -11.89 1.92 nM Thr190 His164, Asp187, TyrS4, Asn142,
GIn189, Serd6
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LeuS0, Ala191, Thr190, GIn192,
20 H3 ADC | -1099 | 8.80nM GI“IC“’S 32189’ His163, Asn142, Arg188,
y His164, Asp187, Tyrs4
. His163, Glu166, Gln189,
21 H4 ADC | 992 |53.91nM Cy“;g;g}fm’ Pro168, Ala191, Leul67,
Argl88, Asppl87, Tyr54, Met49
L4654 |Asn142, Leuldl,|  Thr190, Alal91, GIn192,
22 H5 ADC | -9.32 | Cys14s, Hisl63, |Leul67, Argl88, Tyrs4, Glul6e,
Prol68 His164, Ser144, His172, Phe140
Thr190, GIn189, His164,
490.73 Aspl87, Tyr54, Argl8s,
23 He6 ADC | -12.7 M Glul66 Met165, His163, Asn142,
Phel40, Gly143, Leul41, Ser144
Célusl4656,5;1e11:10 > | His172, His163, Asn142, Ser46,
24 s1 ADC | -10.85 |11.14nM| 2532w 1 GIn189, Argl88, GIn192,
Serd4, Gly43, Leul67
Thr190 e
Glul66, G189,
Phel40, Leul4l,|  Thr190, Alal91, GIn192,
2 S2 ADC | -10.59 1733 M g0 144 Cysds, | Argl88, Metd9, Asn142, His163
Gly143
Asnl42, Serl44, Gly1143,
26 S3 ADC | 1079|1230 nm| 10166, G189 1y 7 Histed, ArglSs, Alal91
GIn192, Thr190
Leul67
Asnl42, Phe40, Ser144, His163,
27 S4 ADC | -10.82 |[11.68nM ilrnllgg% CLH;I&ZI’ His164, Asp187, Tyr54, Val186,
£196 Thr190, Ala911, Leul67
GIn92, Argl88, |Phel40, Ser144, His164, Met49,
28 S5 ADC | -10.17 |35.36nM|Cysl45, Leul4l,| GInl89, Vall86, Thr190,
His163, Asnl1142 Leull67, Alal91
29 S6 ADC | -10.7 |14.34nM Arglijzl,ﬂcl};:lms, Vali86, Ghal89, The190,
Alal91, Leul67
Glul66, GIn189, |Leul67, Ala191, His164, Met49,
30 S7 ADC | -1044 1 22.120M 1 11195 The19|  Asnl42, Lew27, Gly143
Argl88, Aspl187, GInl189,
144.92 |Glul66, Met165,|  Prol68, His172, Phel40,
31 S8 ADC | -9.33 oM | Hisl64, Hisél | Leul4l, Serl44, Asnl42,
Gly143, Leu27
Leul67, Asnl42, Gly143,
32 $9 ADC | 929 | 13445 |Glul66, Thri90. |o s Nretao, Hisled, Arglss,
nM GIn190
Alal91
Serd6, LeuS0, Thr25, Gly143,
33 S10 ADC | -11.08 | 7.55mm | G166 Thri90 4 G145 His164, Alalo11,
GIn1192
Leul67
Glu166, GIn189 .
i ’ |Leu67, Alal91, Argl88, His164,
34 S11 ADC | 105 |20.19 nM| Thr190, GIn192, | /T2 o0 )28 A hia
His41
Leu67, Alal91, Argl88,
35 S12 ADC | -10.88 [10.61 nM Glulg&g‘zﬂgo’ Aspl87, His41, Leu27, Serl44,
Asn42, Gly43
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Glul66, GIn89, [Asn142, Met49, Gly143, His164,
36 S13 ADC | -1023 13179 My 196 Gln192 Argl88, Alal191, Leul67
gﬁ;‘g’ ‘:inigg’ Leu67, Alal91, Thr190, Val86,
37 S14 ADC | -10.48 |20.94 nM - AT810% 1 G1n189, Metd9, Asp187, His164,
Cysl145, Leul4l,
. Serl144
His163
Ser144, His163, His164, Tyr54,
38 S15 ADC | -10.71 |14.17 nM PGhlfll149% isrnll‘;zg’ Mer49, GIn189, Val186, Thr190,
- ATE Alal91, Leul67
Glu66, GIn189, Asnl42, Gly143, His164,
39 S16 ADC | -10.57 | 17.98 aM | 1y 190 GIn192 Alal91, Leul67
Arg188, GIn189, Asp187,
Glul66, Metl65, Pro168, His172, Phel40,
40 S17 ADC 978 16774 0M | T 164, Hisdl Leul4l, Serl44, Asn142,
Gly143, Leu27
GIn189, Leul 67, Alal9l,
41 S18 ADC 938 132.08 | Glu166, Thr190, Arg188, His164, Met49, Cys145,
nM | GInl192, Gly143
Asnl42
Asnl42, Gly143, Thr25, Leu27,
42 S19 ADC | -11.14 | 6.80nM Glulgﬁ;g‘zﬂgo’ His164, Leul67, Ala191, LeuS0,
Ser46, GIn89
Thr190, Alal91, GIn192,
43 $20 ADC | -10.41 [23.35nM (sﬂuiii’ gﬁ“}ig’ Arg188, Asn1142, Gly143,
erias, the Leul4l, His163, His172
Thr190, Alal91, GIn192,
44 S21 ADC | -10.62 |16.44 nM ?)EHITO’ Cs}hﬁi?( Argl88, Asn1142, Gly143,
oL, se Leul4l, His163, His172
Glul66, Asnl42, Ser144, His163, Leul4l1,
45 S22 ADC | -1046 [21.55nM | Phel40, His172, |GIn189, Asp187, Tyr54, Argl88,
Cysl45 Thr25, His164, Met49, Gly143
};I}?ellgg’ ée‘slii;’ Ser144, Asn142, Leul67,
46 $23 ADC 9.99  [47.94 nM | 518102 RYSIAS L A1a191, Val186, GIn189,
Gln192, Argl88, Aspl187, Met49, His164
Thr190 spres, MetEs, Hhs
Asnl42, Gly143,|  Glul66, GIn189, Leul67,
Cysl45, Argl188,|  Prol68, Alal91, Vall86,
47 S24 ADC -9.62 89.00 M GIn192, Thr'190, | Asp187, Pro52, Tyr54, His1164,
Met49 His163, Ser144, Phel40
Glul66, GIn189, | Leu27, Gly43, Met49, Asn142,
48 825 ADC | 1037 124.96 nM | 1y 90” Gin192. Leu67, Ala191, His164
15957 | Thr190,GIn192, | Leul67, Serld4, Gly143,
49 $26 ADC 927 "M | Cys145, Hisl64, | Asn142, GInl89, Arg188,
Leuldl Alal91
136.54 %ll‘ﬂgg’ gllniig’ Leul67, Prol68, GIn192,
50 S27 ADC 9.37 : YIRS Arg188, Asnl42, His163,
nM Cys145, Serl144, Leul4]. His172
Phe140 2
Alal191, Thr190, GIn192,
51 $28 ADC | -10.88 |10.67 nM (s}hﬂji’ Sﬁniig’ Ser46, Asn142, Gly143, His163,
erias, the Leul41, His172
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274.93 Glul66, Asnl42, | Gly143, Ser46, Pro168, Thr190,
52 S29 ADC -13.04 M Met49, Phel40, |GIn192, Argl188, Tyr54, Asp186,
p Cys145, Ser144 |His172, His163, His164, Leul41
Pro168, Thr190, GIn192
Glul66, Argl88 A ’ ’
390.94 - i Aspl187, His164, Serl144,
>3 830 ADC | -12.83 pM Asnlc“zgﬂ‘?& > Phe140, Leul41, Leu27, Gly143,
y GIn189
Thr25, Ser144, His163, His164,
54 S31 ADC -12.33 9091\‘424 ilsl;ll?g’ Igllelli% His172, Asp187, Tyr54, Argl88,
P s GIn189, Leul4l
Glul66, GIn192, His164, GIn189, Val186,
55 S32 ADC -10.4 23.79 nM | Arg188, His163, Thr190, Alal91, Leul67,
Leul4l, Cys145 |His172, Asn142, Phel40, Ser144
GIn1189, Thr190,
GInl1192, Leu27, Tyr54, Pro52, Asp187,
56 S33 ADC -11.1 7.26 nM | Arg188, Asnl42, Vall86, Leul67, Alal9l,
Gly143, His41, Prol168, Glul66, Leul41
Ser144
Glul66, GIn89, Alal91, Thr190, Argl88,
Cysl45, His41, |GIn1192, His164, Met49, Thr25,
37 834 ADC -11.37 4.62nM Leul4l, Glyl143, | Leu27, Asn42, His163, Phel40,
Serl44 Leul67, His172
Thr190, GIn92, |  Aspl87, Argl88, Alalol,
Prol168, Gly143, GIn189, Leul67, Asnl42,
38 835 ADC | 1082 | 1168 nM (145 Serl44, | Glul66, Hisdl, His172, Phel40,
His163 Leul41
Glul66, Phel40, Aspl87, GIn192, Argl88,
59 S36 ADC -10.99 8.78 nM | His163, Ser144, | Thr190, Pro168, GIn189, Ser46,
Asnl42 Gly143, Leul41, His172

Where: CC- Comparison Compound, NDC- Natural Derivative Compound, ADC- Atrtificial Derivative Compound, AG- Gibbs
Energy, Nm- nanomolar, pM- picomolar.

However, the key amino acid residue in the pocket of 6L U7 and the 3D structure of the active center of
proteases are also important parameters to be further analyzed.® Table-2 shows that S29 has a strong binding
at catalytic amino acid Cys145 and also four other strong bindings to the surrounding amino acid sequences
at MP™? active site, suggesting that S29 potentially inhibits MP™? enzymatic activity better than N3.

Table-2: Comparison of Hydrogen Bond Distances in the Interaction between MP™? Inhibitors and their Binding
Target in MP™? Active Site Amino Acid Sequences

Remdesivir S29
Mpro2 . N3. (comparison Amentoflavone (derivative
active (native ligand) compound) (lead compound) compound)
sites
R (A)* |Strength | R (A)* |Strength ( A)I: Strength  |R (A)* |Strength
Phel40 - |- - |- - |- 2.41 [Strong
Asnl42 - |- - |- - |- 2.11 |Strong
Gly143 2.9 |Moderate - |- 2.01 - |-
Cysl45| 1.8 |Strong 3.89 [Weak 4.10 flem"“a“ 2.06 |Strong
His163 2.4 |Strong - |- 2.13 |Strong - |-
His164 2.8 [Moderate - - 3.07 |Moderate - |-
Glul66 2.8 |Moderate 2.37 |Strong - |- 2.21 [Strong
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GIn189 2.9 [Moderate 1.95 |Strong - |- - |-

Thr190 2.8 |Moderate - |- 1.95 |Strong - |-
Highlighted bold: Catalytic amino acid of the active site of MP™2 (PDB ID: 6LU7)

FHELAA

THRZSA

SN [Eiead
= B

PHET404

THR190A
<
CYST45A HO

TN
RO,

MET494

q
ASM142A

ay

"2 and N3 (as a Native Ligand) (A) and S29 (B), the Best-docked Compound

Fig.-3: Molecular Interaction between MP

3D Ligan-Based Pharmacophore Modeling

Pharmacophores modeling was carried out to evaluate the similarity of the bonds of a test ligand
(amentoflavone and its derivatives) with previously known active ligand at MP™? active site, in particular at
the catalytic amino acid (Cys145).22 A 3D ligan-based pharmacophore modeling determines the ligand’s
part responsible for biological activity. A validated 3D ligan-based pharmacophore model (by an algorithm
in LigandScout 4.1 Advanced) was utilized to virtually screen amentoflavone and its derivatives. Validation
was performed using an active set (100 ligands that are active at certain receptors with known ICso value)
and a decoy set (400 ligands with a similar structure to the active set but inactive against the receptor)
obtained from http://dude.docking.org.??

The best 33623 hits were obtained from screening; all were from the active set (Fig.-4). The enrichment
factor value of 100% (EF100%) of 1.1 and area under curve 100% (AUC 00%) of 0.60 were achieved. The X-
axis on the receiver operating characteristic (ROC) curve is the speed of the active composition and the Y
velocity is the speed of the feed composition. The ROC curve follows a diagonal line representing a
randomized classification model unable to distinguish between active and decoy ligands. The
pharmacophores modeling has been properly validated because it has a value (AUCio0%) of >0.5.%

3D pharmacophore modeling of Amentoflavone and its derivatives are reported in Table-S5 (showed as
pharmacophore-fit score) that can measure the geometric fit of the mode of interactions of a ligand to
expressed model. A higher fit score, a better similarity to the expressed model. Therefore, the ligands that
fit the pharmacophore model show activity at 6LU7 because not all of the mode of interaction of the model
will be matched any two features that omitted during the virtual screening process. In this case, mode of
interactions that do not be matched showed in lower pharmacophore fit scores. The pharmacophore-fit
scores of amentoflavone and its derivatives (35.69 to 45.01) were all higher than the parent compound
(35.71 t0 37.65), and its lead compound, amentoflavone (35.69). S12 has the best pharmacophore fit scores,
indicates that its chemical interaction aligned best to the mode of interaction of the database of actives
model.
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33623 hits
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Sensitivity (% selected ligands)

200%  400%  60.0%  80.0%  100.0%
1 - Specificity (% selected decoys)

Fig.-4: ROC Curve on the Validation of the Pharmacophores Modeling Method
ADME Prediction
The parameters used in the ADME prediction are human intestinal absorption (HIA), Caco-2, plasma
protein binding (PPB), and blood-brain barrier (BBB). HIA shows the amount of a compound that can be
absorbed by the human intestine. Caco-2 cells (human colon adenocarcinoma) are substitutes for human
intestinal epithelial cells used to estimate in vitro drug permeability. PPB was evaluated by simulating the
attachment to plasma protein (mainly albumin). Anti-SARS-CoV-2 drugs are not designed to penetrate the
BBB to avoid psychotropic side effects,”* hence drugs that penetrate BBB will be excluded.
Table-S4 (Supplementary Data) shows that all amentoflavone derivative compounds have the potential to
be absorbed in the intestine and have better permeability potential compared to remdesivir. Various
amentoflavone derivative compounds have a higher PPB value than comparative drugs. As a note, PPB
value >99% may still be tolerated since free drug concentrations can still be provided.”* However,
compounds H2, H3, H6, S1, S10, S19, S28, and S34 have to be excluded from potential MP*? inhibitors
since they did not satisfy BBB parameters.
Recently, amentoflavone has been reported as among top-ranking compounds whose stronger binding
against MP™? in comparison to millions of natural compounds, FDA-approved drugs, and drug candidates
in clinical trials in several molecular docking studies (smallest AG: —9.28 kcal/mol).?>?” In the current
study, several amentoflavone derivative compounds have been subject to molecular docking simulations
against MP©2, Not only these efforts might reduce mutagenic and toxicity potentials of the native
amentoflavone, but an approximately 50 times stronger binding affinity was also potentially achieved (Ki
of S29 and amentoflavone, 275 pM and 15 nM, respectively).
The main characteristics of potent MP™? inhibitors are the presence of multiple bi- and monocyclic rings
(mostly heterocycles and aromatic), which can make a ligand-target interaction of the MP™? active site
especially at the catalytic dyad residues (His41 and Cys145).% A strong hydrogen bond to Glul66 is also
suggested essential for affinity strength during Mpro2 inhibition, as characterized by several potential MP™2
inhibitors (including amentoflavone).?® Molecularly, S29 as the best-docked compound can fulfill the ideal
characteristics as a good MP™? inhibitor. This is because S29 can interact with the catalytic dyad from Mpro2
through the hydroxyl and carbonyl groups on the C4" and C5" atoms and can interact with Glu166 through
strong hydrogen bonds in the cyclo-oxy structure on the C1 which can stabilize the chemical interactions
between the ligands and the MP™2, Interestingly, S29 does not only feature a strong hydrogen bond to
Glu166 but also stabilized by strong hydrogen bonds against several other amino acid residues at the MP™2
active site (Table-1, Table-2). A recent study also indicates that amentoflavone is also among the top-
ranking compounds targeting SARS-CoV-2 spike glycoprotein.? If this condition is also fulfilled by S29,
its pharmacological benefits will be two-fold; inhibition of viral replication and viral entry, a rare property
among antiviral drugs. However, this speculation warrants further investigations.
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CONCLUSION
In-silico studies revealed 18 (4 natural, 14 artificial) amentoflavone derivative compounds met the criteria
as candidates for MP™? specific inhibitor and one compound among them might be formulated as an oral
preparation. These compounds may be potentially developed as anti-SARS-CoV-2 drugs.

Associated Content: The supplementary data is available by request to the authors.
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