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Abstract

Background: COVID-19, a global pandemic caused by SARS-CoV-2 infection, has led
researchers around the world to search for therapeutic agents for treatment of the disease. The
main protease (M"®) of SARS-CoV-2 is one of the potential targets in the development of new
drug compounds for the disease. Some known drugs such as chloroquine and remdesivir have
been repurposed for treatment of COVID-19, although the the mechanism of action of these
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Keywords: ) ) compounds is still unknown. In addition to these known drugs, new drug compounds such as
:;()Ociz:;zoylp inostrobin, 5-O-benzoylpinostrobin derivatives are also potentially used as SARS-CoV-2 M inhibitors.
TRedesii This study aims to determine the potential of 5-O-benzoylpinostrobin derivatives as SARS-
-SARS-CoV-2 CoV-2 MF inhibitors, compared with several other compounds used in COVID-19 therapy.

-Protease Inhibitors Methods: In silico study was carried out by molecular docking of 5-O-benzoylpinostrobin

derivatives using Autodock Vina on two SARS-CoV-2 MF™ receptors with PDB IDs of 5R84
and 6LU7. The free energy of binding was calculated and the the interactions of each ligand
were analyzed and compared with reference ligand.

Results: Three 5-O-benzoylpinostrobin derivatives each with fluoro, tertiary butyl, and
trifluoromethyl substituents at 4-position of benzoyl group showed the lowest free energy of
binding value and the highest similarity of ligand-receptor interactions with co-crystalized
ligands. These three compounds even exhibited promising results in comparison with other
reference ligands such as remdesivir and indinavir.

Conclusion: The results of this investigation anticipate that some 5-O-benzoylpinostrobin
derivatives have the potential as SARS-CoV-2 M inhibitors.

Introduction

Since it first appeared at the end of 2019 in China, the
Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) virus has become a real threat to humanity
throughout the world." Until early May 2020, more than
three million people worldwide were infected with a death
toll of nearly two hundred fifty-thousand. Aside from
its rapid spread, another factor that causes the virus to
continue to be very deadly is the possibility of mutations,
which make it difficult to develop vaccines and antiviral
drugs to treat them.??

One of the most rational strategies to overcome this is by
drug repurposing of drugs that are currently used. Besides
being able to shorten the time needed for testing, it can
also reduce the costs required for developmental process.*
However, the virus that causes a disease called COVID-19
reportedly did not respond well to pharmacotherapy with
several drugs that are currently being tested. Recent studies
reported by Wang et al. demonstrated that remdesivir
which had been predicted to be effective in treating
COVID-19 did not show a significant clinical benefit.”

Several other clinical studies related to remdesivir are
still ongoing and are expected to provide more promising
results. In addition to remdesivir, other drugs that are
also being tested for COVID-19 treatment are favipiravir,
chloroquine, and hydroxychloroquine which also show
promising results.”® Testing of these drugs also continues
while exploration to find other potential compounds.
Amid limitations of drug testing for COVID-19 related to
the time and cost required for testing both preclinically
and clinically, screening of potential compounds are
carried outvia in silico approaches is the most rational
choice for COVID-19 drug discovery.”'® Some studies are
focused on investigations on several known antivirals such
as remdesivir and lopinavir,'**? while the other researches
are conducted on secondary metabolites from various
medicinal plants as candidates for pharmacotherapy
of COVID-19.”'¢ Some secondary metabolites from
medicinal plants such as andrographolide group from
Andrographis paniculata show promising results as SARS-
CoV-2 main protease inhibitors."”
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SARS-CoV-2 main protease (M, also known as 3CLP™) is
one of the attractive targets in COVID-19 therapy besides
Angiotensin-converting enzyme II (ACE2) and RNA-
dependent RNA polymerase (RdRp) because of its crucial
role in processing the polyproteins that are translated
from the viral RNA."®" Compared to ACE 2 and RdRp,
inhibition of SARS-CoV-2 M"™ shows the potential for less
significant side effects and higher efficacy, making it as the
most attractive target in developing COVID-19 drugs.”
Several new compounds have been developed specifically as
SARS-CoV-2 M inhibitors, as did Jin et al. by developing
N3 inhibitors with quite promising potential.”’ Moreover,
several other types of SARS-CoV-2 M"™ inhibitors with
smaller size such as ethanamide derivatives were also
identified.?** Exploration of SARS-CoV-2 M inhibitors
with computational methods for various compounds both
from natural metabolites and synthetic compounds was
intensively carried out to find compounds with optimum
potential and minimum side effects.*

One of the compounds that can be considered in the
development of inhibitors is 5-O-benzoylpinostrobin
(a benzoyl derivative from pinostrobin) a flavanone that
can be isolated from the Boesenbergia pandurata rhizome
in large enough quantities. Pinostrobin is known to have
antiviral activity against several types of viruses such as
Dengue and Herpes Simplex virus, although the antiviral
activity of this compound has not been studied on the
Coronaviridae family yet.” Pinostrobin is also reported to
have inhibitory activity on protease inhibitor of the virus
although it is relatively weak,* so it is anticipated that
its derivatives may have the potential for viral protease
inhibitor activity. Furthermore, 5-O-benzoylpinostrobin
compound is designed as a HER2 antagonist and evaluated
for treatment of HER2-positive breast cancer and is
currently in the stage of synthesis and preclinical testing.”
These type of compounds which also have the potential as
L858R/T790M/V948R mutant EGFR inhibitors also have
ADMET properties that support to be developed as drug
compounds, with the class IV toxicity category.”®*

The purpose of this study is to determine the potential of
5-O-benzoylpinostrobin derivatives as SARS-CoV-2 M
inhibitors, compared with several other compounds used
in the development of COVID-19 therapy. In silico research
for the 5-O-benzoylpinostrobin derivatives was carried out
using the molecular docking method, using seven drug
compounds currently developed in COVID-19 therapy
as reference ligands. A total of 14 test ligands consisting
of pinostrobin and 5-O-benzoylpinostrobin derivatives
were tested against the SARS-CoV-2 M"™ receptor which
binds to the inhibitor. Evaluation of docking results are
carried out based on two main parameters consisting of the
free energy of binding (AG) and the similarity of ligand-
receptor interactions, to be compared with the co-crystal
ligand of the receptor and the reference ligand. Test ligands
with the lowest AG values and the highest % similarity
of ligand-receptor interactions of co-crystal ligands were
subsequently determined as test ligands with the highest

potential as SARS-CoV-2 M inhibitors.

Materials and Methods

Materials

The hardware used was the ASUS A46CB series Ultrabook
with an Intel” Core i5-3337U@1.8 GHz and Windows
7 Ultimate 64-bit SP-1 operating system. The software
used were HyperChem 7.5 for molecular modeling and
energy minimization, OpenBabel 2.4.1 for ligand and
receptor format conversion, AutoDockTools 1.5.6 for
docking protocol configuration, Autodock Vina 1.1.2 for
the docking process, PyMOL 2.3.1 for docking protocol
validation, UCSF Chimera 1.13.1 for the preparation
of docking results, and Discovery Studio Visualizer
19.1.0.18287 for visualization and observation of docking
results.’** Information on three-dimensional structures of
receptor obtained from the website of Protein Data Bank
http://www.rscb.org.

Ligands preparation

The test ligands were consisted of pinostrobin and 13
compounds of 5-O-benzoylpinostrobin derivatives with
various substituent on the benzoyl moiety, while the
reference ligand was a drug compound that was being
tested in COVID-19 therapy including chloroquine,
hydroxychloroquine, favipiravir, indinavir, lopinavir,
nelfinavir, and remdesivir, as shown in Table 1. The two-
dimensional structure was sketched using HyperChem
7.5. with geometry optimization ab initio and basis set
of 6-31G*. Optimization was done by the Polak-Ribiere
algorithm and RMS Gradient of 0.1 kcal/mol. The format
of optimized structure were converted from *.hin to *.pdb
using Open Babel 2.4.1. Then the charge of the ligands
then are given the charge and set torque by default using
AutoDockTools 1.5.6.*

Receptors preparation

The receptors used are SARS-CoV-2 M (PDB ID 5R84
and 6LU7) each with a co-crystal ligand of 2-cyclohexyl-
~{N}-pyridin-3-yl-ethanamide and N-[(5-methylisoxazol-
3-yl)carbonyl]alanyl-1-valyl-N~1~-((1R,2Z)-4-
(benzyloxy)-4-oxo-1-{[(3R)-2-oxopyrrolidin-3-yl]methyl}
but-2-enyl)-l-leucinamide, respectively.*’ Both receptors
contain the main protease monomer from SARS-CoV-2
with different orientations due to different binding co-
crystal ligands. The resolution of the two receptor crystal
structures is in the range of 1.83 to 2.16 A. Information
on three-dimensional structures of receptor proteins was
obtained from the website of Protein Data Bank (http://
www.rscb.org).

Validation of docking protocol

Before the docking process for test ligands, initially the
validation of the docking protocol is conducted. The
redocking process is performed using co-crystal ligands of
each receptor.”® Both co-crystal ligands from the proteins
(PDB IDs: 5R84 and 6LU7) were extracted, added the
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Table 1. The two-dimensional structure of all test and reference ligands
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Functional group
Compounds Name
Code R, R, R,
Pinostrobin P - - -
5-O-Benzoylpinostrobin BP H H H
2-Chloro-5-O-benzoylpinostrobin 2Cl Cl H H
3-Chloro-5-O-benzoylpinostrobin 3ClI H Cl H
4-Chloro-5-O-benzoylpinostrobin 4Cl H H Cl
2,4-Dichloro-5-O-benzoylpinostrobin 24Cl Cl H Cl
3,4-Dichloro-5-O-benzoylpinostrobin 34Cl H Cl Cl
4-Bromo-5-0O-benzoylpinostrobin 4Br H H Br
4-Fluoro-5-O-benzoylpinostrobin 4F H H F
4-Nitro-5-O-benzoylpinostrobin 4NO H H NO,
4-Methyl-5-O-benzoylpinostrobin 4C H H CH,
4-Methoxy-5-O-benzoylpinostrobin 40C H H OCH,
4-Trifluoromethyl-5-O-benzoylpinostrobin 4CF H H CF
4-t-Butyl-5-O-benzoylpinostrobin 4TB H H (CH,),
Chloroquine cQ - - -
Hydroxychloroquine HCQ - - -
Favipiravir FVP - - -
Indinavir IND - - -
Lopinavir LPN - - -
Nelfinavir NFN - - -
Remdesivir RMD - - -
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polar hydrogen group, given the charge, torque, and the
rotational bonds were adjusted, then stored in the *.pdbqt
format. The co-crystal ligand was then redocked at the grid
box position and size predetermined from the orientation
result.’® The orientation is done in such a way as to obtain
the smallest size grid box that can contain the whole
ligand.”” The parameters observed in the validation process
are the root-mean-square deviation (RMSD) of co-crystal
ligand at the selected binding site using PyMOL 2.3.1. The
docking protocol is valid if an RMSD value of no more
than 2 A is obtained.®

Molecular docking

Docking for all tests and reference ligands performed in the
same way as the validation process with similar sizes and
positions of the grid box. Running for the docking process
is done with Autodock Vina 1.1.2. The main parameters
used in the docking process with Autodock Vina were the
AG and the similarity of ligand-receptor interactions.” The
similarity of ligand-receptor interactions is obtained by
multiplying the percentage of amino acid similarity with
the percentage of similarity in the type of interaction that
occurs. The higher ligand-receptor interaction similarity
indicates a higher probability that the ligand test will have
a similar mechanism of action compared to co-crystal
ligands.” The docking process is replicated five times
and the mean value for AG is used, while the standard
deviation limit values should not be more than 0.2 kcal/
mol. Ligand pose with the lowest AG is then stored in *.pdb
format using Chimera 1.13.1. Two dimensional analyses of
docking resultswere performed using Discovery Studio
Visualizer 19.1.0.

Results

Validation of docking protocol

The RMSD value obtained from the redocking process
for the 5R84 and 6LU7 receptors was 0.802 A and 1.981
A, respectively. This indicated that the docking protocol
for both receptors was valid for docking purposes. The
visualization of ligands overlays from redocking with co-

crystal ligands from crystallographic results is presented
in Figure 1. There are 14 and 25 amino acids, respectively,
that interact at the 5R84 and 6LU7 receptors. The number
of amino acids in the binding site of 6LU7 receptor are
greater than those for 5R84 due to the larger size of the
corresponding co-crystal ligand and the dimension of
the grid box. Of these, there are 14 amino acids that both
interact with co-crystal ligands in both receptors. However,
only nine amino acids have the same type of interactions
specially van der Waals interactions. In conclusion, the
redocking process shows that the docking protocol on the
two receptors can be used for the docking process. The
parameters observed in the validation process are AG and
amino acid interactions, as well as the size and coordinates
of the grid box, as shown in Table 2.

Molecular docking

The docking of all test and reference ligands showed
exciting results with some consistent patterns in both
the 5R84 and 6LU7 receptors. First, there is a striking
difference in the ranking order of the AG values of all test
ligands in the two receptors, as presented in Tables 3 and
4. Some ligands have very low AG values (a difference of
more than 1.0 kcal/mol compared to co-crystal ligand) at
the 5R84 receptor but are high enough at the 6LU7 receptor,
as shown by 5-O-benzoylpinostrobin and 4-methyl-5-
O-benzoylpinostrobin, including pinostrobin itself. This
shows that the ligands have interaction patterns that are
more suited to the orientation of the 5R84 receptor that
binds to co-crystal ligands that are not too large in size. On
the other hand, some ligands consistently have a smaller
AG value than co-crystal ligands on both receptors, as
indicated by 4-fluoro-5-O-benzoylpinostrobin, 4-t-butyl-
5-O-benzoylpinostrobin, and  4-trifluoromethyl-5-O-
benzoylpinostrobin. Considering these conditions, only
the three ligands are predicted to be potential inhibitors
for both the 5R84 and 6LU7 receptors. The 3,4-dichloro-5-
O-benzoylpinostrobin also shows a similar condition, but
the difference in the value of AG with the co-crystal ligand
on the 6LU7 receptor is very small (0.02 kcal/mol).

Figure 1. Overlays of redocking ligands (blue) with co-crystal ligands from X-crystallography data (green) at receptors (A) 5R84 with

RMSD 0.802 A and (B) 6LU7 with RMSD 1.981 A
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Second, from the standpoint of interaction similarity,
there is a difference in the % similarity of ligand-receptor
interactions in the two receptors. For the 5R84 receptors,
the similarity is in the range of 24.49% to 50%, while at
6LU7 receptors are in the range of 11.2% to 32%. This
difference shows that the interaction of the test ligand is
more similar to the co-crystal ligand of the 5R84 receptor
than the 6LU7 receptor. This is predicted due to differences
in the type and size of the two co-crystal ligands, where
2-cyclohexyl-~{N}-pyridin-3-yl-ethanamide has
dimensions that are closer to the average dimensions of
the test ligand than N-[(5-methylisoxazol-3-yl)carbonyl]
alanyl-1-valyl-N~1~-((1R,2Z)-4-(benzyloxy)-4-oxo-
1-{[(3R)-2-oxopyrrolidin-3-yl]methyl}but-2-enyl)-I-

Table 2. Results of the validation process

leucinamide. What is interesting is that the three ligands
that have the lowest AG value compared to co-crystal
ligands also have a fairly high % similarity in the range of
33.16% to 50% at the 5R84 receptor and 18.24% to 32% at
the 6LU7 receptor. These points reinforce the prediction
that the three compounds are 5-O-benzoylpinostrobin
derivatives which have the most potential as SARS-CoV-2
MPr inhibitors. Also, all three test ligands have relatively
similar binding motives for both receptors, as can be seen
visually in Figures 2 and 3.

Compared to all reference ligands, remdesivir and
indinavir always have lower AG values than each co-crystal
ligand, as presented in Tables 5 and 6. Also, the ligand-
receptor similarity compared to the two co-crystal ligands

Parameters

Values

PDB ID 5R84

6LU7

Co-crystal ligand

2-cyclohexyl-~{N}-pyridin-3-yl-ethanamide

N-[(5-methylisoxazol-3-yl)carbonyl]alanyl-I-valyl-
N~1~-((1R,2Z)-4-(benzyloxy)-4-oxo-1-{[(3R)-2-oxo-
pyrrolidin-3-ylJmethyl}but-2-enyl)-I-leucinamide

Grid box size (A) 28 x 14 x 24 40 x 54 x 40
Grid box position x: 9.812 x:-9.732
y: -0.257 y: 11.403
z: 20.406 z:68.483
RMSD (A) 0.802 1.981
AG (kcal/mol) -6.4+0.0 -8.12+£0.04
Amino acid residues - 24-Thre
- 25-Thre
- 26-Thre
41-His® 41-His®
49-Met® 49-Met®
- 54-Tyr2
140-Phe? 140-Phe°
141-Leu? 141-Leu
142-Asn? 142-Asn?
- 143-Gly®
144-Ser2 144-Ser2
145-Cys? 145-Cys?®
163-His® 163-His®
164-His® 164-His®
165-Met® 165-Met°
166-Glu® 166-Glu®
- 167-Leu®
- 168-Pro®
- 172-His®
187-Asp? 187-Asp?
188-Arg? 188-Arg?
189-GIn2 189-GIn°®
- 190-Thre
- 191-Ala®
- 192-GIn?

aVan der Waals interaction; *Alkyl/Pi-alkyl interaction; “Hydrogen bond; ?Pi-Pi T-shaped/Pi-Pi Stacked/Amide-Pi stacked
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Table 3. Results of the docking of all test ligands at the binding site of 5R84 receptor

Ligand P BP 2Cl 3ClI 4Cl 24Cl 34Cl 4Br 4F 4NO 4C 40C 4ACF 4TB
AG (kcal/mol) -6.98 -750 -728 -730 -750 -758 -744 -728 -794 -740 -766 -7.58 -7.38 -7.30
+0.04 +0.00 +0.04 +0.00 +0.00 +0.04 +0.05 #0.04 +0.05 +0.00 +0.05 =+0.04 +0.04 =0.00
Amino acid res- - 25- 25- 25- 25- 25- - 25- 25- 25- 25- 25- 25- -
idues Thre Thre Thre Thr®  Thr? Thre  Thr Thre  Thr®  Thr®  Thre
- 26- 26- 26- 26- 26- - - - 26- 26- - 26- -
Thra Thr®  Thr®  Thr®  Thre Thra  Thr2 Thr2

41- 41- 41- 41- 41- 41- 41- 41- 41- 41- 41- 41- 41- 41-

His® His? His" His? His¢® Hish His® His? His¢® His® His¢ His® His¢ His?

- - - - 44- 44- - 44- - 44- 44- 44- 44- -
Cys® Cys® Cys® Cys® Cys® Cys® Cys®

49- 49- 49- 49- 49- 49- 49- 49- 49- 49- 49- 49- 49- 49-

Met> Metc Met® Met® Mett Mett Met> Met? Met® Mett Met® Met® Met  Met®

52- - - 52- 52- 52- 52- 52- 52- 52- 52- 52- 52- 52-
Pro? Pro® Pro® Pro® Pro? Pro® Pro? Pro? Pro® Pro? Pro® Pro?
54- 54- - 54- 54- 54- 54- 54- 54- 54- 54- 54- 54- 54-
Tyre Tyre Tyre Tyre Tyre Tyre Tyre Tyre Tyre Tyr? Tyre Tyre Tyre

140-  140- 140- 140- 140- 140- 140- 140- 140- 140- 140- 140- 140-  140-
Phe® Phe® Phe® Phe® Phe® Phe® Phe® Phe® Phe® Phet Phe® Phe® Phe® Phe

141-  141-  141-  141-  141-  141- 141- 141- 141- 141- 141- 141- 141- 141-
Leuw® Leu® Leu® Leu® Leu® Leut Leu* Leuwt Leu® Leu® Leu® Leuc Leu® Leu®

142- 142- 142-  142-  142- 142- 142- 142- 142- 142- 142- 142- 142- 142-
Asn® Asn® Asn® Asn® Asn® Asn® Asn® Asn® Asn® Asna Asna Asna Asn® Asn?

- 143-  143- 143- 143- 143- - 143-  143-  143- 143- 143- 143- -
Gly* Gly* Gly2 Gly? Gly? Glyr Gly* Gly2 Gly2 Gly2  Gly?

144-  144- - 144-  144- 144- 144- 144- 144- - 144-  144-  144-  144-

Ser?  Ser? Ser® Ser® Ser® Ser® Ser® Ser? Ser* Ser* Ser® Ser?

145-  145-  145-  145- 145- 145- 145- 145- 145- 145- 145- 145- 145- 145-
Cys? Cys® Cys® Cys® Cys® Cys® Cys® Cys® Cys® Cys® Cys® Cys® Cys® Cys?
163- 163- 163- 163- 163- 163- 163- 163- 163- 163- 163- 163- 163- 163-
His? His? Hisa  His? His? His? His? His? His? His? His? His? His? His?

164- 164- 164- 164- - 164- 164- - 164- - - 164- - 164-
His? His? Hisf His? Hisf His? His? His? His?

165- 165- 165- 165- 165- 165- 165- 165- 165- 165- 165- 165- 165- 165-
Mett Met® Mett Met® Met* Met® Met* Met? Mett Met? Met® Met® Met® Meta

166- 166- 166- 166- 166- 166- 166- 166- 166- 166- 166- 166- 166- 166-
Glue Glue Glue Glue Glue Glue Glue Glue Gluc Glu?  Glue Glue Glue Glu?

- - - - - - 168- - - - - - - -
Prob

187-  187- - 187- - - 187- - 187- 187- 187- 187- 187- 187-

Asp®  Asp? Asp? Asp? Asp’  Asp® Asp® Asp® Asp’ Asp?

188- 188- 188- 188- 188- 188- 188- 188- 188- 188- 188- 188- 188- 188-
Arg®  Arg® Arg® Arg® Arg® Arg® Arg® Arg® Arg® Arg® Arg® Arg® Arg®  Arg?

189- 189- 189- 189- 189- 189- 189- 189- 189- 189- 189- 189- 189- 189-
Gln2 Glne GIne Glne Gln2 Gln2 Glna Glne GlIne Gln2 Glna GInc GiIn? Gln2

The similarity of 100 100 85.71 100 85.71 92.86 100 85.71 100 85.71 92.86 100 92.86 100
amino acids with

co-crystal ligand

(%)

The similarity 42.86 50 42.86 35.71 42.86 50 50 28.57 3571 42.86 50 35.71 3571 50
in the type of

interaction  with

co-crystal ligand

(%)

The similarity of 42.86 50 36.73 35.71 36.73 46.43 50 2449 3571 36.73 46.43 3571 33.16 50
ligand-receptor
interaction* (%)

aVan der Waals interaction; "Alkyl/Pi-alkyl interaction; °Hydrogen bond; ?Pi-Pi T-shaped/Pi-Pi Stacked/Amide-Pi stacked; ¢Pi-sigma inter-
action; Halogen; 9Pi-Sulfur; "Unfavorable Bump/Donor-donor; *Similarity of amino acids x similarity in type of interaction
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Table 4. Results of the docking of all test ligands at the binding site of 6LU7 receptor

Ligand P BP 2CI 3ClI 4Cl 24Cl 34Cl 4Br 4F 4NO 4C 40C 4CF 471B
AG (kcal/mol) -6.90 -7.94 -820 -824 -780 -800 -814 -772 -780 -824 -782 -798 -836 -844
+0.10 +0.09 +0.07 +0.05 +0.00 +0.07 +0.09 £0.08 £0.00 +0.05 +0.04 +0.08 +0.05 +0.05
Amino acid - - - - - - - - - 24- - - - 24-
residues Thra Thra

- 25-  25- 25 25 25- 25 25 25 25 25 25 25 25
Thee  Thre  Thre  Thre  Thre  Thre  Thee  The  Thre  The  The  The  The

- 26- 26- 26- 26- 26- 26- - 26- 26- 26- 26- 26- 26-
Thra Thre Thr® Thr®  Thr*  Thr? Thra Thr® Thr® Thr®  Thr®  Thr?

- 27- 27- 27- 27- 27- 27- - 27- 27- 27- 27- - -
Leu® Leu® Leu® Leu® Leu® Leu Leu® Leu* Leub Leu®

41- 41- 41- 41- 41- 41- 41- 41- 41- 41- 41- 41- 41- 41-

His? His¢ His¢® His? His? His¢ His¢ His? His¢® His? His¢ His¢ His¢ His?

- - - - - - - 46- - - - - - -
Ser?

49- 49- 49- 49- 49- 49- 49- 49- 49- 49- 49- 49- 49- 49-

Met®  Met® Met® Met Metc  Mett Met® Met? Met® Met? Met® Met® Met® Met?

Pro2

54- 54- - 54- 54- - 54- - 54- - 54- 54- 54- -
Tyre Tyre Tyre Tyre Tyre Tyre Tyre Tyre Tyre

140- - 140- - - - - 140- - 140- - - 140-  140-
Phec Phe? Phe? Phe? Phe¢  Phec
141- - 141- - - - - 141- - 141- - - 141-  141-
Leu? Leu? Leu? Leu? Leu? Leu?
142- - 142- - - - - 142- - 142- - - 142- 142-
Asn? Asn° Asn? Asn? Asn?  Asn?

143-  143- 143- 143- 143- 143- 143- 143- 143- 143- 143- 143- 143- 143-
Gly* Gly* Gly> Gly2 Gly2 Gly2 Gly? Gly* Gly2 Gly° Gly2 Gly2 Gly° Gly®
144-  144- 144- 144- 144- 144- 144- 144- 144- 144- 144- 144- 144- 144-
Ser® Ser® Sera Sera Sera Sera Sera Serc Sera Serc Sera Sera Sera Ser®
145-  145- 145-  145- 145- 145- 145- 145- 145- 145- 145- 145- 145-  145-
Cys' Cys® Cys® Cys® Cys® Cys® Cys® Cys® Cys® Cys’ Cys® Cys® Cys® Cys®
163- - - - - - - 163- - - - - 163-  163-
His® His¢ His? His®
164- 164- 164- 164- 164- 164- 164- 164- 164- 164- 164- 164- 164- 164-
His? His? His? His? His? Hisa  Hisa  His? His? His? His? His? His? His?
165- 165- 165- 165- 165- 165- 165- 165- 165- 165- 165- 165- 165- 165-
Mett  Met Mett Met  Mett Met> Met® Met® Met" Met Met® Met® Mett Met®

166- 166- 166- 166- 166- 166- 166- 166- 166- 166- 166- 166- 166- 166-
Glue Glu2 Gluz  Glu? Gluz  Glu? Gluz  Glu? Gluz  Glue® Gluz  Glu? Gluz  Glue®

- 167- - 167- - - - - 167- - - - - -
Leu? Leu? Leu?

- 168- - 168- - 168- 168- - 168- - - - - -
Pro® Pro® Pro® Pro® Pro?

172- - - - - - - - - - - - 172-  172-

His? His? His?

187- 187- - 187- 187- 187- 187- - 187- - 187- 187- 187- -

Asp?  Asp? Asp?  Asp® Asp® Asp? Asp? Asp®  Asp®  Asp®

188- 188- 188- 188- 188- 188- 188- 188- 188- 188- 188- 188- 188- 188-
Arg? Arg? Arg? Arg? Arg? Arg? Arg? Arg? Arg? Arg? Arg? Arga  Arg® Arg?

189- 189- 189- 189- 189- 189- 189- 189- 189- 189- 189- 189- 189- 189-
Glns GIns Gln2 GIns Glns GIns Glns Gln2 Glns Gln2 Glns GIns Glne Gln2

- 190- 190- 190- - 190- 190- 190- 190- 190- - 190- - 190-
Thre  Thre Thre Thre Thr*  Thr*  Thre  Thr? Thre Thre
- - - - - 191-  191- - 191- - - 191- - -
Ala? Ala? Ala? Ala?
- 192- - 192- - 192-  192- 192- 192- - - - - 192-
Gln? Gln?2 Gln2 Gln?  GIn? Gln? Gln2
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Table 4. Continued.

The similarity of 68 72 64 72 56 68 72 68 76 68 56 64 76 80
amino acids with

co-crystal ligand

(%)

The similarity 36 32 20 32 20 32 36 20 24 28 24 24 28 40
in the type of

interaction with

co-crystal ligand

(%)

The similarity of 2448 23.04 128 23.04 112 2176 2592 136 1824 19.04 13.44 1536 2128 32
ligand-receptor

interaction* (%)

aVan der Waals interaction; *Alkyl/Pi-alkyl interaction; ‘Hydrogen bond; Pi-Pi T-shaped/Pi-Pi Stacked/Amide-Pi stacked; ®Halogen;
fPi-Sulfur; 9Pi-Cation/Anion; *Similarity of amino acids x similarity in type of interaction

LEu
aa Ana

Figure 2. Interactions of (A) 4-fluoro-5-O-benzoylpinostrobin, (B) 4-t-butyl-5-O-benzoylpinostrobin, and (C) 4-trifluoromethyl-5-O-
benzoylpinostrobin in amino acid residues from 5R84 receptors

A5 GLu
A8 g TYR A:166
L

MET HES Azlal

MET. Aa9 A:163
A:165 HIS THR GLY,
v A:26

24
SER) ASN -
:1a4hA142 %

THR THR ARG
PRO. : 4 A:188
A:168 4128 Q2

GLN
A:192

ALA
A:191

@ THR THR
A:25 A:26

Figure 3. lInteractions of (A) 4-fluoro-5-O-benzoylpinostrobin, (B) 4-t-butyl-5-O-benzoylpinostrobin, and (C) 4-trifluoromethyl-5-O-
benzoylpinostrobin in amino acid residues from 6LU7 receptors
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is also relatively high, especially in the case of remdesivir.
Indeed, the complex of nelfinavir-receptor (5R84) has the
highest % similarity, but in the 6LU7 receptor, the AG
value of nelfinavir is higher than the co-crystal ligand. In
contrast, three reference ligands consisting of chloroquine,
hydroxychloroquine, and favipiravir consistently rank last
for the AG values in both receptors, even compared to all
test ligands.

Tofacilitate the comparison of AG valuesand the % similarity
of all test and reference ligands on the two receptors, a
scatter diagram was made as presented in Figure 4. The
diagram compares the difference in AG value between test

and reference ligands and the co-crystal ligand with the %
similarity of ligand-receptor interaction, where the line 0
on the x-axis indicates the position of the co-crystal ligand
at each receptor. The area to the left of the 0 line shows
a negative value, which means that the AG value of the
ligand is lower than the co-crystal ligand, and vice versa.
While on the y-axis, it shows the % similarity of ligand-
receptor interaction compared to co-crystal ligand at each
receptor. The more to the left and the higher the position
of a ligand in the diagram, the stronger the prediction that
the ligand has potential as an inhibitor at both receptors.

Table 5. Results of the docking of all reference ligands at the binding site of 5R84 receptor

Ligand cQ HCQ FVP IND LPN NFN RMD

AG (kcal/mol) -5.86+0.05 -6.14+0.09 -5.20+0.00 -7.44+£0.05 -7.04 +0.09 -6.96 £ 0.13 -7.36 £0.17

Amino acid residues - 25-Thre - 25-Thre 25-Thre 25-Thra 25-Thre
- 26-Thr2 - 26-Thr? 26-Thr? - 26-Thr?
- 27-Leu? - - 27-Leu? 27-Leu? 27-Leu?
41-His? 41-His® 41-His® 41-His® 41-His® 41-His® 41-His'
44-Cys® 44-Cys® - - - - -
- - - 46-Ser® - 46-Ser? -
49-Met® 49-Met® 49-Met! 49-Met® 49-Met® 49-Metg 49-Met?
52-Pro? 52-Pro® - 52-Pro? 52-Pro? - -
54-Tyr2 54-Tyr2 - 54-Tyra 54-Tyra 54-Tyra -
- - - - - 140-Phea -
141-Leu? - - - - 141-Leua -
142-Asn? 142-Asn? - 142-Asn® 142-Asn® 142-Asnc 142-Asn?
- 143-Gly? - 143-Gly? 143-Gly? 143-Glya 143-Gly®
- - - - - 144-Sera 144-Ser?
- 145-Cys? - 145-Cys® 145-CysP 145-Cysb 145-Cys?
- 163-His? - - - 163-His? -
164-His? 164-His? 164-His? 164-His? 164-His? 164-His? 164-His?
165-Met? 165-Met? 165-Met® 165-Met® 165-Met® 165-Met? 165-Met°
166-Glue 166-Glu? 166-Gluc 166-Gluc 166-Glu? 166-Glu? 166-Gluc
- - - 167-Leu? - - 167-Leu?
- - - 168-Pro? 168-Pro? - 168-Pro?
187-Asp? 187-Asp? - 187-Asp? 187-Asp? 187-Asp? 187-Asp?
188-Arg? 188-Arg® 188-Arge° 188-Arg® 188-Arg? 188-Arg? 188-Arg?
189-GIn? 189-GIn? 189-GIn? 189-GIn? 189-GIn" 189-GIn? 189-GIn?
- - - - - - 190-Thre
- - - - - - 191-Ala?
- - - - - - 192-GIn?

The similarity of amino 71.43 78.57 50 71.43 85.71 100 78.57

acids with co-crystal

ligand (%)

The similarity in the 35.71 42.86 14.29 28.57 42.86 50 42.86

type of interaction with

co-crystal ligand (%)

The similarity of ligand- 25.51 33.67 7.14 20.41 36.73 50 33.67

receptor interaction*

(%)

aVan der Waals interaction; °Alkyl/Pi-alkyl interaction; °Hydrogen bond; ¢Pi-Pi T-shaped/Pi-Pi Stacked/Amide-Pi stacked; ¢Pi-sigma inter-
action; 'Halogen; ¢Pi-Sulfur; "Unfavorable Bump/Donor-donor; ‘Pi-Cation/Anion; *Similarity of amino acids x similarity in type of interaction
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Table 6. Results of the docking of all reference ligands at the binding site of 6LU7 receptor

Ligand cQ HCQ FVP IND LPN NFN RMD

AG (kcal/mol) -5.84+0.11 -6.26+0.09 -5.00+0.07 -828+0.04 -7.32+0.11 -7.78+0.11 -8.38+0.08

Amino acid residues - - - 24-Thre - - 24-Thr?
- - - 25-Thre 25-Thr? - 25-Thre
- - - 26-Thre 26-Thre - 26-Thre
- - - - 27-Leu - 27-Leu®
- - 40-Arg? - - - -
41-His® - - 41-His® 41-His® 41-His® 41-His®
- - - - - - 45-Thr2
- - - - 46-Ser? - -
49-Met® - - 49-Met? 49-Met® 49-Met® 49-MetP
- - 51-Asn°® - - - -
- - 52-Pro° - - - -
- - 53-Asn°® - - - -
54-Tyr? 54-Tyr? 54-Tyr2 - - 54-Tyr2 -
- - 55-Glue - - - -
140-Phe? 140-Phe? - 140-Phe? 140-Phe° 140-Phe? 140-Phe?
141-Leu? 141-Leuc - 141-Leu? 141-Leu 141-Leu 141-Leu?
142-Asn? 142-Asn? - 142-Asn? 142-Asn? 142-Asn? 142-Asn?
- 143-Gly? - 143-Gly? 143-Gly? - 143-Gly®
144-Ser? 144-Ser® - 144-Ser? 144-Ser? 144-Ser? 144-Ser?
- 145-Cys?® - 145-Cys® 145-Cys® 145-Cys? 145-Cys?®
163-His? 163-His? - 163-His? - 163-His® 163-His®
164-His® 164-His? - 164-His? 164-His? 164-His® 164-His?
165-Met? 165-Met? - 165-Met® 165-Metf 165-Met? 165-Metf
166-Glu" 166-Glu? - 166-Glu" 166-Glu° 166-Glu2 166-Glu°
- - - 167-Leu? - 167-Leu -
- 168-Pro? - 168-Pro? - 168-Pro® 168-Pro?
- - - - - 170-Gly? -
- 172-His? - - 172-His? 172-His? 172-His?
- - - - - 181-Phe? -
187-Asp? - - 187-Asp? - 187-Asp? 187-Asp?
188-Arg? 188-Arg® 188-Arg°® 188-Arg? 188-Arg? 188-Arg? 188-Arg?
189-GIn? 189-GIn? - 189-GIn° 189-GIn2 189-GIns 189-GIne
- 190-Thre - 190-Thr2 190-Thre 190-Thr¢ -
- 191-Ala? - - - 191-Ala® -
- 192-GIn2 - 192-GIn? 192-GlIn2 - -

The similarity of amino acids 78.57 50 71.43 85.71 100 78.57

with co-crystal ligand (%)

The similarity in the type of 42.86 14.29 28.57 42.86 50 42.86

interaction with co-crystal

ligand (%)

The similarity of ligand- 33.67 7.14 20.41 36.73 50 33.67

receptor interaction* (%)

aVan der Waals interaction; °Alkyl/Pi-alkyl interaction; °Hydrogen bond; “Pi-Pi T-shaped/Pi-Pi Stacked/Amide-Pi stacked; °Pi-sigma
interaction; 'Pi-Sulfur; sUnfavorable Bump/Donor-donor; "Pi-Cation/Anion; "Similarity of amino acids x similarity in type of interaction

In Figure 4, it appears that for the 5R84 receptor (red), all ~ benzoylpinostrobin,  4-t-butyl-5-O-benzoylpinostrobin,
test ligands and most of the reference ligands are in the  and  4-trifluoromethyl-5-O-benzoylpinostrobin  are
left area of the diagram. As for the 6LU7 receptor (blue),  predominantly in the upper left area of the diagram for each
only a few tests and reference ligands are in the left area  the receptor series, confirms the prediction that all three
of the diagram. The diagram shows that 4-fluoro-5-O-  have the best potential as SARS-CoV-2 M*™ inhibitors.
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Figure 4. Diagram of the relationship between the difference in the value of free energy of binding and the percentage of similarity of
ligand-receptor interactions compared to co-crystal ligands on the 5R84 (red) and 6LU7 (blue) receptors

Discussion

The docking protocol is done by using energy range 3,
exhaustiveness 8, and the number of modes 9, which
are the default values in the docking protocol using the
Autodock Vina. Molecular docking was performed using
configuration settings similar to the validation process,
with changes to the test ligand file used.*’ However, it
should be considered that the size of the grid box must
be able to contain all the co-crystal ligands.” As for test
and reference ligands, the grid box size does not have to be
adjusted to the size of each ligand, because if it is too large
each ligand will automatically adjust its position so that
only the most active part of the ligand with the smallest
AG is in the grid box.***

The docking process with Autodock Vina has advantages
in terms of speed, accuracy and precision, where repetition
from the docking process often results in AG values that
are not significantly difference among individual runs.***
However, unlike some other docking software such as
Autodock 4 and MOE, the AG value of Autodock Vina only
has an accuracy of 0.1 kcal/mol. Therefore, the accuracy of
the docking results with Autodock Vina is often improved
by repeating it several times to obtain an average AG value
and its deviation which can have accuracy up to 0.01 kcal/
mol depending on the number of repetitions.* It should
be remembered that the results of the replication process
depend on the condition of the hardware used, such as
the amount of software that is run simultaneously to the
stability of the voltage during the docking process. For this
reason, it is important to set acceptable limits of deviation
from the replication process, so that outlier values that
can affect the average AG value can be excluded.® For this
docking process, a limit for the deviation value of 0.2 kcal/
mol is determined, with the consideration that repetition
is carried out five times to obtain a more definite AG value.
The value of RMSD is quite varied, which is quite low at
the 5R84 receptor but almost exceeds the standard limit of
2 A at the 6LU7 receptor. The high value of RMSD at 6LU7
receptors is due to the large size of the co-crystal ligand
because it is a peptide-like molecule (PLM) consisting
of six amino acids.* Besides, PLM is also known to have
high enough molecular torque to allow variations in bond
positions at the receptor-binding site. Calligari et al also
reported that the 6LU7 receptor is less ideal for the docking

process because it shows a closed binding pocket around
the inhibitor, which may limit the effectiveness of the pose
searching methods.*” Therefore, two receptors are used as
a comparison where the 5R84 receptor shows the binding
pocket which is more ideal for the docking process.”
Analysis of amino acid residues from the redocking results
as shown in Table 2 shows that the interaction between
co-crystal ligands and binding sites on the 5R84 receptor
is more influenced by weak bonds such as van der Waals
interactions, whereas the 6LU7 receptor is involved in
relatively many stronger interactions such as hydrogen
bonds. Hydrophobic interactions in the form of alkyl/
Pi-alkyl are more observed at 6LU7 receptors, where the
hydrophobic interactions play a very important role in
protease drug recognition.”* It seems that the lower AG
of co-crystal ligand at the 6LU7 receptor in comparison
with 5R84 receptor is due to the presence of hydrophobic
interactions and hydrogen bonds.

The docking results in Tables 3 to 6 show that all test
and reference ligands give a lower AG value at the 5R84
receptor compared to 6LU7. However, this cannot justify
that the 5R84 receptor is more precise than 6LU7 in
docking to SARS-CoV-2 MP*. These results merely prove
that receptors with broader binding sites most likelyto be
closed tend to give a higher AG value than smaller, open-
pocket binding sites receptors.® Theoretically, because
the 5R84 and 6LU7 receptors are the same protein with
similar amino acids, the results obtained should also be
the same. However, the results from molecular docking do
not produce dynamic ligand-receptor behavior as obtained
from the results of molecular dynamics (MD) simulations.
Therefore, it is important to conduct MD simulations for
further analyses.

Interesting results were shown for three ligands with
the lowest average AG in both receptors: 4-fluoro-5-O-
benzoylpinostrobin,  4-t-butyl-5-O-benzoylpinostrobin,
and 4-trifluoromethyl-5-O-benzoylpinostrobin. Besides
having the lowest AG value compared to other test ligands,
they also have similar types of interactions t to the pocket
binding site,*” including many halogen bonds in 4-fluoro-
5-O-benzoylpinostrobin  and  4-trifluoromethyl-5-O-
benzoylpinostrobin as well as most hydrogen bonds on
4-t-butyl-5-O-benzoylpinostrobin. The advantage of this
type of interaction can be particularly clearly observed
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at 6LU7 receptor, where the AG values of these three
ligands differ only slightly from those shown by remdesivir
and indinavir as reference ligands. The 5R84 receptor
is the opposite, where the three types of interactions are
dominated by weak interactions in the form of van der
Waals interactions, although both ligands with fluoro
atoms still show halogen bonds. This indicate that the
relationship between the AG value and the type of
interactions can be more correlated at the 6LU7 receptor
compared to the 5R84 receptor. That might be one of the
reasons why the most docking research on SARS-CoV-2
MPr was done using 6LU7 receptors, as reported in several
previous studies.*”'5

The comparison of AG values and % similarity of the
three ligands at each receptor is unique. Among the three,
4-fluoro-5-O-benzoylpinostrobin with Hansch parameters
of hydrophobic () (+) and electronic (o) (+) had the lowest
AG and medium % similarity at 5R84, but the highest
AG and the lowest % similarity at 6LU7. Furthermore,
4-t-butyl-5-O-benzoylpinostrobin with m (++++) but o (-)
has the highest AG and the highest % similarity at 5R84,
also the lowest AG and the highest % similarity at 6LU7.
Meanwhile,  4-trifluoromethyl-5-O-benzoylpinostrobin
which possessed characteristics in the middle both with
1 (+++) and o (+++) had medium AG and the lowest %
similarity at 5R84 as well as medium AG and % similarity
at 6LU7. However, it is difficult to draw a direct relationship
between the value of AG and % similarity with the two
parameters of Hansch. Apart from the data obtained that
are still predictive in nature, there are other factors besides
the chemical-physical parameters that determine the
biological activity of a compound.®® The most rational way
to draw relationship can be conducted by direct testof these
compounds with variations in the properties of chemical-
physical parameters and then formulate them in the QSAR
equation with the most influential descriptors,” which is
the focused to be continued from this research.
Interesting results are also shown in the reference ligand
used, where in general the results obtained can be divided
into three categories. First, ligands with low AG values in
both receptors as indicated by remdesivir and indinavir.
The results in this group seemed to be convincing that both
ligands did have potential as SARS-CoV-2 M*™ inhibitors.
Several previous studies also reported that remdesivir had a
fairly low AG value against SARS-CoV-2 M, although
the other study reported that remdesivir also had activity
against SARS-CoV-2 RdRp.” These results are in line with
previous preclinical studies which state that remdesivir has
the potential to inhibit viral infection at low-micromolar
concentration and showed high SI1.**%* Not surprisingly,
currently remdesivir has been authorized by the FDA
for COVID-19 treatment, even for emergencies.” As
for indinavir, although the testing was not as extensive
as remdesivir, it also showed good signs of having the
potential to treat COVID-19.%

Second, ligands with low AG values at the 5R84 receptor
but high enough at the 6LU7 receptor, as shown by

lopinavir and nelfinavir. These results indicate that
these compounds may have potential as SARS-CoV-2
MP inhibitors under certain conditions but may have
other targets for COVID-19 receptors such as ACE2 and
RdRp.® One of them was reported by Eton et al. which
mentioned indinavir has potential as a SARS-CoV-2 M
inhibitor,® whereas in other studies Xu et al. also reported
similar results by nelfinavir.% However, both tests are still
in the virtual screening stage and still need to be proven
experimentally in the laboratory, including the possibility
of other potential targets besides SARS-CoV-2 M.

Finally, ligands with high AG values in both receptors,
exemplified by chloroquine, hydroxychloroquine, and
favipiravir. These results are very interesting, especially
because of promising results in COVID-19 therapy in
various studies. Chloroquine and hydroxychloroquine
are reported to show satisfactory results in various in vitro
studies for limiting the replication of SARS-CoV-2,7%¢
while favipiravir shows good therapeutic response on
COVID-19 in terms of disease progression and viral
clearance.” These therapeutic agentshave different target
receptors, where chloroquine and hydroxychloroquine
are reported to have acted as ACE2 inhibitors,””" while
favipiravir shows potential as an RdRp inhibitor.”
The results of this study also suggested that the target
of the three proposed compounds (i.e. 4-fluoro-5-O-
benzoylpinostrobin,  4-t-butyl-5-O-benzoylpinostrobin,
and 4-trifluoromethyl-5-O-benzoylpinostrobin) is most
likely not SARS-CoV-2 MP™, but all three molecules still
have the potential as COVID-19 drugs through other
mechanisms of action besides SARS-CoV-2 M inhibitors.

Conclusion

In conclusion, this study opens the opportunity for new
compounds that have the potential to be developed in
COVID-19 therapy as a SARS-CoV-2 MP® inhibitor. The
enormous potential is mainly shown by three ligands
consisting of 4-fluoro-5-O-benzoylpinostrobin, 4-t-butyl-
5-O-benzoylpinostrobin, and  4-trifluoromethyl-5-O-
benzoylpinostrobin, which shows the lowest AG of both
receptors SARS-CoV-2 M™™ used. All three ligands have
even better potential than co-crystal ligands and reference
compounds such as remdesivir which is currently in clinical
trials. The current in silico investigation is a preliminary
work which necessitates future preclinical and clinical
studies for verification of the results and expected to be
the first step in development of 5-O-benzoylpinostrobin
derivatives in COVID-19 therapy.
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