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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative
pathogen for the novel COVID-19 disease. SARS-CoV-2 papain-like protease (PLpro) is
responsible for viral replication and host innate immunity suppression. Thus, this study
aimed to explore potential phytochemical inhibitors against this dual therapeutic target

using virtual screening methods. Thirty-one phytochemicals with reported anti-SARS-
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CoV-1 PLpro activity were used to construct the phytochemical library along with two
positive controls. Molecular docking using AutoDock 4.2 was employed to calculate
binding affinity and inhibition constant of each compound within the S3/S4 binding
pocket of SARS-CoV-2 PLpro. Based on the docking results, twelve compounds were
subjected to non-covalent interaction analysis utilizing the Discovery Studio Visualizer
software. Further, their physicochemical, pharmacokinetics and toxicity descriptors were
evaluated using molinspiration and pkCSM web servers, respectively. Hirsutenone from
Alnus japonica and broussoflavan A from Broussonetia papyrifera, displayed the
strongest binding affinity (-8.23 kcal/mol and -8.13 kcal/mol), lowest inhibition constant
(920.39 nM and 1.1 pM) and highest ligand efficiency (0.34 and 0.26) among all
phytochemicals towards the binding pocket of SARS-CoV-2 PLpro, demonstrating
superiority to PLpro inhibitors, 3k and GRL0617 which were used as positive controls.
Additionally, hirsutenone, broussoflavan A and broussochalcone A (from Broussonetia
papyrifera) possessed favorable physicochemical properties for oral drug development,
satisfying Lipinski’s and Veber’s rules. Furthermore, in silico pharmacokinetics and
toxicity predictions revealed that the three aforementioned phytochemicals are water
soluble, non-mutagenic, non-hepatotoxic and biologically safe. Hence these lead
compounds might be exploited to accelerate the drug discovery process against the

ongoing COVID-19 infection.

Keywords: SARS-CoV-2, COVID-19, papain-like protease, PLpro inhibitors, virtual

screening, pharmacokinetics, molecular docking

Introduction



The COVID-19 pandemic has continued unabated across the world since 2019.
According to the latest data available through the World Health Organization (WHO),
168,040,871laboratory-confirmed cases of COVID-19 have been reported resulting in
3,494,758 fatalities by May 27, 2021(WHO, 2021). However, COVID-19 shows an
overall low mortality rate (2.08%) compared to the mortality rate of the previously
reported Middle East respiratory syndrome coronavirus (MERS-CoV) —(9.6%) and the
mortality rate of the severe acute respiratory syndrome coronavirus (SARS-CoV-1)
(34.4%) diseases irrespective of its rapid dissemination across the world (Kordzadeh-
Kermani et al., 2020). The highly contagious virus is transmitted through respiratory
droplets of an infected individual or fomites. The elderly and individuals with
comorbidities are more susceptible to developing fatal complications due to COVID-19

(Petushkova and Zamyatnin, 2020). Thus, it has become a life threatening disease.

The novel SARS-CoV-2 belonging to the beta coronavirus family is the causative agent
of COVID-19. The virion contains positive sense, single stranded RNA genetic material
comprised of ~30 000 nucleotides (Arya et al., 2021). Inside the host cell, the viral
genome encodes two cysteine proteases, main protease or 3-chymotrypsin like
protease (Mpro or 3CLpro) and papain-like protease (PLpro). Proteolysis mediated by
3CLpro and PLpro, slices large polyproteins into smaller components for packaging new
virions to promote the spread of infection. PLpro can cleave translated large
polypeptides (ppla and pplab) into non-structural, functional protein subunits (NSP1-3).
Later, these non-structural proteins assemble into the viral replicase-transcriptase
complex (RTC) to initiate viral replication leading to proliferation of the virus (Arya et al.,

2021). Besides the protease activity, PLpro possesses two more functions such as



deubiquitination and delSGylation which can effectively remove post translational
modifications such as ubiquitin and Interferon-stimulated gene 15 (ISG-15) from the
host cell proteins. Therefore, inhibition of SARS-CoV-2 PLpro may inhibit viral
replication and also promote antiviral immunity mechanisms inside the host cell (Shin et
al., 2020). In addition to SARS-CoV-2 structural proteins, other non-structural proteins
and human host proteins, SARS-CoV-2 PLpro is an attractive dual therapeutic target for

novel drug development (Zhou et al., 2020).

To date, no effective drug has been discovered to eradicate the COVID-19 from the
world. The first ever repurposed drug of COVID-19, remdesivir approved by United
States Food and Drug Administration (U.S. FDA), did not effectively allow recovery from
COVID-19 infection (Office of the Commissioner, & Food and Drug Administration, U.
S., 2020). Therefore, current clinical management of COVID-19 consists of infection
prevention and supportive care, including supplemental oxygen and mechanical
ventilatory support for severe cases. A number of new treatments, such as monoclonal
antibodies, are available under emergency use authorization (EUA), with ongoing trials

to evaluate their potential efficacy (Deb et al., 2021).

Although, several vaccines including Pfizer-BioNTech, Moderna, AstraZeneca,
Covishield, Janssen, Sinopharm, Sinovac and Sputnik V COVID-19 vaccines had been
authorized for emergency use by 2021, widespread application of these vaccines is
limited by several factors such as availability, limited infrastructure for storage and
distribution, economic restraints and consumer acceptability as well as limited research

and clinical studies supporting the widespread use for all demographics (WHO, 2021b).



However, the efficacy of these vaccines against new mutant variants of SARS-CoV-2 is
still under investigation at the time of drafting this article. To date no ideal drug or a
vaccine has been discovered by scientists to eradicate this fatal COVID-19 forever.

Therefore, it is critical to develop effective drugs to control the COVID-19 infection.

The whole genome of novel SARS-CoV-2 shares~80% sequence similarity with the
previously determined SARS-CoV-1 genome. Moreover, amino acid sequence of
SARS-CoV-2 PLpro shows 83% sequence similarity to SARS-CoV-1 PLpro.
Interestingly, the trio of catalytic site residues Cys-His-Asp were conserved in both,
SARS-CoV-2 (C111- H272-D286) and in SARS-CoV-1 (C112-H273-D287) in viral

PLpro proteins.

The active site in the palm subdomain of SARS-CoV-2 PLpro was made up of larger
S3/S4 pockets rather than the more constrained S1/S2 pockets near the catalytic
residues (Arya et al., 2020). The S3/S4 binding pocket residues in the substrate binding
cleft within the ubiquitin-specific protease (USP) domain of the two PLpro proteins in
SARS-CoV-1 and SARS-CoV-2 were discovered to be identical. When small molecules
bind within the S3/S4 pockets, flexible blocking loop 2 (BL2) transforms to a closed
conformation, restricting substrate access and thereby reducing protease activity (Gao
et al., 2021). As a result, targeting S3/S4 binding sites present a potential therapeutic

strategy for developing possible SARS-CoV-2 PLpro inhibitors.

Researchers have conducted numerous computational and laboratory studies to identify
potential SARS-CoV-2 PLpro inhibitors using medicines currently in clinical use

(Kandeel et al., 2020; Kouznetsova et al., 2020; Klemm et al., 2020), natural



compounds (Naidoo et al., 2020; Baildya et al., 2021;Alfaro et al., 2020) and synthetic
compounds (Thurakkal et al., 2021; Freitas et al., 2020). Bioactive phytochemicals
derived from medicinal plants have received widespread attention due to their
therapeutic effects in treating a variety of health conditions with no or minimal health
risks. Given the sequence and structural similarities between SARS-CoV-1 and SARS-
CoV-2 PLpro, we constructed a phytochemical library using phytochemicals with
inhibitory activity against SARS CoV-1 PLpro and conducted molecular docking and in
silico absorption, distribution, metabolism, excretion, and toxicity (ADMET) predictions
to assess pharmacological activity and inhibitory potential on SARS-CoV-2 PLpro to

accelerate drug discovery against COVID 19 infection.

Materials and Methods

Construction of anti SARS-CoV-2 PLpro phytochemical library

Phytochemicals from four different medicinal plants, that were proven potent inhibitors
based on their half maximal inhibitory concentration [ICso] against SARS-CoV-1 PLpro
were selected by literature search to construct the phytochemical library for virtual
screening. The selected medicinal plants included Paulownia tomentosa (Cho et al.,
2013), Alnus japonica (Park et al., 2012), Broussonetia papyrifera (Park et al., 2017)
and Psoralea corylifolia (Kim et al., 2014) which are traditionally used in Chinese herbal
medicine. The 2D chemical structures of the selected phytochemicals and two
naphthalene based PLpro inhibitor compounds, GRL0617 (Ratia et al., 2008) and 3k
(Baez-Santos et al., 2014) (used as positive controls) were drawn using

ACD/ChemSketch Freeware (ACD/ChemSketch, 2021).



SARS-CoV-2 PLpro protein structure preparation

The crystal structure of the viral target protein, SARS-CoV-2 PLpro was retrieved from
the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank
(PDB) database (https://www.rcsb.org/) (Berman et al., 2002) bearing PDB ID: 6WX4 at
a resolution of 1.66 A(R-Value Free: 0.196,R-Value Work: 0.170). The heteroatoms
including peptide inhibitor (VIR251), unnecessary ligands and crystallographic water
molecules were removed using UCSF Chimera v.1.12 (Pettersen et al., 2004). The
native zinc ion was retained. Hydrogen atoms were added to the protein at physiological
pH 7.4 using Avogadro v.1.2.0 (Hanwell et al., 2012) and the protein was converted to

pdb format.
Ligand structures preparation

All selected phytochemicals were retrieved into UCSF Chimera by uploading their
respective PubChem CIDs (https://pubchem.ncbi.nlm.nih.gov/). Two naphthalene based
inhibitors were used as positive controls. Both inhibitors were taken from their
respective PDB entries. Then, hydrogen atoms were added to each ligand at pH 7.4
(physiological pH) using Avogadro v.1.2.0 software. Further, Gastieger charges were
added to all ligands. Except the two reported inhibitors, all phytochemicals were
subjected to energy minimization with 100 steepest descent steps (step size 0.02 A)
followed by 10 conjugate gradient steps (step size 0.02 A). Finally, all ligands including

the two naphthalene-based inhibitors were converted to pdb format.

Selection of binding site residues in the SARS-CoV-2 PLpro



The binding site residues were selected by analyzing the co-crystalized structure of
SARS-CoV-2 PLpro (PDB ID: 6WX4) (Rut et al., 2020). Further, residues that fall within
the 5 A of the binding site of the leading naphthalene-based inhibitor, 3k, adjacent to the
catalytic triad were selected based on the ligand bound structure of SARS-CoV-1
PLpro (PDB ID: 40W0) after superimposition with the SARS-CoV-2 PLpro docking
protein template (PDB ID: 6WX4). The binding sites for the docking were defined by
placing a grid box of suitable dimensions centered above binding site residues in the

SARS-CoV-2 PLpro structure (PDB ID: 6WX4) followed by docking execution of 3k.
Site-specific molecular docking study

The grid box size was designed to cover all the important binding site residues of the
S3/S4 substrate binding pocket and giving sufficient space to occupy each ligand during
the molecular docking experiment. The optimum grid box size was set as 38, 39, 45 in
X, Y, Z directions whereas center grid box parameters were positioned at 8.050, (-
28.623), (-40.224) in X, Y, Z axes. These grid box settings were fixed by spacing at
0.375 A. All pdb files of ligands and protein were converted to pdbgt format using
AutoDock 1.5.6. The Kollman charges were added to the protein during the docking
process. The site-specific molecular docking was executed using AutoDock 4.2
software (Morris et al., 2009). Molecular docking calculations were performed in
Lamarckian Genetic Algorithm (LGA) retaining all other parameters as default. Rigid
protein structure and flexible ligands were used throughout the molecular docking
process. For each ligand, ligand efficiency was calculated by dividing the binding affinity

(-AG) by the number of non-hydrogen atoms in the ligand (n-NHA).



Non-covalent interaction analysis

The best docking pose of each ligand based on binding affinity was converted to the
pdb format and visualized using Discovery Studio Visualizer Client 2020 to analyze non-
covalent interactions belonging to favorable hydrogen bond, hydrophobic, electrostatic
and other categories (BIOVIA, 2020).The detailed two dimensional (2D) and three
dimensional (3D) interaction plots were generated using BIOVIA Discovery Studio

Visualizer Client 2020 and UCSF Chimera v.1.12.

Calculation of physicochemical properties and oral bioavailability

Molinspiration web server (Molinspiration Cheminformatics, 2021) was employed to
calculate the various physicochemical properties of the top twelve compounds including
octanol/water partition-coefficient (LogP), topological polar surface area (TPSA),
number of non-hydrogen atoms (n-NHA), molecular weight (MW), number of hydrogen
bond acceptors (n-HBA), number of hydrogen bond donors (n-HBD), number of
rotatable bonds (n-RotB) and the volume of the molecule. The SMILE (Simplified
Molecular Input Line Entry System) notation of top ranked compounds was uploaded
into molinspiration web server for predictions. Lipinski’s rule of five (LRo5) (Lipinski et
al., 1997) and Veber rule (Veber et al., 2002) were applied to predict the oral

bioavailability of each top ligand.

According to the LRo5, a compound must have MW < 500 Dalton, LogP < 5, n-HBA <
10 and n-HBD < 5 to be selected as a drug candidate for oral administration. In addition,

the Veber rule suggests two more descriptors, TPSA and n-RotB which must be equal



to or less than 140 A and 10 respectively to be eligible as a drug candidate for oral

administration.
Evaluation of in silico pharmacokinetics and toxicity

The pkCSM web tool was used to predict different ADMET attributes such as water

solubility (WS), human intestinal absorption (HIA), steady state volume of distribution
(VDss) , blood-brain barrier permeability (BBBp), fraction unbound (FU), substrate of
cytochrome P450 isoenzymes (S), inhibitor of cytochrome P450 isoenzymes (l), total

clearance (TC), Ames toxicity (AMES) and hepatotoxicity (HEP) (Pires et al., 2015).
Results
Construction of anti-SARS-CoV-2 PLpro phytochemical library

Phytochemical data were collected from four medicinal plants namely Broussonetia
papyrifera (9), Paulownia tomentosa (11), Alnus japonica (6) and Psoralea corylifolia (5)
based on their in vitro SARS-CoV-1 PLpro antiviral activity assays. To build the
phytochemical library for molecular docking experiments, thirty one phytochemicals
were chosen based on the lowest ICs values. Additionally, 3k and GRL0617 which
reported SARS-CoV PLpro inhibition were chosen as the positive controls throughout
the computational study. All phytochemicals belonged to two major classes of natural
products — i.e. flavonoids (25 compounds) and diarylheptanoids (6 compounds). Details
of all the phytochemicals used in this study are shown in Table 1. Figure 1 depicts the

2D chemical structures of the compounds used in this analysis.

Table 1: List of SARS-CoV-1 PLpro inhibitors collected from literature
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No Ligand ICs0* value Class Subclass Plant Ref.
(uM) source

1  Broussochalcone B 11.6x0.7 Flavonoid Chalcone A 20

2 Broussochalcone A 9.2+1.5 Flavonoid Chalcone A 20

3 4-Hydroxyisolonchocarpin 35.4+£11.3 Flavonoid Chalcone A 20

4  Papyriflavonol A 3.7£1.6 Flavonoid Flavonol A 20

5 Kazinol A 66.2+6.8 Flavonoid Flavane A 20

6 Kazinol B 31.4+2.9 Flavonoid Flavane A 20

7  Broussoflavan A 30.4£5.5 Flavonoid Flavane A 20

8 Kazinol F 27.8£2.5 Flavonoid Diphenylpro A 20
pane

9 KazinolJ 15.2+1.6 Flavonoid Diphenylpro A 20
pane

10 Tomentin A 6.210.04 Flavonoid C-geranylated B 18
flavanone

11 Tomentin B 6.1+0.02 Flavonoid C-geranylated B 18
flavanone

12 Tomentin C 11.6+0.13 Flavonoid C-geranylated B 18
flavanone

13 Tomentin D 12.5+0.22 Flavonoid C-geranylated B 18
flavanone

14 Tomentin E 5.0+£0.06 Flavonoid C-geranylated B 18
flavanone

15 3’-O-methyldiplacol 9.5+0.10 Flavonoid C-geranylated B 18
flavanone

16 4’-O-methyldiplacol 9.2+0.13 Flavonoid C-geranylated B 18
flavanone

17 3’-O-methyldiplacone 13.2+0.14 Flavonoid C-geranylated B 18

11



18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

4’-O-methyldiplacone

Mimulone

Diplacone

Hirsutenone

Hirsutanonol

Oregonin

Rubranol

Rubranoside B

Rubranoside A

Bavachinin

Neobavaisoflavone
Isobavachalcone

4’-O-methylbavachalcone

Corylifol A

3k (control 1)

GRL0617 (control 2%

12.7+0.19

14.4+0.27

10.4+0.16

4.1+0.3

7.8+1.7

20.1+2.2

12.3+0.9

8.0+0.2

9.1+1.0

38.4+2.4

18.3+1.1

7.3+0.8

10.1+1.2

32.3+3.2

0.15+0.01

0.6+0.1

Flavonoid

Flavonoid

Flavonoid

Diarylheptanoid

Diarylheptanoid

Diarylheptanoid

Diarylheptanoid

Diarylheptanoid

Diarylheptanoid

Flavonoid

Flavonoid

Flavonoid

Flavonoid

Flavonoid

N/A

N/A

flavanone
C-geranylated
flavanone
C-geranylated
flavanone
C-geranylated
flavanone
Linear diarylhe
Ptanoid

Linear diarylhe
Ptanoid

Linear diarylhe
ptanoid

Linear diarylhe
ptanoid

Linear diarylhe
ptanoid

Linear diarylhe
ptanoid
Flavanone
Isoflavone
Chalcone
Chalcone
Isoflavone
N/A

N/A

B 18
B 18
B 18
C 19
C 19
C 19
C 19
C 19
C 19
D 21
D 21
D 21
D 21
D 21
N/A 25
N/A 24
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*The half maximal inhibitory concentration (ICsp) values are shown as meanzstandard deviation based on
experiments repeated three times.

#Control 2 reported ICs, value of 2.4+0.2uM against SARS-CoV-2 PLpro

N/A — Not applicable

A- Broussonetia papyrifera, B- Paulownia tomentosa, C- Alnus japonica, D- Psoralea corylifolia
20 — Park et al., 2012 / 18 — Freitas et al., 2020/ 19 — Cho et al., 2013/ 21 — Park et al., 2017 /

24 — Ratia et al., 2008 / 25 - Baez-Santos et al., 2014
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Figurel. 2D chemical structures of phytochemicals and reported inhibitors

Selection of binding site residues in the SARS-CoV-2 PLpro

The substrate binding site residues on SARS-CoV-2 PLpro identified based on the
region that lays 5 A of the binding site of the naphthalene-based inhibitor, 3k, adjacent
to the catalytic triad on the ligand bound structure of SARS-CoV-1 PLpro, are shown in
Figure 2. The crucial binding site residues (12 residues) comprised of polar amino acids
(Tyr264/ Asn267/ Tyr268/ GIn269/ Tyr273/ Thr301), non-polar amino acids (Leul62/

Gly163/ Met208/ Pro247/ Pro248) and negatively charged amino acid (Asp164).
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C-terminal

N-Terminal

Figure 2: (A) Structure of SARS-CoV-2 PLpro representing (B) Zinc binding site, (C)
Catalytic triad and (D) S3/S4 binding pockets. Zinc ion is represented in blue sphere.
BL2 loop is shown in cyan color.
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Site-specific molecular docking study

Out of thirty three compounds, hirsutenone displayed the lowest binding energy (highest
docking score) of -8.23 kcal/mol with an inhibition constant (Ki) of 920.39 nM.
Interestingly, it showed the highest ligand efficiency (LE) value of 0.34 among selected
compounds. The phytochemical, rubranoside A exhibited the weakest binding energy
value of -4.09 kcal/mol (Ki of 1.01 mM) with the lowest LE (0.12) among the
compounds. All compounds including phytochemicals and positive controls exhibited
binding energies ranging from -8.23 kcal/mol to -4.09 kcal/mol with Ki values ranging
from 920.39 nM to 1.01 mM. The positive controls, 3k and GRL0617 were found to have
binding energy values of -7.89 kcal/mol (Ki of 1.63 uM) and -7.02 kcal/mol (Ki of 7.18
MM) respectively. Both hirsutenone and broussoflavan A (-8.13 kcal/mol and Ki of 1.1
MM) showed strong affinity in terms of binding energies towards the SARS-CoV-2 PLpro
binding pocket compared to the two reported inhibitors used in this study whereas
broussochalcone A (-7.78 kcal/mol and Ki of 1.97 uM), kazinol B (-7.67 kcal/mol and Ki
of 2.39 uM), papyriflavonol A(-7.46 kcal/mol and Ki of 3.41 yM), tomentin E (-7.29
kcal/mol and Ki of 4.5 yM), tomentin A(-7.22 kcal/mol and Ki of 5.08 uM), corylifol A (-
7.18 kcal/mol and Ki of 5.41 pyM), 4’-O-Methyldiplacone(-7.07 kcal/mol and Ki of 6.56
pMM) and 3’-O-methyldiplacone (-7.06 kcal/mol and Ki of 6.67 uM) ranked better than the
GRLO0617. Ten phytochemicals along with the two positive controls were selected based
on their binding energies to gain further insights into intermolecular interactions between

each ligand and the protein.

16



The molecular docking results of compounds including the binding energy, inhibition

constant and ligand efficiency are given in Table 2.

Table 2: Docking results of phytochemicals and reported inhibitors, used for the study

No Ligand PubChem CID Formula LBE* (kcal/mol) EIC** LE***
1 Hirsutenone 637394 C19H200s -8.23 920.39nM 0.34
2 Broussoflavan A 44257178 Co5H3006 -8.13 1.1uM 0.26
3 3k (control 1) 73659186 Cys5H,7FN,O -7.89 1.63uM 0.27
4 Broussochalcone A 6438825 CooH2005 -7.78 1.97uM 0.31
5 Kazinol B 480869 CosH250, -7.67 2.39uM 0.26
6 Papyriflavonol A 10343070 Co5H2607 -7.46 3.41uM 0.23
7 Tomentin E 71659767 Co6H3,08 -7.29 4.5uM 0.21
8 Tomentin A 71659627 Co5H3007 -7.22 5.08uM 0.23
9 Corylifol A 25056407 CosH260,4 -7.18 5.41uM 0.25
10 4’-O-methyldiplacone 24854122 Co6H3006 -7.07 6.56uM 0.22
11 3’-O-methyldiplacone 14539951 Co6H3006 -7.06 6.67uM 0.22
12 GRLO617 (control 2) 24941262  CyoH»N,0 -7.02 7.18uM 0.31
13 Tomentin D 71659766 C,7H3408 -6.95 8.08uM 0.20
14 Bavachinin 10337211 Cy1H2,0,4 -6.92 8.53uM 0.28
15 Kazinol A 442414 CasH300, -6.90 8.72uM 0.24
16 Tomentin B 71659628 CoeH3,07 -6.87 9.25uM 0.21
17 Neobavaisoflavone 5320053 CooH1504 -6.78 10.72uM 0.28
18 Mimulone 5716903 Co5H3505 -6.73 11.72uM 0.22
19 4-hydroxyisoloncho 14353465 CyoH1504 -6.66 13.06uM 0.28
carpin
20 Tomentin C 71659765  C,7H34Og -6.63 13.73uM 0.19
21 3’-O-methyldiplacol 21607150 Co6H3007 -6.50 17.12uM 0.20
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22 Kazinol J 21637732 CyH3.0, -6.49 17.49uM 0.22

23 4’-O-methylbava 42607530 CooH240,4 -6.48 17.77uM 0.25
chalcone
24 Diplacone 14539948 Co5H2506 -6.41 20.12uM 0.21
25 Kazinol F 184311 CosH3,0,4 -6.15 30.85uM 0.21
26 Isobavachalcone 5281255 CooH2004 -5.83 53.63uM 0.24
27 4’-O-methyldiplacol 24854124 Co6H3007 -5.82 54.55uM 0.18
28 Rubranol 10088141 C19H2405 -5.76 60.41uM 0.24
29 Broussochalcone B 6450879 CooH2004 -5.64 73.23uM 0.24
30 Rubranoside B 24011643 C,4H3,0g9 -5.47 98.03uM 0.17
31 Hirsutanonol 9928190 C19H2206 -4.92 246.38uM 0.20
32 Oregonin 14707658 C24H30010 -4.83 289.90pM 0.14
33 Rubranoside A 10097263 C25H34019 -4.09 1.01mM 0.12

LBE*- Ligand Binding Energy, EIC**- Estimated Inhibition Constant, LE***- Ligand Efficiency

Non-covalent interaction analysis of all ligands with the binding site residues of

SARS-CoV-2 PLpro

These compounds were stabilized through a network of interactions. They are hydrogen
bond interactions (based on conventional hydrogen bond, carbon-hydrogen bond and
salt bridge), electrostatic interactions (based on pi-anion), hydrophobic interactions
(based on pi-sigma, alkyl, pi-alkyl, pi-pi t shaped, amide-pi stacked, pi-pi stacked) and
other interactions such as pi-lone pair and pi-sulfur in the docking site. Out of twelve
binding site amino acid residues, excluding Met208, Pro247, Asn267 and GIn269, eight

residues participated in forming both hydrogen bonds and other interaction bond types
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with the thirty-three compounds. The residues, Met208, Pro247 and Asn267 formed
other interaction bond types except conventional hydrogen bonds while GIn269 was
involved only in conventional hydrogen bonding. Apart from twelve binding site
residues, eight more amino acids were involved in protein-ligand interactions. Out of
eight residues, Lys157, Glul167, Gly271 and Asp302 were observed to form only
conventional hydrogen bonds while the remaining Cys111, Ala246 and Gly 266 form
only other interaction bond types. At distances of 4.37 and 4.28 A, respectively, 3'-O
methyldiplacone and Mimulone formed weak hydrophobic (Alkyl) interactions with one
of the catalytic residues, Cys111. The amino acid residue, Argl66 showed both
conventional hydrogen bond interactions as well as other interaction bond types. Almost
all compounds formed hydrogen bonds varying from 1 to 6 with the binding site
excluding the phytochemical, 4’-O-methylbavachalcone. It was observed that the same
amino acid residue may form multiple bonds through the same or different types of
interactions with the ligand. In such cases, the residue was counted only once, even
though there may be several interactions between the residue and the ligand. The most
frequent hydrogen bonding amino acid residues were Asp164 (11/33), Tyr273 (11/33),
Argl66 (10/33), Gly163 (9/33), Tyr268 (6/33) and Asp302 (6/33) while Asp164 (25/33),
Leul62 (22/33), Pro248 (20/33), Pro247 (19/33) and Tyr264 (15/33) were more
common in forming different types of interactions other than conventional hydrogen
bonds. The number of ligands that forms conventional hydrogen bond with amino acid
residues is demonstrated in Figure 3a. Figure 3b shows the number of ligands that form
different interactions with amino acid residues other than conventional hydrogen

bonding. Supplementary figure S1la and S1b show the amino acid contribution towards
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forming each type of interaction with the compounds separately, except conventional

hydrogen bonding. Non-covalent interaction analysis of all compounds is given in Table

3 and S1.

Number of Ligands

N

(b)

[e)]

(2}

IS

w

Lys157
Leul62
Gly163
Aspl64
Argl66b
Glule7
Pro248
Tyr264
Tyr268
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Gly271
Tyr273
Thr301
Asp302

B Compounds(1-12)
Compounds(13-33)
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Figure 3: Intermolecular interaction analysis between ligands and amino acid residues of S3/S4 binding
pocket. (a) Analysis of conventional hydrogen bond interactions between ligands and amino acid

residues. (b) Analysis of overall interactions (except conventional hydrogen bonds) between ligands and
amino acid residues.
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Figure S1: Intermolecular interaction analysis between ligands and amino acid residues of S3/S4 binding

pocket. (a) Analysis of different bond types (except conventional hydrogen bonds) between top 12 ligands

and amino acid residues. (b) Analysis of different bond types (except conventional hydrogen bonds)
between compounds (13-33) and amino acid residues.

Table 3. Non-covalent interaction analysis of best docking complexes

Docked complex nHB®* HBI° Distance  OIR®
Protein Ligand (A°)
Hirsutenone 6 D: Lys157: HZ UNK1:05 2.46344

Electrostatic (Pi-Anion) — Asp164

D: Argl66: HN UNK1:04 2.30243 Hydrophobic (Pi-Sigma) — Asp164/ (Pi-Alkyl) -

23



Broussoflavan A

Reported Inhibitor 1

Broussochalcone A

Kazinol B

Papyriflavonol A

Tomentin E

24

2*

: Glul67: OE1

: Glul67: OE1

1 Asp302: OD1

1 Asp302: OD1

1 Tyr268: O

: Gly163: O

1 Tyr268: O

. Pro248: O

1 Tyr268: O

1 Aspl64: OD2

: Tyr273: HH

1 Asp302: OD1

1 Asp302: OD1

: Gly163: O

: Gly163: O

: GIn269: O

: Gly163: O

: Tyr273: OH

: Arg166: HH

1 Aspl64: OD2

UNK1:

UNK1:

UNK1:

UNKZ1:

UNK1:

UNK1:

UNKZ1:

UNK1:

$88902: H

S88902: H

UNK1:

UNK1:

UNK1:

UNK1:

UNK1:

UNK1:

UNK1:

UNK1:

UNK1:

UNK1:

04

03

1.77988

2.023

1.84894

1.93373

2.01975

2.6726

2.27659

2.61912

2.17461

1.80559

2.2497

1.91536

2.13925

2.14603

2.35927

2.00773

1.95379

2.44521

2.01321

2.0845

Argl66

Other (Pi-Sulfur) — Met208

Electrostatic (Pi-Anion) — Asp164/_ Hydrophobic

(Pi-Sigma) — Tyr264/ (Alkyl) — Pro247, Pro248,

Arg166/ (Pi-Alkyl) — Pro247, Pro248

Hydrophobic (Pi-Alkyl) — Leul62, Pro247,

Pro248

Carbon hydrogen bond — Arg166/ Electrostatic

(Pi-Anion) — Asp164/ Other (Pi-Sulfur) — Met208

/ Hydrophobic (Amide-Pi Stacked) — Ala246,

Pro247/ (Pi-Alkyl) — Tyr268, Arg166

Electrostatic (Pi-Anion) — Asp164/ Hydrophobic

(Pi-Pi Stacked) — Tyr264/ (Alkyl) — Pro247,

Pro248, Arg166, Met208/ (Pi-Alkyl) — Pro247,

Pro248

Electrostatic (Pi-Anion) — Asp164/ Hydrophobic

(Pi-Sigma) — Leu162/ (Alkyl) — Arg166

Electrostatic (Pi-Anion) — Asp164/ Hydrophobic

(Pi-Sigma) — Leu162/ (Alkyl) — Pro247, Pro248



Tomentin A

Corylifol A

4’-0O-Methyldiplacone

3’-O-Methyldiplacone

Reported Inhibitor 2

1 Tyr273: OH

: Gly163: O

1 Arg166: HE

1 Aspl64: OD2

: Gly163: O

: Thr301: OG1

: Leul62: O

1 Lys157: HZ

: Thr301: OG1

: Glul67: OE1l

1 Gly271: O

1 Aspl64: OD2

1 Aspl64: OD2

1 Asp302: OD1

: Tyr273: OH

UNK1:

UNK1:

UNK1:

UNKZ1:

UNK1:

UNK1:

UNKZ1:

UNK1:

UNK1:

UNK1:

UNK1:

UNK1:

03

04

1.96507

2.17545

1.84603

1.95492

2.15016

2.28093

2.6581

2.52056

1.97597

2.15726

2.29941

2.75291

A:TTT317: H3.01753

A: TTT317: H1.88445

A: TTT317: H2.67746

Electrostatic (Pi-Anion) — Asp164/ Hydrophobic

(Alkyl) — Arg166, Met208

Carbon hydrogen bond — Pro248, Tyr264,

Tyr268/ Hydrophobic (Pi-Pi Stacked) — Tyr264,

(Amide-Pi Stacked) — Leu162, Gly163, Asp164/

(Alkyl) — Pro247, Pro248

Carbon hydrogen bond — Pro248/ Electrostatic

(Pi-Anion) — Asp164/ Hydrophobic (Pi-Pi T shap

-ed) — Tyr264/ (Amide-Pi Stacked) — Gly163,

Aspl64/ (Alkyl) — Met208, Pro247, Pro248

Other (Pi-Lone Pair) — Tyr264/ Hydrophobic

(Alkyl) — Pro247, Cys111, Leul62/ (Pi-Alkyl)

-Tyr273, Leul62

Electrostatic (Pi-Anion) — Asp164/ Other (Pi-

Sulfur) — Met208/ (Pi-Lone Pair) — Thr301

Hydrophobic (Pi-Alkyl) — Arg166

®Number of hydrogen bonds (nHB), bHydrogen bond interaction (HBI), “Other interacting residues (OIR),

*One hydrogen bond is a salt bridge (Asp164), Bold — donor atom, Italics — acceptor atom
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Table S1: Non-covalent, protein-ligand interaction analysis of best docking complexes (compounds 13-

33)

Ligand nHB* IR®

Tomentin D 4 Hydrogen bond — Lys157, Arg166 (2)*, Leul62/ Carbon hydrogen bond- Pro248/
Electrostatic (Pi-Anion) — Asp164/ Hydrophobic (Amide-Pi Stacked) — Gly163, Asp
164/ (Alkyl) — Leul162

Bavachinin 1 Hydrogen bond — Asp302/ Carbon hydrogen bond — Tyr264/ Electrostatic (Pi-Anio
n) — Aspl164/ Other (Pi-Sulfur) — Met208/ Hydrophobic (Alkyl) — Leul162, (Pi-Alkyl)-
Tyr264, Tyr273, Arg166

Kazinol A 2 Hydrogen bond — Tyr273, Gly163/ Electrostatic (Pi-Anion) — Asp164/ Hydrophobic
(Alkyl) — Arg166/ (Pi-Alkyl) — Tyr268, Pro247, Pro248

Tomentin B 1 Hydrogen bond — Tyr273/ Electrostatic (Pi-Anion) — Asp164/ Hydrophobic (Alkyl)-
Leul62/ (Pi-Alkyl) — Leul62

Neobavaisofla 1 Hydrogen bond — Tyr273/ Electrostatic (Pi-Anion) — Asp164/ Hydrophobic (Pi-Pi

vone Stacked) — Tyr264/ (Alkyl) — Leu162/ (Pi-Alkyl) — Tyr264, Pro248

Mimulone 1 Hydrogen bond — Tyr273/ Electrostatic (Pi-Anion) — Asp164/ Hydrophobic (Alkyl)-
Leul62, Cysl111/ (Pi-Alkyl) — Pro247, Pro248

4-Hydroxyiso 1 Hydrogen bond — Gly271/ Electrostatic (Pi-Anion) — Asp164/ Hydrophobic (Pi-

lonchocarpin Alkyl) — Leul62

Tomentin C 3 Hydrogen bond — Arg166 (2)*, Asp164/ Electrostatic (Pi-Anion) - Asp164/ Hydroph
obic (Alkyl) — Leu162/ (Pi-Alkyl) — Leu162

3’-O-Methyl 2 Hydrogen bond — Pro248, Asp164/ Carbon hydrogen bond — Pro248, Gly266/

diplacol Hydrophobic (Amide-Pi Stacked) — Pro247, Pro248/ (Alkyl) — Pro248, Leul62/
(Pi-Alkyl) — Tyr264, Pro248

Kazinol J 1 Hydrogen bond — Arg166/ Electrostatic (Pi-Anion) - Asp164/ Hydrophobic (Alkyl) -
Leul62, Pro247

4’-O-Methyl Carbon hydrogen bond — Thr301/ Electrostatic (Pi-Anion) - Asp164/ Hydrophobic

bavachalcone (Amide-Pi Stacked) — Gly163, Asp164/ (Alkyl) — Met208, Leul62, (Pi-Alkyl) —

26



Diplacone 1
Kazinol F 2
Isobavachal 3
cone

4’-O-Methyl 2

diplacol
Rubranol 4
Broussochal 2
cone B

Rubranoside B 3

Hirsutanonol 5

Oregonin 3

Rubranoside A 6

Pro247, Pro248, Leul62

Hydrogen bond — Leu162/ Electrostatic (Pi-Anion) - Asp164/ Hydrophobic (Amide-
Pi Stacked) — Gly163, Asp164/ (Alkyl) — Pro247, Pro248/ (Pi-Alkyl) — Tyr264,
Leul62

Hydrogen bond — Asp164, Tyr268/ Hydrophobic (Pi-Pi T-shaped) — Tyr264/
(Amide-Pi Stacked) — Leu162, Gly163/ (Alkyl) — Pro247, Pro248/ (Pi-Alkyl) —
Tyr264, Pro248, Leul62

Hydrogen bond — Tyr268, Pro248, Tyr273/ Electrostatic (Pi-Anion) - Asp164/
Hydrophobic (Alkyl) — Leul62/ (Pi-Alkyl) — Pro247, Pro248

Hydrogen bond — Asp164, Tyr268/ Carbon hydrogen bond — Pro248/ Hydrophobic

(Alkyl) — Pro248, Leu162/ (Pi-Alkyl) — Pro247, Pro248

Hydrogen bond — Arg166, Asp302 (2)*, Glul67/ Electrostatic (Pi-Anion) - Asp164/
Hydrophobic (Amide-Pi Stacked) — Ala246, Pro247/ (Alkyl) — Pro248/ (Pi-Alkyl) —
Tyr264

Hydrogen bond — GIn269, Tyr264/ Hydrophobic (Pi-Pi T-shaped) — Tyr264/ (Pi-
Alkyl) — Tyr268, Leul62, Pro248

Hydrogen bond — Arg166, Thr301, Glul67/ Carbon hydrogen bond — Asn267,

Aspl64, Thr301/ Hydrophobic (Amide-Pi Stacked) — Gly163, Asp164/ (Pi-Alkyl) —
Pro248, Tyr264

Hydrogen bond — Arg166, Tyr273, GIn269, Asp164, Asp302/ Carbon hydrogen

bond — Tyr268/ Electrostatic (Pi-Anion) - Asp164/ Other (Pi-Sulfur) — Met208/
(Pi-Lone Pair) — Thr301/ Hydrophobic (Pi-Alkyl) — Leul62, Arg166, Pro247
Hydrogen bond — Gly271, Gly163, Tyr268/ Other (Pi-Lone Pair) — Tyr264/
Hydrophobic (Pi-Alkyl) — Leu162

Hydrogen bond — Arg166 (2)*, Gly163, Aspl164, GIn269, Tyr273/

Carbon hydrogen bond — Pro248

®Number of hydrogen bonds (nHB), bInteracting residues (IR), *Amino acid residue forms two hydrogen

bonds
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Intermolecular interaction analysis of the best protein-ligand docking complexes

Based on the docking scores, the top ranked twelve complexes were selected to
investigate their intermolecular interactions. This included ten phytochemicals along
with the two positive controls in the order of docking scores: hirsutenone> broussoflavan
A>3k>broussochalcone A> kazinol B>papyriflavonol A> tomentin E>tomentin A>corylifol
A>4’-O-methyldiplacone >3’-O-methyldiplacone>GRL0617. All hydrogen bonds
between the selected ligands and protein were mediated through Lys157, Leul62,
Gly163, Asp164, Argl66, Glul67, Pro248, Tyr268, GIn269, Gly271, Tyr273, Thr301 and
Asp302. The most common residues participating in conventional hydrogen bonding
were Gly163 (6/12), Asp164 (5/12) and Tyr273 (4/12). All the other interaction bond
types such as carbon hydrogen bond, electrostatic and hydrophobic interactions were
formed by Cys111, Leul62, Glyl63, Aspl64, Argl66, Met208, Ala246, Pro247, Pro248,
Tyr264, Tyr268, Tyr273 and Thr301. The recurrent residues of other interaction bond
types (other than conventional hydrogen bonding) were Leul62 (5/12), Asp164 (10/12),
Argl66 (7/12), Met208 (6/12), Pro247 (8/12), Pro248 (6/12) and Tyr264 (5/12).

All conventional hydrogen bond lengths between top rated phytochemicals and protein

were in the 1.78 - 2.75 A° range.

The amino acid residue, Asp164 was seen to be consistently involved in one of the
several types of interactions with the selected top ranked compounds. It was also
noticed that the hydroxyl group of each top ranked compound was the main contributor

associated with conventional hydrogen bond and salt bridge formation with the SARS-
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CoV-2 PLpro binding pocket. The hydroxyl hydrogen atom and oxygen atom in the
functional group were identified as hydrogen bond donor and hydrogen bond acceptor
respectively. Out of the twelve compounds, hirsutenone exhibited the highest number of
conventional hydrogen bonds (6) with SARS-CoV-2 PLpro. Broussoflavan A, tomentin E
and broussochalcone A formed four conventional hydrogen bonds each. Similarly, each
papyriflavonol A, tomentin A, 4’-O-methyldiplacone and control 2, GRLO617 were
stabilized by three conventional hydrogen bonds inside the substrate binding cavity.
Corylifol A and 3’-O-methyldiplacone were accompanied by two conventional hydrogen
bonds each. One of the two major hydrogen bonds in the control compound, 3k was a
salt bridge while the other was a conventional hydrogen bond. However, kazinol B
formed only one conventional hydrogen bond irrespective of its strong affinity towards
the protein. The comprehensive report of intermolecular interactions for top docking
complexes is given in Table 3. The 3D protein-ligand interaction diagrams for the top 4
compounds are depicted in Figure 4. The 2D protein-ligand interaction diagrams of

selected top twelve compounds are presented in Figure 5.
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Figure 4: S3/S4 binding pockets and molecular interactions of top four compounds with SARS-CoV-2
PLpro (PDB ID: 6WX4). (A) Binding mode of hirsutenone (yellow), broussoflavan A (blue), reported
inhibitor 1 (violet) and broussochalcone A (green) in the binding pocket. (C), (E), (G), () and (B), (D), (F),
(H) represent the close view of binding mode and molecular interactions inside the S3/S4 pockets
respectively.
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Figure 5: 2D interaction diagrams of top 12 ligands with the binding pocket of SARS-CoV-2 PLpro

Calculations of physicochemical properties and oral bioavailability for the top 12

compounds

Physicochemical properties of a compound are important factors when considering its
drug suitability. Thus, aforementioned top ranked compounds were screened for their
numerous physicochemical parameters. The predicted descriptors such as TPSA, MW,
n-HBA, n-HBD and n-RotB lied within a range of 32.34-131.35 (TPSA), 304.39-
472.53(MW), 3-8(n-HBA), 1-5 (n-HBD) and 3-7(n-RotB) respectively. All compounds
satisfied the Veber rule as TPSA values and n-RotB numbers were below the standard
levels. Except kazinol B, papyriflavonol A, corylifol A, 4’-O-methyldiplacone and 3’-O-
methyldiplacone, other compounds exhibited miLogP ranging from 2.71 to 4.88. By
contrast, the former five phytochemicals exceeded the standard miLogP value, five
violating one of the Lipinski’s rules. Nevertheless, all twelve compounds complied with
LRo5 as the rule accepts one violation. Calculations of physicochemical descriptors are
tabulated in Table 4.
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Table 4: Physicochemical properties of top hit ligands

Description miLogP® TPSA® n-NHA® MW?  n-HBA® n-HBD' n-RotBY Volume" LRo5' VR’
(A°) (g/mol) (A*)

Hirsutenone 2.71 97.98 24 328.36 5 4 7 301.13 Yes Yes
Broussoflavan A 4.27 99.38 31 426.51 6 4 3 394.86 Yes Yes
Reported Inhibitor 4.88 32.34 29 390.50 3 1 5 371.93 Yes Yes
1

Broussochalcone 4.53 97.98 25 340.38 5 4 5 311.26 Yes Yes
A

Kazinol B 6.28 58.92 29 39250 4 2 3 372.59 Yes(1) Yes
Papyriflavonol A 5.95 131.35 32 438.48 7 5 5 394.77 Yes(1) Yes
Tomentin E 3.49 125.69 34 47253 8 4 6 428.69 Yes Yes
Tomentin A 4.10 116.45 32 44251 7 4 5 403.12 Yes Yes
Corylifol A 6.66 70.67 29 390.48 4 2 6 370.95 Yes(1) Yes
4’-O-Methyldipla 5.82 96.22 32 438.52 6 3 7 410.73 Yes(1) Yes
cone

3’-O-Methyldipla 5.82 96.22 32 43852 6 3 7 410.73 Yes(1) Yes
cone

Reported Inhibitor 3.70 55.12 23 304.39 3 3 3 292.07 Yes Yes

2

®Octanol/water partition-coefficient (miLogP), bTopological polar surface area (TPSA), “Number of non-
hydrogen atoms (n-NHA), Molecular weight (MW), *Number of hydrogen bond acceptors (n-HBA),
'Number of hydrogen bond donors (n-HBD), °Number of rotatable bonds (n-RotB), "Volume of molecule,
iLipinski’s rule of five (LR05), \Veber rule (VR)

Number of violations of LR05 is shown within brackets.

Lipinski’s rule- (MW =<500, n-HBA =<10, miLogP =<5, n-HBD =<5), Veber rule- (n-RotB =<10, TPSA

=< 140)
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Evaluation of in silico pharmacokinetics and toxicity for the top twelve

compounds

The top twelve compounds were further assessed for in silico pharmacokinetics and
toxicity based on several descriptors using the pkCSM web server. The numerical and
categorical ADMET results of compounds along with their respective permissible ranges

are summarized in Table 5.

Table 5: In silico pharmacokinetics and toxicity predictions of top hit ligands

Absorption Distribution Metabolism Excretion Toxicity
Name WS*  HIA®  vDss® BBBp' FU® S 19 TCc"  AMES' HEP
Hirsutenone -3.293 71.189 0.665 -1.005 0.174 *CYP3A4 CYP2C9 0.056 No No
CYP1A2
CYP2C19

Broussoflavan A -3.743 71.921 0.66 -0.95 0.063 CYP3A4 CYP2C9 0.253 No No
CYP2C19
Reported Inhibitor -3.795 86.732 1.015 0.311 0.217 CYP2D6 CYP1A2 0.772 No Yes
1 CYP3A4 CYP3A4
CYP2C19
CYP2D6

Broussochalcone -3.355 74.186 0.362 -1.089 0.159 CYP3A4 CYP1A2 0.049 No No

A CYP2C19
CYP2C9

Kazinol B -4.186 91.551 0.993 0.03 0.016 CYP3A4 CYP2C9 0.382 No No
CYP2C19
CYP3A4

Papyriflavonol A -3.095 88.145 -0.079 -1.307 O CYP3A4 CYP2C9 0.265 No No

CYP2C19
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Tomentin E -3.814 9131 0.26 -1.208 0.04 CYP3A4 CYP2C9 0.028 No No

CYP3A4
Tomentin A -3.502 86.57 0.615 -1.388 0.076 CYP3A4 CYP2C9 -0.045 No No
CYP3A4
Corylifol A -5.036 93.752 -0.073 -0.141 O CYP3A4 CYP3A4 0.275 No No
CYP1A2
CYP2C19
CYP2C9
Table 5 (continued)
Absorption Distribution Metabolism Excretion Toxicity
Name ws*  HIA®  vDss® BBBp' FU® S 19 Tc"  AMES' HEP
4’-O-Methyl -4.237 87.132 0409 -1.142 O CYP3A4 CYP2C9 0.448 No No
diplacone CYP2C19
CYP3A4
3’-O-Methyl -4.023 89.459 0526 -1.119 O CYP3A4 CYP2C9 0.453 No No
Diplacone CYP2C19
CYP3A4

Reported Inhibitor -4.678 92.815 0.086 0.055 O CYP3A4 CYP1A2 0.221 Yes No
2 CYP2C19
CYP2C9

CYP3A4

®Water solubility (WS)[log(mol/L)], ’Human intestinal absorption (HIA)[%], “Steady state volume of
distribution (VDss) [log (L/kg)], Blood-brain barrier permeability (BBBp) [logBB], *Fraction unbound (FU),
'Substrate (S), ®Inhibitor (1), "Total clearance (TC) [log (ml/min/kg)], 'Ames toxicity (AMES), 'Hepatotoxicity

(HEP), *Cytochrome P450 isoenzymes (CYP)
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Accepted range of values

HIA % - >30% / Water solubility [log (mol/L)] - insoluble <-10<poorly soluble<-6<moderately soluble<-
4<soluble<-2<very soluble<0<highly soluble / VDss [log (L/kg)] - high>0.45, low<-0.15 / BBB permeability
(logBB) - poorly permeable to the brain <-1, readily cross the blood-brain barrier>0.3 / Total Clearance

[log (ml/min/kg)]- high>1.176, low<0.301 / Fraction unbound - >0.1

Seven compounds fell within the soluble range of water solubility whereas the remaining
five compounds fell within the moderately soluble range. All selected compounds
exhibited properties for high human intestinal absorption ranging from 71.2% to 93.8%.
Papyriflavonol A and corylifol A reported VDss values of -0.079 and -0.073 respectively.
Half of the top ranked compounds reported high VDss ranging (0.526 — 1.015)
compared to the standard value (0.45) whereas four compounds ranged from 0.086 to
0.409. For seven compounds, BBBp were less than -1 showing poor delivery to the
brain through the blood-brain barrier. Broussoflavan A and corylifol A showed BBBp
values of -0.095 and -0.141 respectively. By contrast, both reported inhibitors and
kazinol B exhibited positive values ranging from 0.03 to 0.31. Moreover, fraction
unbound (FU) of three compounds was higher than the standard value (0.1). However,
five compounds were fully bound to serum proteins which showed zero value for the
FU. The remaining four phytochemicals exhibited FU values ranging from 0.016 to
0.076. The metabolic behavior predictions revealed that all twelve compounds are
substrates of cytochrome (CYP) 3A4 isozyme. Additionally, control 1, 3k was also a
substrate of CYP2D6 isozyme. Hirsutenone and broussochalcone A showed potential to
inhibit CYP2C9, CYP2C19 and CYP1A2 isozymes. The isozymes, CYP2C19 and

CYP2C9 were inhibited by broussoflavan A and papyriflavonol A. Moreover, inhibition of
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all CYP2C19, CYP2C9 and CYP3A4 by kazinol B, 4’-O-methyldiplacone and 3’-O-
methyldiplacone was confirmed. Furthermore, tomentin E and tomentin A showed
inhibition against CYP2C9 and CYP3A4 while inhibition of CYP1A2, CYP3A4,
CYP2C19 and CYP2D6 was confirmed by control 1, 3k. Corylifol A and control 2,
GRLO0617 displayed comparable inhibition against four isozymes (CYP3A4, CYP1A2,
CYP2C19 and CYP2C9). Interestingly, all compounds had total clearance value less
than the standard (<1.17) showing persistency inside the body. According to the toxicity
estimates, the top-ranking phytochemicals may not be Ames toxic or hepatotoxic. The
control 1, 3k was observed as a hepatotoxic compound while the control 2, GRL0617

displayed results indicative of Ames toxicity.
Discussion

The diarylheptanoid and four flavanones from the top ranked phytochemicals had
docking scores of Hirsutenone (-8.23 kcal/mol) >Tomentin E (-7.29 kcal/mol) >
Tomentin A (-7.22 kcal/mol)> 4'-O-methyldiplacone (-7.07 kcal/mol) > 3'-O-
methyldiplacone (-7.06 kcal/mol). They showed a good correlation coefficient (R>=0.57)
to calculated pICsg (-log ICso) values from reported ICsq values against SARS-CoV-1
PLpro based on peptide substrate hydrolysis assay reported by Cho et al. (Cho et al.,
2013) and Park et al (Park et al., 2012). The p-estimated inhibition constant (pKi = -log
Ki) of Hirsutenone (6.04) > Tomentin E (5.35) > Tomentin A (5.29) >4'-O-
methyldiplacone (5.18) = 3'-O-methyldiplacone (5.18) also showed a good correlation
coefficient (R?=0.57) to the pICso values against SARS-CoV-1 PLpro. The remaining five
phytochemicals on the top ranked list, on the other hand, did not show a strong

correlation with the reported ICsp values against SARS-CoV-1 PLpro. This may be due
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to phytochemicals binding to a distant binding site during the empirical assessments
rather than the S3/S4 pocket selected for the computational analysis and solvent

effects.

The site-specific molecular docking targeted the S3/S4 deep substrate binding pockets
of SARS-CoV-2 PLpro enzyme, with ten phytochemicals exhibiting better docking
scores than an experimentally known inhibitor; GRL0617 (control 2). Two of the
phytochemicals showed stronger binding affinity towards S3/S4 pockets than both
control compounds. Out of the ten phytochemicals, hirsutenone displaying the strongest
affinity is a diarylheptanoid while the remaining compounds were flavonoids. Many
flavonoids have been reported as potential inhibitors for several target proteins of
human coronaviruses including MERS-CoV and SARS-CoVs (Solnier and Fladerer,

2020).

Hirsutenone was the only compound that exhibited inhibition constant in nanomolar
range (920.39 nM) among the compounds used in this study. Recently, Li et al. (Li et
al., 2021) reported molecular docking results of some of the phytochemicals explored
here against SARS-CoV-2 PLpro using Discovery Studio software. These include
isobavachalcone, 4’-O-methylbavachalcone, papyriflavonol A, neobavaisoflavone,
corylifol A and bavachinin. However Daoqun Li et al. have used the blind docking
method instead of the site specific docking method which we implemented throughout
our docking study. Hence our study is fast and precise in identifying potential small
molecule inhibitors against SARS-CoV-2 PLpro. Interestingly, binding data of different
GRL0617 conformations (AutoDock Vina ranging -7.5 to -6.8 kcal/mol and SwissDock

ranging -7.08 to -7.06 kcal/mol), against SARS-CoV-2 PLpro using two different docking
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tools revealed by Mostafa and co-workers (Jamalan et al., 2021) are comparable with
our findings (-7.02 kcal/mol). Recently several computational studies have predicted the
potential SARS-CoV-2 PLpro inhibitory effect of natural compounds isolated from
cyanobacteria (Naidoo et al., 2020), Azadirachta indica (Baildya et al., 2021) and
Schizanthus porrigens (Alfaro et al., 2020) displaying highest docking scores of -7.9
kcal/mol (Deoxycylindrospermopsin), -7.3 kcal/mol (Desacetylgedunin) and -7.5
kcal/mol (Schizanthine Z) respectively. The two top ranked phytochemicals of the
present work exceeded the docking scores of the aforementioned potential natural
inhibitors confirming the strongest inhibition of SARS-CoV-2 PLpro enzyme activity.
Hirsutenone has not only showed antiviral activity (Park et al., 2012) but it is also known
to have diverse pharmacological activities such as anticancer activity (Kang et al.,
2015), antioxidant activity (Manh and Jin, 2005), anti-inflammatory activity (Lee et al.,
2009) and many other actions (Ren et al., 2017). Additionally, this phytochemical has
been isolated from different plant species belonging to the genus Alnus (Ren et al.,
2017).The second top ranked flavonoid, broussoflavan A isolated from Broussonetia
papyrifera, has also been reported to possess antiviral activity (Park et al., 2017),
antioxidant activity (Ryu et al., 2012) and platelet aggregation inhibitory activity (Ko et
al., 1997). Considering the protein-ligand interactions of all thirty three compounds, it
was evident that all conventional hydrogen bond interactions were mediated through
Lys157, Leul62, Glyl63, Aspl64, Argl66, Glul67, Pro248, Tyr264, Tyr268, GIn269,
Gly271, Tyr273, Thr301 and Asp302. However, the amino acid residue, Tyr264 was not
associated by conventional hydrogen bonding with the top twelve compounds.

Excluding conventional hydrogen bonds, the other types of interactions (non-
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conventional carbon hydrogen, electrostatic, hydrophobic, Pi-Lone pair and Pi-sulfur ) of
the 33 compounds were formed through Cys111, Leul62, Glyl163, Aspl164, Argl66,
Met208, Ala246, Pro247, Pro248, Tyr264, Gly266, Asn267, Tyr268, Tyr273 and Thr301.
Nevertheless, Gly266 and Asn267 did not form any of the other interaction bond types
with the top twelve compounds. It was noticed that negatively charged, Asp164 was the
most recurrent residue (31/33) forming interactions with all compounds except
broussochalcone B and oregonin. The amino acid residue, Asp164 was involved
predominantly in forming electrostatic pi-anion interactions through its negatively
charged acidic side chain. Therefore, it might be a crucial residue to bind with small-
molecule inhibitors of SARS-CoV-2 PLpro. Significantly, binding site residues of the
protein only interacted with either oxygen atom or hydrogen atom of hydroxyl group of
the top twelve compounds in order to build conventional hydrogen bonds and salt

bridge.

Overall docking studies and ligand efficiency calculations suggested that hirsutenone,
broussoflavan A, and broussochalcone A could be promising SARS-CoV-2 PLpro
inhibitors because they bind strongly to the S3/S4 pockets, preventing substrate
binding. They tightly bind to the S3/S4 binding sites of protein by multiple conventional
hydrogen bonds (4-6) with bond distances less than 2.7 A. In the docking site, the two
catechol moieties of hirsutenone established six hydrogen bonds with Lys157, Arg166,
Glul167(2), and Asp302(2) at distances of 2.46, 2.30, 1.78, 2.00, 1.85, and 1.93 A,
resulting in the strongest binding. Broussoflavan A's phenolic moieties established
hydrogen bonds with Gly163 (2.67 A) and Pro248 (2.62 A), while the tetrahydropyran-3,

4-diol moiety established two more hydrogen bonds with Tyr268 of the BL2 loop at
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distances of 2.02 and 2.28 A. The catechol moiety of Broussochalcone A formed three
hydrogen bonds with Tyr273 (2.25 A), Asp302 (2 bonds at 1.92 and 2.14 A) while
resorcinol moiety interacted with Gly163 (2.15 A), generating another hydrogen bond in
the docking site. It was clearly observed that the hydroxyl groups of the top ranked
phytochemical structures contribute significantly to the formation of strong hydrogen
bonds with amino acid residues in the binding pockets. However, among the top rank
phytochemicals, kazinol B and corylifol A, which had the fewest hydroxyl groups (2),
displayed higher binding energies than the phytochemicals with more hydroxyl groups.
This is due to the fact that these phytochemicals create more hydrophobic contacts than

others which contributed to their higher affinity.

Evaluation of the ADMET properties to identify suitable drug candidates showed that the
top three phytochemicals meet both criteria of the LR05 and Veber rules demonstrating
good theoretical oral bioavailability. The remaining top ranked compounds satisfied the
Veber rule but they fulfilled the LRo5 with minor violations which is acceptable
according to the rule. The initial absorption of drugs can be affected by two important
descriptors, water solubility and human intestinal absorption. The top three
phytochemicals are water soluble while the remaining compounds are moderately
soluble in water suggesting that all the compounds under investigation may dissolve in
the aqueous gastrointestinal fluids with good oral bioavailability (Aouidate et al.,
2018).In fact, all the compounds exceeded 70% human intestinal absorption. Moreover,
hirsutenone, broussoflavan A, kazinol B, tomentin A, 3’-O-methyldiplacone and the
control 1, (3k) showed higher steady state volume of distribution (VDss) values than the

standard (0.45) indicating that these compounds may distribute more readily into the
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tissues of the body. Comparatively, 4’-O-methyldiplacone and broussochalcone A had
moderate VDss values of 0.409 and 0.362 indicating distribution in the human plasma.
Importantly, drugs with lower VDss values may require frequent dosing to achieve the
same effect as drugs with higher VDss (Smith et al., 2015). The BBBp value (0.311) of
the reported inhibitor, 3k, used as control 1 was a clear indication of its ability to cross
the blood-brain barrier easily. Except kazinol B, corylifol A and the reported inhibitor,
GRLO0617 used as the control 2, the other phytochemicals were found to be less likely to
cross the BBB. Therefore, these compounds may not show neurotoxic side-effects.
Favorable binding with the pharmacological target, SARS-CoV-2 PLpro was indicated
by the optimal fraction unbound (>0.1) by hirsutenone and broussochalcone A,
reflecting the free drug concentration in the systemic circulation after binding to
numerous plasma proteins including human serum albumin, alpha acid glycoprotein and
gamma globulin (Bohnert and Gan, 2013). Tomentin A and broussoflavan A also
displayed moderate fraction unbound values close to the threshold. Drugs which inhibit
one or more CYP450 enzymes may cause accumulation of other drugs which undergo
the same metabolic pathway. It is important to understand the metabolism of a drug by
CYP450 enzymes to avoid adverse drug-drug interactions leading to either drug toxicity
or treatment failures (McDonnell and Dang, 2013). Specially, among several isoforms of
CYP450 enzymes (CYP1A2, CYP2C9, CYP2C19, CYP3A4, CYP2D6) participating in
detoxification of xenobiotics, CYP2D6 and CYP3A4 metabolize apparently 50% and
25% of known drugs (Fatima et al., 2019). Moreover, the twelve top ranked compounds
screened were found to be substrates of CYP3A4. Interestingly, none of the top three

phytochemicals showed inhibition against CYP3A4. The twelve short-listed compounds
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showed a satisfactory total clearance value with respect to the standard (<1.1760) thus
possessing adequate persistence of the drug candidate inside the human body. Toxicity
predictions revealed that the top ranked phytochemicals are not Ames toxic and non-
hepatotoxic. Therefore, these phytochemicals may not cause DNA mutations and drug

induced liver injury inside the human body.

Despite computational expectations of efficient pharmacokinetics, including a high
intestine absorption profile, flavonoids frequently have limited bioavailability, which
reduces their medicinal effects significantly. Low oral bioavailability of flavonoids is
caused mostly by poor water solubility, intestinal absorption and rapid first pass
metabolism. Therefore, increasing chemical bioavailability is required to maintain
pharmacological action. However many formulation approaches, such as absorption
enhancers, structural transformation (e.g., prodrugs, glycosylation), and pharmaceutical
technologies (e.g., carrier complexes, nanotechnology, co-crystals), have been
developed to address the issue of low bioavailability of active flavonoids by improving

their pharmacokinetics (Zhao et al., 2019).

Previous research has indicated that isoflavones have the highest bioavailability of
flavonoids, followed by flavanols, flavanones, flavonols, and anthocyanins
(.Shivashankara and Acharya, 2010). None of the top ten phytochemicals used in this
study, are anthocyanins. Overall, hirsutenone was found to be the most promising
pharmacological candidate, satisfying the whole set of computationally assessed
characteristics and outperforming the two previously reported inhibitors (3k and

GRL0617). Albeit, there is no information available on the bioavailability of hirsutenone.
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Therefore, future in vivo research should look into the bioavailability of hirsutenone in

order to develop effective therapeutics against SARS-CoV-2 PLpro.

Conclusion

Based on docking results, hirsutenone and broussoflavan A formed the
thermodynamically most stable complexes with SARS-CoV-2 PLpro enzyme
demonstrating superiority to the positive controls, 3k and GRL0O617. Broussochalcone A
also showed strong binding affinity comparable with positive controls towards SARS-

CoV-2 PLpro.

Hirsutenone, broussoflavan A, and broussochalcone A demonstrated effective
physicochemical qualities and met both the LRo5 and Veber rules, implying that these
compounds might be used as orally active medicines in humans. Computationally, all
three phytochemicals displayed favorable pharmacokinetic and toxicological features.
Therefore, our findings suggest that hirsutenone, broussoflavan A and broussochalcone
A may act as potential small-molecule inhibitors against SARS-CoV-2 PLpro by

participating in crucial non-covalent interactions with Asp164.

Furthermore, these compounds can be changed to improve bioavailability by enhancing
ADMET characteristics, allowing for the development of effective medications to combat

the COVID-19 pandemic.
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