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ARTICLE INFO ABSTRACT

Keywords:
Severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2)

The disease, COVID-19, is caused by the severe acute respiratory coronavirus 2 (SARS-CoV-2) for which there is
currently no treatment. The SARS-CoV-2 main protease (MP™) is an important enzyme for viral replication. Small
molecules that inhibit this protease could lead to an effective COVID-19 treatment. The 2-pyridone scaffold was

E&Z?g?);t?ease (MP©) previously identified as a possible key pharmacophore to inhibit SARS-CoV-2 MP™. A search for natural, anti-
2-Pyridone microbial products with the 2-pyridone moiety was undertaken herein, and their calculated potency as inhibitors
In silico molecular modelling of SARS-CoV-2 MP™ was investigated. Thirty-three natural products containing the 2-pyridone scaffold were
AutoDock identified from the literature. An in silico methodology using AutoDock was employed to predict the binding

energies and inhibition constants (K; values) for each 2-pyridone-containing compound with SARS-CoV-2 MP™.
This consisted of molecular optimization of the 2-pyridone compound, docking of the compound with a crystal
structure of SARS-CoV-2 MP™, and evaluation of the predicted interactions and ligand-enzyme conformations. All
compounds investigated bound to the active site of SARS-CoV-2 MP™, close to the catalytic dyad (His-41 and Cys-
145). Thirteen molecules had predicted K; values <1 pM. Glu-166 formed a key hydrogen bond in the majority of
the predicted complexes, while Met-165 had some involvement in the complex binding as a close contact to the
ligand. Prominent 2-pyridone compounds were further evaluated for their ADMET properties. This work has
identified 2-pyridone natural products with calculated potent inhibitory activity against SARS-CoV-2 MP™ and
with desirable drug-like properties, which may lead to the rapid discovery of a treatment for COVID-19.

symptoms or succumbed to the virus [4,5]. The disease, COVID-19,
caused by this virus was declared a pandemic by the World Health Or-

1. Introduction

In 2019, a novel human coronavirus, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2; NC_045512) [1], spread rapidly
throughout the global population with suspected human-to-human
transmission via respiratory droplets [2,3]. Most SARS-CoV-2-positive
individuals developed mild symptoms including upper respiratory
tract illness. However, many people with concomitant medical condi-
tions, including pulmonary and cardiovascular disease, hypertension,
diabetes mellitus, as well as older adults, have developed severe

ganization in March 2020. Over 34.4 million individuals have been
infected globally so far, with a case-fatality ratio of 2.98% [6].
SARS-CoV-2 is a 29,903 bp single-stranded RNA coronavirus [7]. It
shares 82% nucleotide identity with the related, human severe acute
respiratory syndrome coronavirus (SARS-CoV), and both of these viruses
belong to clade b of the genus betacoronavirus [2,3]. Both SARS-CoV and
SARS-CoV-2 have structural spike proteins anchored to the viral enve-
lope, which recognize and bind to the host cell’s membrane protease,

Abbreviations: ACE2, Angiotensin-converting enzyme 2; ADMET, Absorption, distribution, metabolism, excretion, toxicity; clogD, Calculated distribution coef-
ficient; clogP, Calculated partition coefficient; F(20%), Oral bioavailability score to achieve 20% systemic concentration; AG,, Gibbs free energy, calculated; H-
bonds, Hydrogen bonds; HBD, Hydrogen bond donors; ICsp, Half maximal inhibitory concentration; K;, Inhibition constant; LDs, acute oral toxicity median lethal
dose; logPapp, Calculated Caco-2 permeability; logS, Calculated aqueous solubility; MPO, Multi-parametric optimization; MP™, Main protease; PDB, Protein databank;
PKa, Acid dissociation constant; PLP™, Papain-like protease; QM, quantum mechanics; R, gas constant; RdRp, RNA-dependent RNA polymerase; RMSD, root mean
square deviation; SARS-CoV, Severe acute respiratory syndrome coronavirus; SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; T, Absolute temper-
ature; TPSA, Total polar surface area.
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angiotensin-converting enzyme 2 (ACE2) [3,8,9]. ACE2 activates the
viral spike protein, allowing the virus to penetrate into the host cell [3,
10,11] and it is expressed on the ciliated epithelial cells of the human
lungs and other tissues [12]. The binding affinity of spike-ACE2 was
found to be 10-20-fold higher in SARS-CoV-2 than in SARS-CoV [13],
which may be attributed to differences in the receptor-binding domain
of the S1 region of the spike protein in both viruses [7]. Once inside the
host cell, viral RNA is translated by the host ribosome into two poly-
proteins, which are proteolytically processed by coronavirus main pro-
tease (MP™) and papain-like protease (PLP™) [14,15], for assembly of
new viral particles [16]. In order to replicate the RNA genome, the virus
encodes an RNA-dependent RNA polymerase (RdRp). Spike, MP™, PLP™
and RARP are essential proteins for coronaviruses to infect and replicate,
thus making them suitable therapeutic targets. As such, MP™ has been
characterized as one of the most attractive targets for the design of
coronavirus inhibitors, by using small molecules to block enzyme ac-
tivity and prevent viral replication [17].

MP™ has a unique cleavage specificity, Leu-GIn|(Ser,Ala,Gly), that
no other human proteases possess, safeguarding potential MP™ in-
hibitors from being harmful to humans [18]. The crystal structure of
SARS-CoV-2 MP™ reveals a dimer that shares 96% amino acid identity
with SARS-CoV MP™ [18]. SARS-CoV-2 MP™ has chymotrypsin- and
picoronavirus 3C protease-like domains I and II that are six stranded
anti-parallel p-barrels containing the substrate binding site between
them [19]. Domain III of MP™ regulates dimerization by a salt-bridge
interaction between Glu-290 of one protomer and Arg-4 of the other
protomer [20]. Dimerization is important for the catalytic activity as it
shapes the pocket of the substrate-binding site [21]. Catalytic efficiency
of MP™ was shown to be slightly increased in SARS-CoV-2 than
SARS-CoV [18], while the maximal accessible volume of the active site is
decreased from SARS-CoV to SARS-CoV-2 [22]. For this reason, in-
hibitors for SARS-CoV might not be as effective for SARS-CoV-2.

There are several crystal structures that have been determined for
SARS-CoV-2 MP™, The x-ray crystallographic structure of ligand-free
SARS-CoV-2 MP™ at room temperature (293K) revealed structural
plasticity when compared to the x-ray crystallographic structure at low-
temperature (100K) [23]. This work also revealed a water molecule
deep in the active site, close to His-41, that aids in the catalytic activity
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of this enzyme [23]. The crystal structure of SARS-CoV-2 MP™ (PDB:
6WQF) is depicted in Fig. 1 with its catalytic dyad and the water
molecule. This crystal structure has been regarded as the most appro-
priate model for performing docking studies as it is more representative
of physiological conditions [22,23].

Previously, a-ketoamides have been synthesized to inhibit the MP™
of beta- and alpha-coronaviruses, although, the half-life and solubility of
these compounds in plasma was unsatisfactory [19]. To increase the
half-life, solubility and anti-viral activity, a-ketoamides were modified
to incorporate a pyridone ring that prevents cleavage from cellular
proteases [18]. These new compounds were observed to increase the
plasma half-life in mice 3-fold with significantly improved kinetic
plasma and thermodynamic solubilities. To identify potential binding
sites, the crystal structure of SARS-CoV-2 MP™ was complexed with the
pyridone-containing compound (PDB: 6Y2F) [18]. The 2-pyridone
compound was bound to the shallow substrate-binding site of
SARS-CoV-2 MP™ containing the catalytic dyad (His-41 and Cys-145)
and inhibited viral activity [18]. Favourable ADMET and pharmacoki-
netic properties (e.g. lung tropism) and tolerability when administered
subcutaneously and/or via inhalation, gave further credence for the
development of 2-pyridone compounds as inhibitors of SARS-CoV-2
[18].

Natural products and their analogues have played a significant role
in the development of medicines to treat a wide variety of conditions,
including infections [24]. The 2-pyridone moiety is observed in a wide
variety of simple and complex organic molecules in nature. Many or-
ganisms retain the ability to synthesize, degrade, or utilize molecules
containing 2-pyridone rings [25,26]. In humans, 2-pyridone compounds
have been identified as metabolites of regular cell function [27-29]. A
number of 2-pyridone-containing natural products have antimicrobial,
-viral, -inflammatory, -proliferative, -diabetic and -cancer properties
making them attractive molecules for drug development [30-34]. The
chemical properties of 2-pyridones and their presence in many bioactive
compounds make them a valuable resource for drug design [33,34].
Furthermore, the 2-pyridone moiety has been shown to restrict degrees
of freedom within chemical structures, while mimicking a peptide
backbone [18].

The present work was undertaken to identify potential new

Fig. 1. The crystal structure of the SARS-CoV-2 main protease (MP™) monomer (PDB: 6WQF) is comprised of three domains (I-III). The domains, amino acid residues
of the catalytic site, His-41 (yellow), Cys-145 (skyblue) and embedded catalytic water molecule (red/white spheres) as suggested by Kneller et al. [23], are depicted.

Figure was developed using PyMOL [43].
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Table 1
Calculated binding energies, inhibition constants (K; values) <1 pM and all-atom RMSD identified for the interaction between 2-pyridone natural products and SARS-
CoV-2 MP™°,

Compound Name [Reference] Structure (Compound Number) SARS-CoV-2 MP™
Calculated Binding Energy (AGcac; kJ/mol) Calculated K; (pM) RMSD (A)
Fusapyridon A-2 [67] —43.85 0.02086 2.00 (Cluster: 13/50)
Ilicicolin H [68] —43.39 0.02498 1.98 (Cluster: 11/50)
Fusapyridon B-2 [67] —42.72 0.03258 2.00 (Cluster: 12/50)
Leporin A [69] —39.58 0.11584 1.02 (Cluster: 29/50)
Fusapyridon A-1 [67] —38.53 0.17601 1.69 (Cluster: 11/50)
Leporin B [70] —-37.91 0.22961 0.26 (Cluster: 40/50)
(+) Epipyridone [71] o ~N B —37.61 0.25692 0.19 (Cluster: 37/50)
IS
i ]
N (e}
7
(+) Apiosporamide [72] Ho, 2 o o —36.65 0.38145 1.12 (Cluster 7/50)
N o
8
Torrubiellone E [73] HO, oH O —36.48 0.40795 1.60 (Cluster: 8/50)
P
s
N e} HO'
OH
9
Farinosone A [74] Ho, oH 0 —36.28 0.44335 0.85 (Cluster: 5/50)
Aoz
u o
10
Farinosone B [75] HO. OH O —35.82 0.5296 0.60 (Cluster: 10/50)
= - —
| N -
YM-215343 [76] —34.85 0.78177 1.23 (Cluster: 13/50)
Cordypyridone D [77] —34.43 0.9259 0.17 (Cluster: 31/50)
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inhibitors of SARS-CoV-2 MP™ from the trove of natural products con-
taining a 2-pyridone scaffold. The intention of the present study is to
allow for a streamlined and rapid approach in developing therapeutics
towards COVID-19.

2. Materials and methods
2.1. Identification of 2-pyridone natural products

The natural products containing a 2-pyridone moiety assessed in the
present study were selected through a literature search of 2-pyridone
alkaloids discovered from the 1960s to present. The Chemical Abstract
Service database, SciFinder (https://scifinder.cas.org), was utilized for
conducting structure and keyword (“bioactive 2-pyridones”, “2-pyr-
idone alkaloids”, “antimicrobial 2-pyridones”, “2-pyridone natural
products”, “antibacterial 2-pyridones” and “antifungal 2-pyridones™)
searches. An initial investigation provided a review from Jessen and
Gademann from which a list of notable, bioactive compounds was
developed [35]. Additional compounds, discovered following the pub-
lication of this review, were identified through further literature
searches on compounds containing a 2-pyridone moiety. The 2-pyridone
natural products chosen for the current study were selected based on
their putative antimicrobial activity. Natural products with a 2-pyridone
scaffold, as well as their putative biological actions, are summarized in
Appendix A Supplementary Data (Table A1).

2.2. In silico binding studies

Due to the recently identified conformational flexibility of the SARS-
CoV-2 MP™ active site and the revelation of a water molecule aiding in
catalysis, the room temperature, ligand-free MP™ structure with an
embedded water molecule has been suggested to be the most physio-
logically relevant crystal structure for performing molecular docking
(PDB: 6WQF) [23]. Therefore, this structure was selected for in silico
binding studies. The calculated binding energies and inhibition con-
stants (K; values) for the selected 2-pyridone natural products with
SARS-CoV-2 MP™ were obtained using a molecular modelling procedure.
This process consisted of optimization of the molecular geometry of each
natural product using GaussView 5.0 [36] and docking each minimized
molecular structure with a crystal structure of SARS-CoV-2 MP™ (PDB:
6WQF) using AutoDock 4.2.6 software equipped with AutoDock Tools
(Scripps Research Institute) [37].

2.2.1. Molecular geometry optimization of 2-pyridone natural products

In order to minimize the molecular geometry of compounds assessed,
each 2-pyridone-containing natural product was constructed and opti-
mized using a quantum mechanics (QM) calculation (Hartree-Fock using
the 3-21G basis set) within GaussView 5.0 [36]. The minimized struc-
ture was saved as a .pdb file and was subsequently used for docking
procedures.

2.2.2. Docking of minimized natural products with crystal structure of
SARS-CoV-2 MP™°

To estimate the potential interaction and conformation of the mini-
mized 2-pyridone natural product and SARS-CoV-2 MP™ complex, a
published molecular modeling procedure using AutoDock 4.2 Software
was conducted [38,39]. The published SARS-CoV-2 MP™ crystal struc-
ture (PDB code: 6WQF) was obtained from the protein databank
(http://www.rcsb.org/) and uploaded to UCSF Chimera (https://www.
cgl.ucsf.edu/chimera/). Water molecules were removed from this
structure, except for the oxygen atom located 2.8 A from His-41, as
suggested by Kneller et al. [23]. Hydrogen atoms were added to the
oxygen to complete valency of the embedded water, and the structure
was saved as a .pdb file. The structure was then uploaded into AutoDock
4.2.6 and each non-polar hydrogen was merged with its bonding part-
ner. Gasteiger partial charges for all atoms within the structure were
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computed and added to the enzyme. The resulting file was saved as a .
pdb file.

The data from the geometry optimization of the 2-pyridone natural
product was uploaded into AutoDock 4.2.6. Immediately, all non-polar
hydrogen atoms were merged with their bonding partner, aromatic
carbon atoms were identified, Gasteiger partial charges for all the atoms
within the 2-pyridone natural product were computed and added to the
molecule and bonds that could rotate were identified. The data was
saved as a .pdbqt file.

Both .pdbqt files were uploaded to AutoDock and the grid maps were
produced around the active site of SARS-CoV-2 MP™. The nucleophilic
sulfur atom in Cys-145 (X: 16.67 A, Y: 3.63 10\, Z: 12.50 A) was located
and used as the center of the grid map. The grid map size was 120 grid
points x 120 grid points x 120 grid points with a grid-point spacing of
0.375 A. The docking calculation was subsequently performed using the
Lamarckian genetic algorithm [38], and each 2-pyridone natural prod-
uct was evaluated over 50 runs. The initial population size of each run
was 150. During each run, the maximum number of generations simu-
lated was 27,000, while the maximum number of energy evaluations to
identify the fitness of the 2-pyridone : SARS-CoV-2 MP™ interaction was
2,500,000. All predicted binding energies were calculated using a
semiempirical free energy force field [38].

The most probable docking location and the lowest binding energy
predicted (AGegc, Table 1) between each 2-pyridone : SARS-CoV-2 MP™
complex were visualized within AutoDock. In order to quantify the
performance of the docking calculation, a known procedure was used
wherein each of the 50 docking runs were evaluated for repetition in the
location and orientation of the ligand and placed into groups (clusters)
within an all-atom root mean square deviation (RMSD) of <2 A [40,41].
The cluster data produced from each run was placed on a scatter graph
to demonstrate the accuracy of the calculation for each 2-pyridone
assessed (Appendix A, Supplementary Data, Figure Al). The best clus-
ter, i.e. the cluster containing the highest number of docking runs or the
lowest binding energy (where clusters contained the same number of
runs) was selected to represent the 2-pyridone : SARS-CoV-2 MP™
complex [42]. The complex with the lowest binding energy from the best
cluster was saved as a .pdbqt file and evaluated using the open source
visualization software, PyMOL [43]. The amino acid residues that
interact with the 2-pyridone natural product, produce hydrogen bonds
(H-bonds) [44,45] or surround the docked 2-pyridone compound were
identified (Appendix A, Supplementary Data, Table A1). The calculated
K; values were obtained using AGy. = RTInKj; where R is the gas
constant, 8.314 J K_lmol_l, and T is the absolute temperature (298.15
K), based on the temperature for enzyme crystallography (Tables 1-4)
[46,47].

2.3. Calculation of ADMET pharmacokinetic properties

To quantify the suitability of the most favourable 2-pyridone in-
hibitors as drugs for SARS-CoV-2 MP™, several absorption, distribution,
metabolism, excretion, and toxicity (ADMET) characteristics were
calculated. The multi-parameter optimization (MPO) algorithm, was
used to score the most favourable 2-pyridone compounds with the
lowest calculated K;j values (1-10) and estimate their theoretical ability
to be used as a drug. MPO is based on six pharmacokinetic parameters:
calculated partition coefficient (clogP), calculated distribution coeffi-
cient (clogD), total polar surface area (TPSA), number of H-bonding
donors (HBD), acid dissociation constant (pK,), and molecular weight
[48]. These chemical properties were calculated using their corre-
sponding plugin and default settings in MarvinSketch (ChemAxon, https
://www.chemaxon.com) [49]. pK, values were likewise determined
using the default settings for macro mode and static acid/base prefix at
room-temperature (298 K). Each 2-pyridone compound was scored for a
total MPO value from 0.0 to 6.0 (Table 5), where values >3.0 are
considered acceptable for compounds possessing drug-like properties
[48]. Theoretical aqueous solubility for compounds 1-10 were
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Table 2
Calculated binding energies, inhibition constants (K; values) 1-10 pM and all-atom RMSD identified for the interaction between 2-pyridone natural products and SARS-
CoV-2 MP™,
Compound Name [Reference] Structure (Compound Number) SARS-CoV-2 MP™
Calculated Binding Energy (AGcac; kJ/ Calculated K; (uM) RMSD (A)
mol)
Cordypyridone C (N-methoxyPF1140) o —33.05 1.62 0.12 (Cluster: 35/
[77] Nt 50)
‘ﬁ‘ LH
e}
14
Pyridovericin [78,79] Ho. oH o —31.55 2.99 1.15 (Cluster: 7/50)
Fusapyridon B-1 [67] —-30.79 4.04 1.99 (Cluster: 5/50)
Akanthomycin [80] —30.25 5.03 0.51 (Cluster: 19/
50)
Aurodox [81] —29.87 5.87 0.00 (Cluster: 1/50)
N-deoxyakanthomycin [82] o —29.29 7.38 1.15 (Cluster: 20/
Q: = 50)
| ' :
19
PF1140 [83] o S —28.74 9.20 0.25 (Cluster: 41/
N 50)
| HE
l:l 0
OH
20
Pyridoxatin [84] Ie —28.70 9.40 0.17 (Cluster: 18/
on 50)
8L
w
(‘)H
21
calculated using MarvinSketch, where values >10 pg/mL are considered 3. Results

optimal [49,50]. Additional ADMET properties (i.e. oral bioavailability
F(20%), acute oral toxicity (LDsp), and Caco-2 permeability) were
generated using the ADMETLab open-source web calculator (https
://admet.scbdd.com/) [51,52]. Oral bioavailability is expressed as the
fraction of drug required to achieve 20% in systemic circulation (>20%
optimal) [53,54]. Toxicity is expressed as mg/kg where values >500
mg/kg are considered optimal [55,56]. Membrane permeability
expressed as logP,p, values (m/s) for the human colorectal cell line,
Caco-2 (>-5.15 cm/s is optimal) [57]. The theoretical subcellular
localization of compounds 1-10, were also calculated using the
admetSAR2.0 open-source web calculator (https://Immd.educ.cn/adme
tsar2.0/) [58,59].

2.4. Comparison of top 2-pyridones natural products with known drugs

To display the relevance and drug-suitability of the top 2-pyridone-
containing compounds investigated herein, calculated binding en-
ergies and MPO scores of the 2-pyridone compounds (K; values <1 pM)
were compared with that of a selection of known drugs suggested for
repurposing/repositioning against SARS-CoV-2 MP™ (Table 6). The
drugs chosen for comparison were selected based on their consideration
in several COVID-19-related in silico and drug repurposing studies
[60-63]. These known compounds offer a variety of therapeutic classes,
from antivirals to neuroleptic drugs.

3.1. Search for natural products with the 2-pyridone moiety

From the literature search, a total of 61 natural products containing
the 2-pyridone moiety were identified. The putative biological actions of
many of these compounds were antimicrobial (anti-bacterial, -viral and
-fungal), anti-cancer, and/or anti-proliferative or cytotoxic. Given the
objective of the present study to assess potentially efficacious inhibitors
of SARS-CoV-2 MP™ with limited side-effects, only compounds that
possessed anti-microbial properties were evaluated herein. For the pu-
tative mechanism of action of the selected compounds, see Appendix A,
Supplementary Data Table Al.

3.2. Evaluation and validation of docking poses

To validate the AutoDock procedure utilized in the present work, a
cluster plot was generated summarizing the docking data for each of the
33 compounds assessed (Appendix A, Supplementary Data, Figure Al).
The cluster plots reveal that most of the 2-pyridone natural products (30
out of 33 compounds) produced their largest cluster with a similarly low
binding energy to that of their most favourable (lowest AG) run.
Furthermore, 27 of the 2-pyridones evaluated showed RMSD values <2
A, indicating good correlation within the best cluster result. The data
sets for Aurodox 18, Kirromycin 30, and Factumycin 31 did not generate
any clusters greater than a single run. Within the best cluster for each
compound, the conformation showing the lowest binding energy was
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Table 3

Chemico-Biological Interactions 335 (2021) 109348

Calculated binding energies, inhibition constants (K; values) 10-40 pM and all-atom RMSD identified for the interaction between 2-pyridone natural products and

SARS-CoV-2 MP™.

Compound Name [Reference] Structure (Compound Number)

SARS-CoV-2 MP™

Calculated Binding Energy (AGcac; kJ/mol)

Calculated K; (uM) ~ RMSD (&)

Cordypyridone B (8-methylpyridoxatin) [77] Iy —28.33 10.87 0.53 (Cluster: 28/50)
on
R
NSo
on
22
Cordypyridone A (8-methylpyridoxatin) [77] Iy —28.16 11.73 0.63 (Cluster: 27/50)
on
S
o
o
23
Harzianopyridone [85,86] o 'l P —28.03 12.25 1.54 (Cluster: 7/50)
o Iu o :
24
(R) Flavipucine [87] fo., —27.91 12.96 0.15 (Cluster: 32/50)
lH N
25
Atpenin A4 [88] W —27.45 15.56 1.17 (Cluster: 5/50)
HO Xy
Ho. ‘N/ oH
26
(S) Flavipucine [87] Qo —27.45 15.64 0.12 (Cluster: 15/50)
27
Torrubiellone A [89] o oH 0 -27.11 17.90 0.39 (Cluster: 3/50)
o P
N 0o HO'
OH
28
Atpenin A5 [88] o g o —25.77 30.32 1.60 (Cluster: 4/50)
:g ‘Nt of-c5
29

Table 4

Calculated binding energies, inhibition constants (K; values) 40-245 pM and all-atom RMSD identified for the interaction between 2-pyridone natural products and

SARS-CoV-2 MP™.

Compound Name [Reference] Structure (Compound Number)

SARS-CoV-2 MP™

Calculated Binding Energy (AGcaic; kJ/mol)

Calculated K; (uM) ~ RMSD (A)

Kirromycin [90]

Factumycin [91] o o o~ —24.56 49.44
bl

Atpenin B [88] o @
HOW
Ho N“NOH

Ricinine [34,92] o~

—24.85 43.91

—23.72 69.99

—20.62 244.7

0.00 (Cluster: 1/50)

0.00 (Cluster: 1/50)

1.23 (Cluster: 5/50)

0.09 (Cluster: 46,/50)

further analyzed in PyMOL.

3.3. Calculated binding energies and K; values

A total of 33 natural products containing the 2-pyridone moiety were
docked to SARS-CoV-2 MP™ using AutoDock [38,39]. Calculated binding
energies and K; values for each top-ranked 2-pyridone natural product
complexed with SARS-CoV-2 MP™ are summarized in Tables 1-4. The
binding energies ranged from —43.85 to —20.62 kJ/mol and the K;
values ranged from 0.021 pM-244.70 pM. Compound 1 had the lowest

binding energy (—43.85 kJ/mol) and calculated K; value (0.021 pM).
Compounds 2-13 (Table 1) also had strong binding energies (—43.39 to
—34.43 kJ/mol), with small calculated K; values (0.025 to 0.926 pM).
The stereochemistry of the chiral C-3 methyl substituent in the tetra-
hydropyran ring of fusapyridon A (1 and 5) and fusapyridon B (3 and
16) was not indicated in the literature; therefore, both configurations of
the methyl substituent (axial and equatorial) were subjected to the
docking procedure.

Compounds 14-21 had affinity for SARS-CoV-2 MP™ with binding
energies ranging from —33.05 to —28.70 kJ/mol and the calculated K;
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Table 5
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ADMET properties of the ten 2-pyridone natural products with K; values, <1 pM when bound to SARS-CoV-2 MP™.

Compound MPO TPSA (A) HBD pPK, clogP clogD at pH 7.40 logS (pg/mL) F(20%) LDso (mg/kg) logPpp (m/s)
1 2.00 65.1 0 18.8 5.07 5.07 0.361 0.386 185 —0.0473
2 2.27 86.6 3 8.93 4.84 4.83 0.0119 0.465 342 —0.0529
3 2.00 66.5 0 27.2 5.71 5.71 0.367 0.312 176 —0.0476
4 3.15 38.8 0 23.8 4.53 4.53 0.123 0.619 552 —0.0461
5 2.00 65.1 0 18.8 5.07 5.07 0.361 0.415 161 —0.0473
6 4.70 49.8 1 6.38 4.15 3.11 0.323 0.632 150 —0.0492
7 3.23 58.6 2 9.18 4.28 4.27 0.103 0.602 234 —0.0506
8 3.10 119 4 8.87 1.84 1.83 0.349 0.424 229 —0.0558
9 3.78 118 4 -1.84 1.60 0.39 171 0.473 444 —0.0533
10 2.48 86.6 3 8.86 4.89 4.88 0.00128 0.499 867 —0.0523
Table 6

Comparison of calculated binding energies and MPO scores from select 2-pyridone natural products with potential drugs
targeting SARS-CoV-2 MP™ suggested in the literature for possible treatment of COVID-19.

2-Pyridone Natural Binding Energy (kJ/mol) MPO Repurposed Drugs Against Binding Energy MPO
Products SARS-CoV-2 MP™ (kJ/mol)

1 —43.85 2.00 Darunavir —48.10 [61] 2.76
2 —43.39 2.27 Lopinavir —40.58 [62] 2.50
3 —42.72 2.00 Saquinavir —36.30 [61] 2.90
4 —39.58 3.15 Chlorpromazine —34.73 [63] 2.58
5 —38.53 2.00 Festinavir —29.92 [62] 4.53
6 -37.91 4.70 Oseltamivir —29.33 [62] 5.48
7 —37.61 3.23 Remdesivir —28.33 [62] 3.00
8 —36.65 3.10 Ribavirin —26.36 [60] 4.00
9 —36.48 3.78 Azithromycin —25.69 [62] 2.38
10 —36.28 2.48 Favipiravir —20.00 [62] 4.50

values ranging from 1.62 to 9.40 uM (Table 2). Compounds 22-29 had
binding energies ranging from —28.33 to —25.77 kJ/mol, and larger
calculated K; values ranging from 10.87 to 30.32 uM (Table 3); while
compounds 30-33 had the weakest binding energies (—24.85 to —20.62
kJ/mol) and the largest calculated K; values (43.91-244.70 pM)
(Table 4).

3.4. Amino acid interactions

The 2-pyridone natural products investigated in this study exhibited
very similar interactions with amino acid residues in the SARS-CoV-2
MPT active site. All 33 compounds showed binding inside of the active
site gorge. Only compound 9 showed no H-bonding. The recurrent H-
bonding amino acid residues were: Glu-166 (22/33), Asn-142 (11/33),
GIn-189 (9/33), His-163 (7/33), GIn-192 (7/33), Thr-190 (7/33). The
prominent amino acid residues in close contact to the bound 2-pyridone
compounds were: Met-165 (33/33), Met-49 (32/33), His-41 (30/33),
Cys-145 (29/33), His-164 (28/33), Leu-167 (24/33), Phe-140 (23/33),
GIn-189 (22/33), Leu-141 (20/33), Gly-143 (19/33), Pro-168 (19/33),
His-163 (18/33), Arg-188 (18/33), Ser-144 (17/33), Asn-142 (16/33),
His-172 (13/33), Thr-190 (13/33), GIn-192 (12/33), Ala-191 (10/33),
Glu-166 (9/33). The amino acid residues that were most common for
both H-bonding and/or as close contacts were: Met-165 (33/33), His-41
(32/33), Met-49 (32/33), His-164 (31/33). Glu-166 (31/33), GIn-189
(31/33). Almost all compounds exhibited bonding or close contact in-
teractions with the catalytic dyad (His-41 and Cys-145). For the com-
pounds with the most favourable binding energies and K;j values (1-13),
residues GIn-189 (12/13), His-164 (12/13), and Arg-188 (10/13) were
recurrent. The details regarding amino acid interactions for each of the
2-pyridone compounds are summarized in Appendix A, Supplementary
Data, Table Al. The amino acid residues in the SARS-CoV-2 MP™ active
site that interact with the four most potent compounds assessed in this
study are depicted in Fig. 2.

The observed H-bonding interactions primarily involved the 2-pyri-
done ring portion of the natural product molecules. Frequently, H-
bonding occurred between the previously highlighted amino acid

residues and the 2-pyridone carbonyl (19/33), the C-4 hydroxy/oxygen
group (18/33), or the pyridone amine/oxime (8/33). The 13 compounds
that exhibited the most favourable calculated K; values (<1 pM) were
mostly ring-based structures containing little or no chains (Tables 1 and
Al). These compounds also tended to possess carbonyl, hydroxy, or
ether groups at C-3 and a 6 membered-ring functional group off C-5.
Interestingly, compound 6 (leporin B) showed no H-bonding despite
favourable binding affinity. H-bond interactions are shown in Fig. 2.

3.5. Drug suitability

The ten 2-pyridone natural products (1-10) that produced the lowest
K; values when complexed with SARS-CoV-2 MP™ were evaluated for
their fitness as potential drugs to treat COVID-19. The ADMET proper-
ties identified through the MPO score (clogP, clogD, TPSA, HBD, pK,,
and molecular weight) as well as theoretical aqueous solubility, oral
bioavailability F(20%), LDsg, subcellular localization, and membrane
permeability were calculated and are shown in Table 5. Only com-
pounds 4, 6, 7, 8, and 9 produced MPO scores >3.0. Leporin B (6) had
the largest MPO (4.70). All compounds except 9 showed low theoretical
aqueous solubility. The oral bioavailability values were all favourably
>20%, with Leporin A (4) and B (6) exhibiting the greatest F(20%)
values (0.632 and 0.619). All compounds displayed very similar mem-
brane permeability values ranging from —5.578 to —4.614 cm/s, with
compounds 1, and 3-7 showing optimal values. Most compounds were
indicated to possess mild-toxicity; however, compounds 4 and 10 were
in the low-toxicity range. All compounds showed subcellular localiza-
tion to the mitochondria, except for compound 6 which was suggested to
further localize to the plasma membrane.

When compared with drugs currently under repurpose for the inhi-
bition of SARS-CoV-2 MP™, compounds 1-10 exhibited similar, if not,
slightly greater binding energies (Table 6). A comparable range of MPO
values were identified for the ten 2-pyridone compounds (2.00 to 4.70)
and the repurposed drugs targeting SARS-CoV-2 MP™ (2.38 to 5.48).
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Fig. 2. The most potent 2-pyridone natural products, compounds 1-4 (A-D), are docked with SARS-CoV-2 main protease (MP™®) (PDB: 6WQF). The structures,
binding energies and inhibition constants (K; values) for 1-4 are summarized in Table 1, as well as their ADMET properties in Table 5. The H-bonding (dashed black
lines) and close contact amino acid residues for 1-4 are depicted in their corresponding panel, as well as the catalytic dyad, His-41 (skyblue), Cys-145 (yellow), and
embedded catalytic water (red/white spheres) as suggested by Kneller et al. [23]. Figures were generated using PyMOL [43].

4. Discussion

The novel coronavirus, SARS-CoV-2, has resulted in the global
pandemic, COVID-19 [1-3]. This virus is highly contagious [2,3], more
so than other coronaviruses [64] and can cause serious and potentially
fatal respiratory conditions [4,5]. Currently, there are no vaccines or
treatments available to combat SARS-CoV-2. As a result, a global effort
has been initiated in search of a cure by repurposing or repositioning
existing drugs [65,66].

While a number of unique SARS-CoV-2 proteins are being evaluated
for drug development to treat COVID-19, MP™ has been identified as an
appropriate target and a number of inhibitors have been evaluated not
only for SARS-CoV-2 but for SARS-CoV as well [17]. In the literature,
2-pyridone molecules have shown promise for the inhibition of
SARS-CoV-2 MP™. Thus, in the present work, natural products that
contain the 2-pyridone scaffold were evaluated through in silico studies.
These molecules, most of which are of fungal origin, have shown puta-
tive antimicrobial properties against bacterial and fungal strains [35].
Given the urgency of discovering a cure for COVID-19, these natural
products show promise for further evaluation as therapeutic agents for
SARS-CoV-2.

Using the in silico AutoDock methodology, selected compounds from
the literature were docked and evaluated for their potential inhibitory

properties against SARS-CoV-2 MP™ through calculation of binding en-
ergies and K; values. To validate the in silico binding procedure, each 2-
pyridone natural product was docked with SARS-CoV-2 MP™ to produce
a cluster plot. The cluster plots showed convergence of docking poses to
the lowest possible binding energy, while the docking conformations
within the best cluster had acceptable RMSD values (<2 f\) (Appendix A,
Supplementary Data, Figure A1). In this study, 33 2-pyridone molecules
were identified from the literature for investigation, 13 of which proved
to have calculated K; <1 pM (compounds 1-13; Table 1), indicating
their promise as inhibitors of SARS-CoV-2 MP™.

Based on the bonding interactions of the 2-pyridone natural products
investigated, it is evident that the 2-pyridone ring is a key scaffold that
aids in inhibitor binding to SARS-CoV-2 MP™. A previous investigation
of a-ketoamide inhibitors of MP™ highlighted the potential importance
of the 2-pyridone moiety in inhibitor design [18]. In the present work,
the 2-pyridone carbonyl and nitrogen were shown to be important atoms
in the H-bonding interactions at the active site gorge among all com-
pounds studied. In addition, compounds also exhibited prominent in-
teractions with a hydroxy moiety at the C-4 carbon of the 2-pyridone
ring. This suggests that, specifically, 4-hydroxy-2-pyridones may be
successful inhibitors of SARS-CoV-2. Moreover, these results suggest
that greater affinity for SARS-CoV-2 MP™ is achieved with the presence
of multiple ring structures (e.g. compound 1, K; value of 0.021 pM)
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rather than large portions of carbon chains (e.g. compound 30, K; value
of 43.91 pM) (Tables 1 and 4). As well, compounds 1-13 were among
the most appropriately sized compounds for binding to and filling the
active site gorge of MP™. The weakest binding 2-pyridone was ricinine
(33), which was far too small to fill the active site and to engage with the
key amino acids previously identified to be important for enzymatic
activity. Similarly, compounds 18, 30, and 31 were the largest com-
pounds assessed. Their cluster results indicated poor docking with the
SARS-CoV-2 MP™ active site, likely due to the large, bulky carbon chains
of these compounds.

It has been suggested that the active site of SARS-CoV-2 MP™ con-
tains a catalytic dyad, His-41 (base) and Cys-145 (nucleophile), with an
embedded water molecule (Fig. 1) that enables the enzyme to catalyse
the hydrolysis of polyproteins and generate the replicase/transcriptase
complex for SARS-CoV-2 replication [14-16,23]. The results of the
current study show that Glu-166 was present in almost all of the 2-pyr-
idone binding studies conducted, either as a close contact residue or as a
participant in H-bonding, as shown previously [18]. This residue may
therefore act as a proton donor in hydrolysis, an alternative to the
embedded water molecule, to provide increased drug potency. In addi-
tion, the frequent occurrence of ligand interactions with Met-49 and
Met-165 and for compounds 1-33 and His-164, Arg-188, and GIn-189
for compounds 1-13, also suggests that these residues may be impor-
tant mediators in inhibitor binding to MP™. As well, almost all 2-pyri-
done natural products investigated in this study engaged in
interactions with the catalytic dyad as proposed.

The ten top 2-pyridone-containing compounds (K; values <1.0 pM)
were further evaluated on their suitability for future research as po-
tential drugs to treat COVID-19. ADMET properties including clogD,
clogP, HBD, pK,, TPSA, aqueous solubility, oral bioavailability, acute
oral toxicity, subcellular localization, and membrane permeability were
calculated. The ADMET properties summarize several pharmacokinetic
parameters that are considered to provide a basis on the drug-like ca-
pacity of a theoretical pharmaceutical [53-59]. Other assessments that
include ADMET parameters, such as the MPO calculation have been
developed to help theorize the drug-suitability of any given compound
[48]. Of the top ten 2-pyridone natural products, compounds 4, 6, 7, 8,
and 9 produced favourable MPO values, with leporin B (6) producing
the largest MPO value (4.70). Further ADMET analysis showed that all
compounds had low, but suitable aqueous solubility [50], favourable
oral bioavailability values [53,54], and mild to low toxicity [55,56].
Based on the data for all ADMET parameters (Table 5), only compound
(4) was in the optimal range of all parameters, suggesting leporin A (4)
may be the most suitable compound for further drug evaluation as an
inhibitor of SARS-CoV-2 MP™,

Additionally, a comparison of the pharmacokinetic properties of the
top ten 2-pyridone natural products (K; <1.0 pM) with ten similar active
compounds (i.e. darunavir, lopinavir, saquinavir, chlorpromazine, fes-
tinavir, oseltamivir, remdesivir, ribavirin, azithromycin, and favipir-
avir) tested against SARS-CoV-2 MP™ [60-63] showed a similar range of
binding energies and MPO scores. This suggests that several of the 2-pyr-
idone-containing compounds highlighted in this study, in addition to
favourable calculated inhibitory properties against SARS-CoV-2 MP™,
also exhibit comparable pharmacokinetic and drug-like profiles to those
of approved therapeutics, particularly leporin A (4). These results pro-
vide further credence for the potential therapeutic value of the natural
products explored herein against COVID-19, and emphasizes the further
need for pre-clinical and clinical evaluation of these 2-pyridone natural
products.

In summary, 33 natural products containing the 2-pyridone moiety
were studied using in silico docking techniques against SARS-CoV-2
MP™. MP™ is a key protein involved in the infection and replication
processes of SARS-CoV-2, making it a valuable drug target. All 33 nat-
ural product 2-pyridones docked to MP™, bound to the active site gorge
and exhibited promising binding energies and calculated Ki values in the
nanomolar to micromolar range. These 2-pyridones indicated key
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interactions with amino acid residues of the SARS-CoV-2 MP™ active
site, such as the catalytic dyad His-41 and Cys-145. Other key residues
such as Met-49, His-164, Met-165, Glu-166, and Gln-189 suggest these
amino acids may have importance in the inhibitor-SARS-CoV-2 MP™
binding properties to the active site. These in silico findings, and those
described previously [18,19], suggest that 2-pyridone natural products
may act as potent inhibitors of SARS-CoV-2 MP™. Five of these 2-pyri-
done compounds (K; values <1.0 pM) also exhibited pharmacokinetic
parameters favourable for drug design, where leporin A (4) showed the
most promise for future therapeutic use. This in silico study provides a
solid foundation for the discovery and development of other effective
therapies to combat SARS-CoV-2. Further investigation using in vivo and
in vitro experimentation is required to confirm the effectiveness of 2-pyr-
idone natural products as possible treatments for COVID-19.

5. Conclusion

Natural products are a rich source of compounds that can be utilized
as therapeutics. In the context of COVID-19, natural products that are
inhibitors of SARS-CoV-2 MP™ may provide another avenue for
combating the disease. Thirteen 2-pyridone natural products were
identified to have favourable predicted inhibitory properties against the
virus, five of which also exhibited favourable pharmacokinetic profiles,
especially leporin A (4). The present work indicates that natural prod-
ucts containing a 2-pyridone scaffold have the potential to be used as
therapeutics against the novel coronavirus SARS-CoV-2 to treat COVID-
19.
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