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ranking and reranking, eleven compounds were identified to satisfy these criteria and anal-
ysis of their structures revealed an unparallel common features among them which could
Editor: DR B Gyampoh be critical for their interactions with MPRO, However, only the topmost scoring compound
(AV-203: K; = 0.31 uM) exhibited relatively stable binding interaction during the period of

Ic(ej;wgrgisr: 50 ns MD simulation and thus is a suitable template for drug development.
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Introduction

Severe Acute Respiratory Syndrome-CoronaVirus-2 (SARS-CoV-2) is a new strain of coronavirus (COVID-19), first reported
from the Wuhan region of China in December 2019 and was declared a pandemic by World Health organisation in March
2020 [1]. As of October 2020, over 40 million cases and 1.1 million deaths have been reported worldwide, mostly in elderly
people and children (WHO, 2020). Approximately 95% of world population is at risk of COVID-19 and an estimated 1.7
billion people, comprising 22% of the global population, have underlying health condition that could raise their risk of
being seriously ill if infected with COVID-19 [2]. The economic loss and degree of human suffering due to the disease
is overwhelming [3]. Even though several scientists are working around the clock, the discovery of COVID-19 drugs and
vaccine is still at large [4].
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Among some other critical proteins encoded by SARS-CoV-2 such as nucleocapsid protein [5], Spike (S) protein [6], Enve-
lope (E) protein [7], and Membrane (M) protein [8], the propagation of COVID-19 is reliant on proteases as the SARS-CoV-2
takes over the molecular machinery of host cells of COVID-19 infected persons and produces more copies of RNA through
translation into long chains of viral proteins, which are activated when cut into smaller pieces by proteases [9-10]. Two main
proteases namely papain-like protease (PLP) and main protease (MP™ also known as 3CLP™) are involved in the cleavage.
Hence, viral proteases represent an attractive drug target in the search for COVID-19 drugs and since their crystal struc-
tures were deposited in protein databank, a plethora of researchers have targeted them with many classes of small and
peptide molecules in search for potential inhibitors [11]. For example, Ghosh et al. [12] screened polyphenols from Isatis
indigotica root while Peele et al. [13], searched both natural products and US-FDA approved drugs to find potent stable
binders of MP', Kumar et al. [14] and Khan et al. [15], respectively evaluated hydroxyethylamine analogs and marine natu-
ral compounds as potent inhibitors against the main protease of SARS-CoV-2 and Ibrahim and his coworkers applied variety
of virtual methods to search for novel MP™ ligands [16-20]. However, no such studies have been reported for screening
antiviral compounds or recognizing the MP™ catalytic dyad in selecting potential inhibitors. Therefore, our study is relevant.

In the present work, we employed molecular docking and dynamics strategies to screen a total of ~9000 dataset com-
prising antiviral compounds and natural products fragments in Enamine database based on two criteria: (1) higher binding
affinity than MP™ cocrystallized ligand and (2) binding interaction with MP™ catalytic dyad - Cys145 and His41. Analysis
of binding mode and structure-activity relationship of topscoring compounds were carried out. Finally, molecular dynamic
simulations of all the topscoring compounds were made and their behaviours were evaluated based on root mean square
deviation (RMSD) of the ligands from the target binding site residues as their complexes evolve.

Materials and method
Selection and preparation of corona virus main protease structure

The three-dimensional structure of corona virus main protease - MPRO — bearing its cocrystallized inhibitor (N3) was se-
lected from protein databank (PDB code: 6LU7). The cocrystallized water molecules and other non-essential particles were
removed to retain only the protein-ligand complex. The Protonate 3D procedure implemented in molecular operating en-
vironment (MOE) software was used to protonate the complex before energy minimizing it to gradient of 0.001 kcal/mol
using the Merck Molecular (MMFF94) force field to eliminate atomic clashes [21-23].

Preparation of the datasets

The modelled structures of two sample datasets comprising compounds with antiviral activity in experimental screen-
ing and natural product fragments were downloaded from the Enamine database. To prepare the sample compounds for
simulation purposes, the default settings of LigX module in MOE was used.

Docking with MOE

The position occupied by the cocrystallized inhibitor was considered as the binding site of the receptor. Ten conforma-
tions of each of the sample compounds were generated and carefully placed into the receptor’s binding site by “triangle
matcher” module. “London dG” scoring function was used to assign the theoretical free binding energies of the protein-
ligand complexes formed before finally being refined by force field.

Docking with AutoDock4.2

The AutoDock4.2 software [24] was used to predict the binding poses and rescore the free energy of interaction for the
successful candidates from MOE docking calculations. Rigid-receptor-flexible-ligand docking was carried out by AutoDock-
Tools in which the grid box with 0.375 A points spacing was centered in the mass center surrounded by the amino acid
residues at the receptor binding site. AutoGrid module implemented in AutoDock was used to estimate potential grid maps
for the interaction of ligand atom-types. In the docking computations, a total of 250 hybrid GA-LS runs, and at most 2.5 mil-
lion energy evaluations and 0.27 million generations were performed. To group the clusters, a root mean square deviation
tolerance was set at 2.0 A. Other parameters were kept at default settings during the docking simulations.

Molecular dynamic simulations

Gromacs v4.5.5 and Amber99 force-field were used to perform MD simulation of top docked complexes. Automated
Topology Builder (ATB: an online platform) was used to generate the topology and parameter files of ligands [25]. The
MPRO_ligand complexes were placed in a cubic box simple point charge (SPC) at 1.0 A between the box edges and the protein
surface and solvated with an explicit water model. Before using steepest descent integrator and conjugate gradient algorithm
to energy minimize the system, it was neutralized by the addition of sufficient Na* and Cl~ ions. Position restraining force
was applied to all non-hydrogen atoms while the solvent molecules and ions were allowed to equilibrate around the solute
molecules at 300 k and 1 bar for a simulation time of 50 ns for comparative trajectory analysis [26].
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Fig. 1. Distribution of docking scores for the two datasets.

Results and discussion

Natural products have been serving as medicine as far back as time [27-30] and more also, have been guiding the
development of several small chemotherapeutic molecules including new chemical entities with antiviral indications [31-
32]. A review by Newman and Cragg reported that 4% of antiviral drugs are natural products while 10% are either synthetic
molecules with pharmacophore from natural products or natural products mimics [33]. On the other hand, molecules with
activity against a particular pathogen is commonly screened in search for an inhibitor for the pathogen’s validated drug
target [27-29]. Based on the foregoing, we chose to explore the datasets (natural products fragments (NPF) and molecules
with experimentally confirmed antiviral effects (AV)) from Enamine library to identify virtual corona virus main protease
inhibitors.

Docking and scoring with London dG scoring function

The method of root mean square deviation (rmsd) was used to validate docking protocol. This entails ensuring the proto-
col produces dock pose of the cocrystallized ligand (N3 - N-[(5-methylisoxazol-3-yl)carbonyl)anyl-L-valyl-N-1-((1R,2Z)—4-
(benzyloxy)—4-(benzyloxy)—4-oxo-1-{[(3R)—2-oxopyrrolidin-3-yllmethyl)but-2-enyl)-L-leucinamide) that compares with X-
ray crystallized pose within rmsd of < 2.00 A. After multiple trials, a grid box of 12 x 12 x 15 dimension with 0.375 A
spacing centered in -6 x 11 x 70 center of mass gave rsmd = 1.82 A which satisfied the criteria and therefore was used in
this study.

Docking and calculations of free binding energy by London dG scoring function implemented in MOE software gave
docking score distributions of the two datasets that ranged from —15 to —7 kcal/mol for NPF dataset and —12 to —6 kcal/mol
for AV dataset. Both distributions showed a Gaussian curve with a peak value at —9 kcal/mol representing more than 45.60%
and 50.43% compounds in NPF and AV datasets respectively (Fig. 1). Two criteria used to select significant candidates were:
binding affinity higher than that of N3 and binding interaction with either or both MPRO catalytic residues - Cys145 and
His41. It was observed that 60 molecules from NPF library and 184 molecules from AV library had free energy of binding
lower than that of N3 (—11.40 kcal/mol) - the cocrystallized inhibitor of MPRO, Additionally, upon visual inspection of binding
poses of the 244 molecules (sum of 60 and 184 compounds) it was discovered that only a total of 32 molecules, nicknamed
as MOE 32-hits, (8 from NPF and 24 from AV datasets) passed the second requirement and were hence considered for
further studies.

AutoDock4.2 docking and rescoring result

Rescoring is commonly practiced because it has been confirmed to produce a better docking conformation of lig-
and and enhanced theoretical binding free energy. Therefore, AutoDock4.2 software with forcefield-based scoring func-
tion was employed to re-rank the MOE 32-hits from virtual screening with MOE. Again, rmsd method was used to val-
idate AutoDock4.2 docking protocol. A grid box points 60 x 60 x 60 with 0.375 A spacing centered on mass center of
—10.153 x 13.266 x 68.742, which reproduced experimental pose of the cocrystallized inhibitor within 1.94 A rmsd, was
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Fig. 2. Chemical structures of the eleven hits as identified by AutoDock4.2 program

used to dock the MOE 32-hits and successful candidates were selected, once more, based on the earlier defined two criteria.
AutoDock4.2 program ranked only 12 out of the 32 molecules higher than N3, unlike MOE docking program. Neverthe-
less, all the compounds were good binders to MPRC with free energy of binding ranging from —5.21 to —8.87 kcal/mol and
demonstrated better ligand efficiencies (ranging from 0.22 to 0.39 kcal/mol per non-H atom) than N3 (0.15 kcal/mol per
non-H atom) (Table 1). The reasonable ligand efficiencies and excellent physicochemical features of these compounds (mo-
lar weight < 400 Da, hydrogen bond acceptor/donor < 7/4, topological polar surface area < 140, number of rotatable bonds
< 5, lipophilicity < 4) highlight their significance as interesting starting materials for developing novel corona virus MPRO
inhibitors and corona virus drugs. Furthermore, visual inspection of the ligand poses identified that all but one made inter-
actions with the catalytic residues (Cys145 and His41) of the receptor bringing the final number of virtual hits according to
our cut-off to 11 compounds, which consist of 3 natural products fragments and 8 antivirals.

Structure-activity relationship (SAR) derived from the eleven hits

Analysis of the chemical structures of the eleven in-silico hit compounds vis-a-vis their theoretical inhibition constants
(K;) revealed they all have certain unprecedented common features which probably are critical for binding interaction with
MPRO [12-14]. Firstly, all the eleven compounds were found to contain quaternary N atom(s) except NPF-2423, suggesting
that the presence of compounds possessing a positive charge on the atom in the position of the nitrogen could be critical
for interaction with the protein. This is consistent with the nature of N3, the cocrystallized inhibitor. However, it does seem
that the presence of more than one of this moiety - quaternary N atom - in a compound does not improve potency since
the activities of AV-149 (K; = 2.13 pM) and AV-540 (K; = 0.90 pM) with two quaternary N atoms are less than that of
AV-203 (K; = 0.31 pM) with single quaternary N atom. Secondly, it was observed that each of the eleven compounds have
two carbons separating N and O atoms either in a ring or straight chain arrangement. Thus, it can be hypothesized that
the presence of the quaternary nitrogen atom and N atom separated from O atom by not more than two carbon atoms
in a compound are necessary feature behind their interactions with the corona virus MPRO, Other functionalities worthy
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Table 1
Docking results of AutoDock4.2 program.
Dataset Binding free energy (kcal/mol)  Inhibition constant (uM)  Ligand efficiency
NPF-1103  -6.90 8.75 0.33
NPF-2110 -7.21 5.22 0.34
NPF-2423  -7.54 2.99 0.36
NPF-2903  -7.99 1.39 0.38
NPF-3241 -7.89 1.64 0.39
NPF-3246  -7.53 3.03 0.36
NPF-3767  -6.81 10.14 0.43
NPF-3801 -7.16 5.65 0.36
AV-2 —6.45 18.71 0.21
AV-48 —-5.80 56.30 0.31
AV-122 -7.22 5.12 0.27
AV-149 -7.74 2.13 0.27
AV-151 —6.58 15.15 0.24
177-AV -8.14 1.08 0.27
AV-187 -7.28 4.61 0.27
AV-202 -7.31 435 0.27
AV-203 -8.87 0.31 0.31
AV-215 -6.35 22.13 0.23
AV-224 -6.26 25.59 0.23
AV-253 -5.21 151.73 0.20
AV-259 -8.16 1.04 0.29
AV-261 —7.58 2.76 0.28
AV-270 -6.27 25.31 0.22
AV-540 -8.25 0.90 0.34
AV-850 —-6.78 10.75 0.31
AV-870 —-7.66 2.44 0.32
AV-1826 -7.43 3.56 0.31
AV-1871 —6.49 17.39 0.27
AV-2077 —-6.67 12.91 0.29
AV-2192 —-6.10 33.95 0.24
AV-2556 —-7.06 6.64 0.34
AV-3893 —6.80 10.29 0.28
N3 -7.40 3.79 0.15

K; is the theoretical inhibition constant and like binding energy, lower values indicate more fa-
vorable interaction. Ligand efficiency is a concept that expresses the sensitivity of binding affinity
to an increase in molecular size. The higher the ligand efficiency the better the molecule is as
drug-lead [34].

of mention are amide, purine and their pseudo forms. These were present in many of the hits and may have well played
pivotal role in ensuring binding interaction.

Analysis of binding poses of the hits

Information obtained from analysis of key molecular interactions formed between potential drug and protein target is
essential because it guides synthesis of derivatives in structure-activity optimization exercise [35-36]. To this end, the bind-
ing modes of the eleven best performing candidates were determined. Docking calculation on AV-149 (Fig. 3a) identified a
unique binding pose in which the hydroxyl group made strong hydrogen bonds with carboxylate moieties of Gly143 and
Thr26 backbones. Aside using its hetero-oxygen to make hydrogen bonding with GIn192 and Pro168 side chains, the mor-
pholine group of the compound had an intriguing hydrogen bond contact with the Thr190 and Glu166 backbone carbonyl
moieties and Met165 thiol group. The cyclobutyl ring interacted with SH group of Cys145 while His41 had pi-pi contact
with the aromatic rings of the ligand. AV-177 (Fig. 3b) accommodated its hydroxyl group within the inner groove of MFRO
binding pocket to make hydrogen bonds with Asp187 and Arg188. The morpholine ring had hydrogen bonding interactions
with Cys145 SH group and His163 imidazole ring while His41 was found having a pi-pi intercourse with the ligand’s purine
ring. The most active compound (AV-203) (Fig. 3c) identified in this study adopted a unique binding mode within the bind-
ing cavity of MPRO, The compound hydrogen bond with His163 imidazole NH group through its furan oxygen atom. The only
hydroxyl moiety of the compound hydrogen bond with His164 carbonyl backbone and Cys145 SH group. Both backbones of
Arg188 and Glu166 had hydrogen bonding intercourse with the pyridine nucleus while pyrrolidinone related with the side
chain of Ala191. The conformation of the compound must have enabled pi-pi interactions between its purine moiety and
the surrounding protein residues with aromatic rings. The best docked conformation of AV-259 (Fig. 3d) revealed a polar
contact between purine NH group and SH group of the catalytic residue, Cys145. In addition, piperidinol OH group and the
terminal NH group of the compound hydrogen bond with His163 imidazole NH group and Phe140 backbone, respectively.
Further interactions were observed with Met49 and Glu166. His41 and His164 imidazole groups were again found making
pi-pi interactions with MPRO purine ring. Docking calculations on AV-261 (Fig. 3e) revealed a unique binding conformation
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Fig. 3. Theoretical binding poses for the virtual hits. The protein residue are represented in line format while the ligands are shown in ball and stick
format. Atoms of the ligands are color coded: gray = carbon, red = oxygen, blue = nitrogen and white = hydrogen. The background represent the protein’s
molecular surface according to MOE representation. Subfigures a-f respectively show the binding poses of AV-147, AV-177, AV-203, AV-259, AV-261 and
AV-540 in SARS-CoV-2 MPRO binding site. Fig. 3. Theoretical binding poses for the virtual hits. The protein residue are represented in line format while the
ligands are shown in ball and stick format. Atoms of the ligands are color coded: gray = carbon, red = oxygen, blue = nitrogen and white = hydrogen.
The background represent the protein’s molecular surface according to MOE representation. Subfigures g-k respectively show the binding poses of AV-870,
AV-1826, NPF-2423, NPF-2903 and NPF-3241 in SARS-CoV-2 MPRO binding site.

toward MPRO, The only hydroxyl group of the compound that forms hydrogen bond with SH group of Cys145 and Ser144
side chain. Hydrogen bond contact was found between the furan ring and His163 imidazole NH group. Unlike what has
been found so far, the purine nucleus made an arene-hydrogen interaction with Met165. The amide NH group related with
Thr190 backbone while the pyrrolidine ring contacted the side chain of Glu166. The binding conformation of the second
most active compound (AV-540) (Fig. 3f) in this study had arene-hydrogen interactions with the catalytic dyad (His41 and
Cys145). Furthermore, the ethoxyethyl oxygen atom made polar contacts with the SH and imidazole NH groups of Cys145
and His41 respectively. Additionally, the carbonyl groups and ring NH moiety interacted with Gly143, His163, Phe140, and
Leu141 of MPRO,

The docked conformation of AV-870 (K; = 2.44 pM) (Fig. 3g) showed hydophobic force mainly drove the protein-ligand
complexation. The ligand stretched in such a way that its two terminal aromatic rings docked into the protein groove sur-
rounded by amino acid residues like Phe140, His163, His172, His41 and Tyr54, which are capable of forming pi-pi interaction
through their aromatic rings. The only observable hydrogen bonding contact existed between the hydroxyl moiety and SH
group of Cys145. The least theoretical free energy of AV-1826 (K; = 3.56 pM) showed a docked pose similar to AV-870
(Fig. 3h). Both aromatic rings of the ligand made lipophilic contacts with protein residues listed for AV-870. The supremacy
of hydrophobic interactions in the ligand binding is revealed in the fact that the presence of the three fluorine atoms re-
duced the inhibitory activity, perhaps because the fluorine atoms being highly electronegative molecule distorted the hy-
drophobic forces, though there are hydrogen bonds between the hydroxyl groups and Cys145, Gly143 and GIn189 residues.
The only natural product carbamic acid identified in this study has a docked pose that showed its ethyl chain accommodated
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in the protein groove surrounded by amino acid residues with hydrophobic side chains (Phe140 and Leul41) (Fig. 3i). The
carboxylate group established a hydrogen bond contact with Cys145 SH, Gly143 backbone and Asn142 side chain. The ligand
related with the other catalytic residue - His41 - through arene-hydrogen bonding. The pyridinone was found to make two
hydrogen bonds with Met165 sulfane group and Glu166 backbone. The smallest sized natural product identified as virtual
hit assumed a unique binding mode (Fig. 3j) in which its toluenyl group flanked into the MPRC hydrophobic pocket to make
pi-pi contacts with aromatic rings of His41, Tyr54 and His164. Two hydrogen bonds were observed between the morpholine
ring and Cys145 SH group and between the carbonyl moiety and GIn189 side chain. Finally, the aromatic rings of NPF-3241
had the usual pi-pi interactions with the usual aromatic rings of the protein residues (Fig. 3k). The two hydroxyl groups of
the ligand established hydrogen bonds with Cys145 SH group and Leul41 backbone. Further binding contact was observed
between the ligand piperidine moiety and His164 backbone and GIn189 and Met165 side chains.

Stability of the complex MP™ with ligands

During the MD simulation in this present study, 50 ns simulation was carried out to ensure that the equilibration phase
of ligand-receptor complex lasted long enough to analyze for stable intermolecular interaction. RMSD values of the backbone
atoms of the small-molecules (in red color) in comparison with MFRO active site residues (in blue color) of the heating phase
were used to assess stability. Only the topmost scoring compound (AV-203) remained stable within the protein binding site
at the course of 50 ns MD simulation period. Even though it intermittently moved away a little bit from the protein, for
example between 6 and 13 ns and 33 to 45 ns simulation time, overall AV-203 stayed within less than RMSD of 1.0 A to
MPRO active site residues as the complex evolved over the simulation period (Fig. 4). Of the compounds, five flew out of the
protein binding site almost as soon as the equilibration began while the other five drifted to distances relatively unfavorable
for binding interaction (Figure S1). Taken together, the MD simulation result alongside the reasonable ligand efficiency of
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blue color.

AV-203 (0.31 kcal/mol per number of heavy atoms) suggest that its interaction with the target would last long enough to
effect physiological response and hence it qualifies as a suitable template for development of new MPRO inhibitors.

Conclusion

We have virtually screened two datasets, antiviral compounds and natural products fragments from Enamine database,
for their ability to interact with a genetically validated SARS-CoV-2 drug target (MPRO) by employing techniques such as:
docking and free binding energy calculations, redocking and rescoring, molecular dynamic simulation of protein-ligand com-
plexes of topscorers, analysis of SAR and binding mode predictions. Eleven compounds selected as good binders after ranking
and reranking were based on their; ability to exhibit higher binding affinity than the co-crystallized inhibitor and binding
contact with the protein catalytic dyad. The result of their SAR suggests that the identified common features among them
are important for their interactions with MPRO, Hence, we hope to consider these features in developing a pharmacophore
model and determine whether it can distinguish MPRO actives from inactives in our subsequent work. Interesting binding
interactions were observed upon analysis of the compound poses. At the end, we considered the topmost scoring compound
coded as AV-203 as our virtual hit because it is the only one that demonstrated good binding stability during the period
of 50 ns MD simulations. We intend to collaborate with researchers in biological screening field to confirm the inhibitory
potency of AV-203 in biological assay.
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