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ABSTRACT

The emergence of the deadly SARS-CoV-2, the etiologic agent of COVID-19 towards the end of
the fourth quarter of 2019 has necessitated intensive research towards the development of drugs
and vaccine that can combat the disease. Consequently, we conducted molecular docking of the e-
Drug3D library using London dG and Affinity dG as scoring algorithms for common structural
scaffolds in drug molecules with strong binding affinities towards SARS-CoV-2 MP™. 15 drug
molecules forming about 0.8% of the library bound strongly to the target protein, which gave rise
to Two potential structural scaffolds: (4S,4aR,5aR,12aS)-4-(dimethylamino)-10,12,12a-
trihydroxy-1,11-dioxo-1,4,4a,5,5a,6,11,12a-octahydro-2-tetracenecarboxamide and the stilbenoid-
like structure. These scaffolds could serve as potential starting points in the structure-based design
of anti-SARS-CoV-2 drugs.
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1. INTRODUCTION

Towards the end of the fourth quarter of 2019, a severe pneumonia-like viral disease with high
mortality rate originating from the state of Wuhan in China spread to a pandemic level, causing
severe havoc to humanity — economic, social and health wise [1]. In fact, as at September 9, 2020,
the disease has affected 216 countries with a total of 27,205,275 cases have been reported globally
with 890,392 deaths [2]. This disease has had a very massive impact on all facets of life. The virus
responsible for this disease has been discovered to be of the same origin as the Coronavirus (CoV)
responsible for the Severe Acute Respiratory Syndrome (SARS) disease called SARS-CoV [3].
Because the novel Coronavirus disease started in late 2019, it was named COVID-19 by the World
Health Organization on the 11th of February, 2020 to reflect the year the disease started.
Analogically, the etiologic agent responsible was named SARS-CoV-2 by the International
Committee on Taxonomy of Viruses [3, 4]. Owing to the importance of COVID-19, scientists from
all around the world have been working round the clock to find cure for the disease, but till date no
definitive cure has been found [5]. However, a number of drug molecules both of natural and
synthetic origin, most from list of FDA approved drugs have been shown to have inhibitory activity
against SARS-CoV-2 [5, 6]. Some drugs reported to be used in the treatment of patients with
COVID-19 include o-interferon, the antiretroviral drugs Lopinavir/Ritonavir and the broad
spectrum antiviral drug Remdesivir, the antimalarial/antirheumatoid drugs Chloroquine and
Hydroxychloroquine, Tocilizumab [4,7,8], among others. Nonetheless, more data are needed to
prove the efficacy of these drugs. Effort is been made to produce a vaccine for the disease [9], but
as the search continues the search drug molecules that can inhibit/treat the viral disease also need
to continue.

Genomic sequencing has shown that this pathogenic coronavirus is identical and shares over 70%
Gene sequence with SARS-CoV [9]. The SARS-CoV-2 main protease (MP™) also called 3C-like
protease (3CLP™) is a conserved enzyme that plays a vital role in the life cycle of Coronaviruses
(CoVs). MP™ contains three cysteine protease domains, | to 11l and is involved, alongside one or
two papain-like proteases (PLPs), in most maturation cleavage events within the precursor
polyproteins known as ppla and pplab. These polyproteins are cleaved into 16 nonstructural
proteins (nsps) that engage in the production of subgenomic RNAs that encode four structural
proteins called envelop (E), membrane (M), spike (S) and nucleocapsid (N) proteins [9-11]. The

MP™ active sites are highly conserved among all CoVs MP™s and several common characteristics
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are shared among the substrates of MP in different CoVs [11]. Since MP™ is highly conserved
among the CoVs and is important in the viral replication, and there is no human analog, it is
considered an ideal antiviral drug target [12,13].

Molecular docking and virtual screening are some of the most used in silico approaches towards
the discovery of molecules that could inhibit SARS-CoV-2. This is true because a viral disease
with high magnitude of virulence requires rapid drug development approaches of which computer-
aided drug design readily offers promising solutions [10]. Gimeno [10] applied virtual screening
to rapidly identify commercial drugs that could be repurposed for COVID-19 treatment. In a study
carried out by Fischer [14] 606 million compounds were screen using virtual screening for potential
inhibitors for the novel Coronavirus protease. Similarly, Ton [15] carried out deep-docking of over
1 billion compounds for the identification of potential inhibitors of SARS-CoV-2 main protease.
These computational approaches to drug discovery are particularly important because they
accelerate and economize drug discovery process [16]. However, in silico approaches of drug
development do not serve as a complete replacement for traditional methods of drug discovery as
both should work in unison towards a faster and attrition free drug discovery.

In this study, we used computational techniques to screen about 2000 FDA approved drug
molecules retrieved from e-Drug3D library [17], an online database in search for potential
structural scaffolds of drug molecules that can bind to SARS-CoV 2 MP™.

2. RESULTS AND DISCUSSION

Recent studies have characterized the pharmacophoric features and types of ligand-protein
interactions a drug molecule must exhibit with the key amino acid residues resident at the active
site of SARS-CoV-2 MP™ for potent inhibitory effect [9,12,21-24]. His41 and Cys145 residues are
responsible for the catalytic activity of MP™ and because of this, they are often referred to as “MP™
catalytic dyad His41-Cys145” [5, 9, 10, 23]. Glul66 plays a role in the dimerization of MP™ by
interacting with each of the N-finger of the two promoters that shapes the S1 pocket for substrate-
binding, a process which is also necessary for the catalytic activity of the enzyme [21]. Yoshino
[22] conducted an in silico study that showed that besides His41, Cys145 and Glul166, other amino
acid residues like Ser144, Gly143 and GIn189 also interact with pharmacophoric moieties present
on inhibitors hence, ligand-protein interaction with these amino acid residues also promote binding

of inhibitors to SARS-CoV-2 MP™, Other amino acid residues necessary for binding and stabilizing
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of the ligand-protein complex via H-bonds and n-hydrogen bonds include but not limited to
Thr190, His164, Asn142, Leul68, Phel40, Met49 and Leu27 [23]. Very importantly, structural
analysis has shown that MP™ binding site has very restricted flexibility with the S1 pocket being
particularly rigid, changing only slightly at the end of the Serl and Asn142 residues of the side
chains [10]. Owing to this, we assumed the receptor binding pocket to be rigid for all the molecular
docking studies performed.

Re-docking of the cocrystallized ligand 11b (N-[(2S)-3-(3-fluorophenyl)-1-oxidanylidene-1-
[[(2S)-1-oxidanylidene-3-[(3S)-2-oxidanylidenepyrrolidin-3-yl]propan-2-ylJamino]propan-2-yl]-
1H-indole-2-carboxamide) to the active site of the protease using the same docking protocol
resulted in the binding of the ligand in the same position and orientation as the cocrystallized
inhibitor. Figure 1A and 1B show the docked pose of 11b superimposed on the cocrystallized
structure and the binding pocket of 11b on SARS-CoV-2 MP™ active site respectively. This proves

that the docking parameters chosen are optimal. The docking parameters for the grid box obtained

during the validation phase are shown in table 1.

Fig.1. (A) The docked pose of 11b (green) superimposed on the cocrystallized structure (purple).
(B) Binding pocket of 11b on SARS-CoV-2 MP™ active site
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Table 1: Docking validation parameters and results

Grid Box Origin Grid Box Radius ~ RMSD London dG Affinity dG
X Y Z X Y Z score score
(Kcal/mol) (Kcal/mol)

-12.2425 11.6588 68.5006 8.0 8.0 8.0 1.5565 -11.4869 -4.9094

The best pose of the re-docked cocrystallized inhibitor 11b (N-[(2S)-3-(3-fluorophenyl)-1-
oxidanylidene-1-[[(2S)-1-oxidanylidene-3-[(3S)-2-oxidanylidenepyrrolidin-3-yl]propan-2-

yllamino]propan-2-yl]-1H-indole-2-carboxamide) with the least RMSD and most negative affinity
binding scores for both London dG and affinity dG (Table 1) exhibited several ligand-protein
interactions of interest. 11b belongs to the class of a-ketoamides, a class of compounds that have
been shown in several studies to have potent inhibitory effect on SARS-CoV-2 MP [5,9,12]. The
following ligand protein interactions shown in figure 2 were observed for the re-docked native
ligand. Glu166 donated 3.21-A H-bond to the Oxygen atom of the a-ketoamido group linking the
1H-indole moiety to the rest of the molecule. Glu166 also accepted 2.95-A H-bond from the
nitrogen atom of the 1H-indole moiety. His163 donated 3.67-A H-bond to the nitrogen atom of 2-
oxidanylidenepyrrolidine moiety. Finally, Gly143 donated 3.1-A H-bond to the oxygen atom of
the 1-oxidanylidene moiety. These findings further support the docking protocol validation as it
reproduced a number of the ligand-protein interactions observed in the cocrystallized inhibitor
(Figure 2). However, other ligand-protein interactions found on the cocrystallized inhibitor not
modeled in our re-docked structure include: 3.83-A n-hydrogen bond interaction between the His41
and the 3-flourobenzyl moiety via the C1 hydrogen atom of the propane backbone. His164 donated
2.94-A H-bond to the Nitrogen atom of a-ketoamido group linking the 1H-indole moiety to the rest
of the molecule. The oxygen atom of the 1-oxidanylidene moiety accepted 2.5-A H-bond from the
His163 residue. Nonetheless, these interactions were still considered in the discussion of our best

scoring drugs.
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2)

Fig.2. Comparison of the ligand-protein interactions of the best poses of: 1) the re-docked

inhibitor and 2) the cocrystallized inhibitor

The results of the molecular docking showed that the docking energies from the two scoring
functions London dG and Affinity dG followed the normal or Gaussian distribution ranging from
< -14.0 Kcal/mol to > -2.0 Kcal/mol for London dG and < -8.0 Kcal/mol to > 0.0 Kcal/mol for
Affinity dG (see figure 3). The London dG scoring function estimates the free energy of binding
of the ligand from a given pose, as a combination of several terms, including the average rotational
and translational entropy terms, energy lost as a result of the flexibility of the ligand, hydrogen
bonding, metal contacts, and a desolvation term due to the volumes of the atoms of the protein and
ligand in contact with the solvent [25]. The Affinity dG scoring estimates the enthalpic contribution
to the free energy of binding and takes into consideration the atomic contributions to the enthalpic
term, including H-bond donor/acceptor pairs, Coulomb interactions between ions, metal ligation,

hydrophobic contributions, etc. [25].
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Fig.3. Distribution of the docking scores of the dataset towards the binding site of SARS-CoV-2
MPro

15 drug molecules including Dobutamine, Mitoxantrone, Masoprocol, Tigecycline, Regadenoson,
Neomycin, Gentamicin, Demeclocycline, Oxytetracycline, Chlotetracycline, Idarubicin,
Streptomycin, Pentosan Polysulphate, Protokylol and Daunorubicin forming about 0.8% of the
drug library gave > 70% binding affinity to the active site of SARS-CoV-2 MP (as predicted by
London dG and Affinity dG) compared to the re-docked native ligand and thus were selected as
“the best scoring drugs” using the criteria already discussed. The ligand-protein interaction
diagrams and the 2D structures of the drugs are shown in figure 4 and 5 respectively. Table 2a
shows the description of the drugs, including the binding affinities of the best posed drugs. The
molecular descriptors of the selected compounds as predicted by MOE software are shown in table
2b. Only Dobutamine, Masoprocol and Protokylol passed Pfizer rule of 5 for orally active drugs.
Pharmacologically, Tigecycline, Demeclocycline, Oxytetracycline and Chlortetracycline belong to
the tetracycline class of antibiotics; Neomycin, Gentamicin and Streptomycin belong to the class
of aminoglycoside antibiotics; Idarubicin, Daunorubicin and Mitoxantrone belong to the
anthracycline antileukemic drugs; Dobutamine and Protokylol belong to the [3-adrenergic receptor
agonist class of antihypertensive drugs; Masoprocol belong to the nordihydroguaiaretic acid class
of antineoplastic drugs; Regadenoson belong to the Adenosine receptor agonist while Pentosan
polysulfate belong to the class of semi-synthetic polysulphated xylan [26]. A common feature in
Dobutamine, Masoprocol and Protokylol is the presence of catecholmethyl (3, 4-dihydroxybenzyl)

moiety, which complies with the report that benzyl group contributes to hydrophobic grip of
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inhibitors to MP™ active site [10]. Meanwhile, Mitoxantrone, Regadenoson, ldarubicin and
Daunorubicin share the polycyclic hydrocarbon backbone of the tetracylines. Dobutamine,
Misoprocol and Protokylol all have a similar structure related to the stilbenoids, except for
Dobutamine and Protokylol where a Carbon atom is substituted by a Nitrogen atom in the
hydrocarbon chain linking the aromatic rings. Among all the drugs, only Regadenoson has
somewhat structural similarity to that of the cocrystallized inhibitor. A common structural feature
relating Tigecycline, Demeclocycline, Oxytetracycline, Chlortetracycline and Regadenoson to the
cocrystallized inhibitor is the presence of a-ketoamido group. This finding may be Iresponsible for
the high and similarity in binding affinity observed with these drugs as several studies have shown
that a-ketoamides are potent inhibitors of SARS-CoV-2 MP® (5, 12). As structural analogs,
Daunorubicin differs from Idarubicin only in the presence of a methoxy group at position 10 of the
tetracene backbone. They both combine the structural features of the aminoglycosides and the
tetracyclines, which may explain their relatively high and comparable binding affinities to the

active site of the protease.
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Table 2a: Description of the best scoring drugs

Datab  Drug Name Chemical name No.of RMSD Best Score
ase best LondondG  Affinity
Code scorin Dg
g
poses
457 Dobutamine (2)-4-[2-[[3-(4- 30f10 1.4707 -12.3773 -3.7106

Hydroxyphenyl)-1-
methylpropyl]amino]ethyl]-
1,2-benzenediol

583  Mitoxantrone 1,4-Dihydroxy-5,8-bis({2-[(2- 4o0f10 1.6071 -11.3407 -3.6808
hydroxyethyl)amino]ethyl}ami
no)-9,10-anthraquinone

656 Masoprocol 4-[(2R,3S)-4-(3,4- 50f10 1.2648 -12.6727 -3.5966
Dihydroxyphenyl)-2,3-
dimethylbutyl]-1,2-

benzenediol

939 Tigecycline (4S,4aS,5aR,12aS)-4,7- 30f10 1.2564 -11.3541 -4.9764
Bis(dimethylamino)-
3,10,12,12a-tetrahydroxy-9-
{[N-(2-methyl-2-
propanyl)glycyllamino}-1,11-
dioxo-1,4,4a,5,5a,6,11,12a-
octahydro-2-

tetracenecarboxamide

959  Regadenoson  2-[4-(Methylcarbamoyl)-1H- 6 of 10 0.9437 -12.3320 -5.1407

pyrazol-1-yl]adenosine

968 Neomycin (1R,2R,3S,4R,6S)-4,6- 40f10 1.9270 -12.5995 -5.7700
Diamino-2-{[3-0-(2,6-
diamino-2,6-dideoxy-p-L-
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idopyranosyl)-B-D-
ribofuranosyl]oxy}-3-
hydroxycyclohexyl 2,6-

diamino-2,6-dideoxy-a-D-

glucopyranoside

969 Gentamicin

(1S,2S,3R 4S,6R)-4,6-

Diamino-3-({(2R,3R,6S)-3-

amino-6-[(1S)-1-

(methylamino)ethyl]tetrahydro

-2H-pyran-2-yl}oxy)-2-

hydroxycyclohexyl 3-deoxy-4-
C-methyl-3-(methylamino)-f-

L-arabinopyranoside

30f10 1.2854

-13.2645

-6.7304

992  Demeclocycli

ne

(4S,4aS,5aS,6S,12aS)-7-
Chloro-4-(dimethylamino)-
3,6,10,12,12a-pentahydroxy-

1,11-dioxo-
1,4,4a,5,5a,6,11,12a-
octahydro-2-

tetracenecarboxamide

40f10 1.5029

-11.5799

-4.0877

993  Oxytetracycli

ne

(4S,4aR,5S 5aR,6S,12aS)-4-

(Dimethylamino)-

3,5,6,10,12,12a-hexahydroxy-

6-methyl-1,11-dioxo-
1,4,4a,5,5a,6,11,12a-
octahydro-2-

tetracenecarboxamide

30f10 1.7159

-12.6737

-3.2684

1002 Clotetracyclin

e

(4S,4aS,5aS,6S,12aS)-7-
Chloro-4-(dimethylamino)-
3,6,10,12,12a-pentahydroxy-6-

methyl-1,11-dioxo-

40f10 1.7895

-11.5523

-3.5106
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1,4,4a,5,5a,6,11,12a-
octahydro-2-

tetracenecarboxamide

1050 Idarubicin (1S,3S)-3-Acetyl-3,5,12- 60of10 1.3183 -11.9944 -6.7335
trihydroxy-6,11-dioxo-
1,2,3,4,6,11-hexahydro-1-
tetracenyl 3-amino-2,3,6-
trideoxy-a-L-lyxo-
hexopyranoside

1074  Streptomycin  1,1-[(1R,2R,3S,4R,5R,6S)-4- 40f10 2.8328 -11.5010 -4.2953
({5-Deoxy-2-O-[2-deoxy-2-
(methylamino)-a-L-
glucopyranosyl]-3-C-formyl-a-
L-lyxofuranosyl}oxy)-2,5,6-
trihydroxy-1,3-

cyclohexanediyl]diguanidine

1258 Pentosan  (2S, 3R, 45, 5R)-5-hydroxy-2- 80f10 1.2728 -13.1774  -3.5412
Polysulphate* {[(3R, 4S, 5R, 6R)-6-hydroxy-
4,5-bis(sulfooxy)oxan-3-
yl]oxy}-4-(sulfooxy)oxan-3-
yl]oxidanesulfonic acid

1331 Protokylol 4-(2-{[1-(1,3-Benzodioxol-5- 4 0f 10 1.8631 -12.7550 -8.0873
yl)-2-propanyl]amino}-1-
hydroxyethyl)-1,2-benzenediol

1636  Daunorubicin (1S,3S)-3-Acetyl-3,5,12- 30f10 1.3695 -13.0013 -3.9401
trihydroxy-10-methoxy-6,11-
dioxo-1,2,3,4,6,11-hexahydro-
1-tetracenyl 3-amino-2,3,6-
trideoxy-a-L-lyxo-
hexopyranoside
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Chemical names were obtained from ChemSpider (http://www.chemspider.com/). * Chemical

name was obtained from PubChem (https://www.pubchem.ncbi.nlm.nih.gov/).

Table 2b: Molecular descriptors of the best scoring drugs

Database ID Drug Name Molecular LogP (o/w) No. of No. of Pfizer
weight (Da) hydrogen hydrogen Violation
bond donors bond
acceptors
457 Dobutamine 301.3860 3.6660 4 4 0
583 Mitoxantrone 444.4880 -0.5360 8 10 1
656 Masoprocol 302.3700 4.4800 4 4 0
939 Tigecycline 585.6580 -0.2560 8 13 3
959 Regadenoson 390.3600 -2.6329 6 13 2
968 Neomycin 614.6500 -9.2403 19 19 3
969 Gentamicin 477.6030 -2.9050 11 12 2
992 Demeclocycline 464.8580 -0.2590 7 10 1
993 Oxytetracycline 460.4390 -1.4570 8 11 2
1002 Clotetracycline 478.8850 0.1480 7 10 1
1050 Idarubicin 497.5000 1.3730 6 10 1
1074 Streptomycin 543.5250 0.5070 7 12 3
1258 Pentosan 586.4980 -5.5605 6 20 3
Polysulphate
1331 Protokylol 331.3680 2.5760 4 6 0
1636 Daunorubicin 529.5420 1.4140 7 11 3

Table 3: Main pharmacological features of the best scoring drugs as predicted by London dG and

Affinity dG
Drug name Status Mechanism Indication Adverse Effects/Toxicity
Dobutamine Approved B1-adrenergic Short-term

agonist. Does not  treatment of heart

evoke failure
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vasoconstriction

or tachycardia

Mitoxantrone Approved, Intercalates DNA Treatment of Severe leukopenia with
Investigational through H- chronic, infection
bonding causing relapsing
crosslinks and multiple
strand breaks sclerosis
Masoprocol Approved, Potent 5- Treatment of actinic ~ Symptoms of overdose or
Investigational  lipooxygenase keratoses allergic reaction include
inhibitor bluish coloration of skin,

dizziness, feeling faint,

trouble breathing

Tigecycline Approved Inhibits protein Antibiotic Nausea/vomiting,
synthesis in headache, photosensitivity,
bacteria by discoloration of growing

binding to 30s teeth, and fetal damage
ribosomal
subunit and

blocking entry of
amino-acyl tRNA

molecule into the

A site of the
ribosome

Regadenoson Approved, A2A receptor Diagnostic agent for Dyspnea, headache,
Investigational agonist radionuclide flushing, chest discomfort,
myocardial dizziness, angina pectoris,

perfusion imaging and nausea
(MPI)

Neomycin Approved Inhibits bacterial Broad-spectrum Neurotoxicity, ototoxicity

ribosomes by antibiotic and/or nephrotoxicity.

binding to the
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30S ribosomal May cause fetal harm and
subunit of total irreversible bilateral
susceptible congenital deafness when
bacteria and administered in pregnant
disrupting protein women
synthesis
Gentamicin Approved The same as The same as The same as Neomycin
Neomycin Neomycin
Demeclocycline Approved The same as The same as The same as Tigecycline
Tigecycline Tigecycline
Oxytetracycline Approved, The same as The same as The same as Tigecycline
Investigational, Tigecycline Tigecycline
Vet approved
Chlortetracycline Approved, The same as The same as The same as Tigecycline
Investigational, Tigecycline Tigecycline

Vet approved

Idarubicin* Approved

Antimitotic and

cytotoxic activity

Treatment of acute
myeloid leukemia
(AML) in adults

Streptomycin Approved, Vet The same as The same as The same as Neomycin
approved Neomycin Neomycin (For the
treatment of
tuberculosis)
Pentosan Approved Binds fibroblast Relief of bladder

Polysufate*

growth factors
(FGFs) as well as
other heparin-

binding growth

factors

pain or discomfort
associated with

intestinal cystitis

Protokylol* Approved, Vet

approved

[-adrenergic

receptor agonist

Bronchodilator?
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Daunorubicin Approved DNA Remission induction
intercalation and in acute
inhibition of nonlymphocytic
topoisomerase Il leukemia of adults
activity

Data were obtained from DrugBank (https://www.drugbank.ca). *Missing data are not available

on DrugBank. *Data obtained from Swiss Pharmaceutical Society. Index Nominum 2000:

International Drug Directory.

We went further to discuss the notable ligand-protein interactions observed with “the best scoring
drugs” using the interactions observed in the cocrystallized inhibitor 11b (positive control) and

those reported in literature as reference standard for comparison and drawing of inferences.

Dobutamine and Protokylol are [-adrenergic agonist catecholamines. Dobutamine has
predominantly B1 selectivity and is thus used for the short-term treatment of patient with cardiac
decompensation due to depressed contractility of the cardiac muscles (heart failure). It has a
therapeutic advantage of not evoking vasoconstriction or tachycardia. On the other hand,
Protokylol is selective for B2 and is used mainly as a bronchodilator (see table 3). The Dobutamine-
SARS-CoV-2 MP™ interaction diagram is shown in figure 4A. 3 out of the 10 conformations
generated were retained (as previously discussed under the selection criteria) of which the best
posed conformation with the least RMSD of 1.4707 A had binding affinities of -12.3773 Kcal/mol
and -3.7106 Kcal/mol for London dG and Affinity dG, respectively (see table 2a). From figure
4A, the 2-hydroxyl group of the catechol moiety donated 3.03-A H-bond to the GIu166 residue,
stabilizing the complex formed. Since ligand-protein interaction involving H-bond formation with
Glu166 residue has been reported to play a role in binding and stabilizing of ligands towards the
binding pocket of MP™ thus, this interaction is considered important [22]. If this trend continues,
we may then infer that the catechol moiety may be important for binding of inhibitors to SARS-
CoV-2 MP, The best posed conformation of Protokylol had binding affinity scores of -12.7550
Kcal/mol and -8.0873 Kcal/mol according to London dG and Affinity dG respectively with RMSD
of 1.8631 A. Figure 4N shows the ligand-protein interaction of Protokylol and SARS-CoV-2 MP™
in which Glu166 donated 3.37-A H-bond to the 1-hydroxyl group. But surprisingly, the Affinity
dG score for Protokylol was the best recorded among the 15 selected drug molecules (see table 2a)


https://www.drugbank.ca/
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even though only one ligand-protein interaction was observed. A possible explanation for this
observation could be in the orientation of the molecule towards the binding pocket of SARS-CoV-
2 MP™ which reduces repulsion and steric hindrances and the fact that the molecule has polar
functional groups surrounded by polar amino acid residues.

Masoprocol is a potent lipoxygenase inhibitor that interferes with arachidonic acid metabolic
pathway. It also inhibits formyltetrahydrofolate synthetase. It is used for the treatment of actinic
keratosis (see table 3). This drug was withdrawn from the United States market in June 1996 [26],
our goal in this work however, is not to reposition it for COVID-19 treatment but to seek for
structural and pharmacophoric features that may lead to the development of better drugs. Figure
4C shows the interaction diagram with the amino acid residues present on the active site of SARS-
CoV-2 MP™, 5 conformations out of the 10 runs performed exhibited comparable binding affinity
to that of the re-docked native ligand (see table 2a). Masoprocol exhibited some very classical
ligand-protein interactions with the amino acid residues present in active site of MP™. Of particular
importance is the 4.23-A n-hydrogen interaction between His41 of the catalytic dyad and the o-
Hydrogen of the butane backbone. This interaction supports the finding that arene-hydrogen
interaction between His41 and benzyl group is essential for potent SARS-CoV-2 MP™ inhibitory
effect [5, 12]. The Oxygen atom of the 2-hydroxyl group of the catechol moiety also donated 2.92-
A H-bond to GIn189 resulting in a binding affinity of -12.6727 Kcal/mol for London dG and -
3.5966 Kcal/mol for Affinity dG, with RMSD of 1.2648 A. A similar ligand-interaction was
observed with Dobutamine-SARS-CoV-2 MP complex. However, for Dobutamine, the Oxygen
atom of the 2-hydroxyl group donated H-bond to Glu166, which lies on the opposite side of GIn189
residue. But since Glu166 and GIn189 residues are both essential for the viral replication, these
interactions are also considered top-notch. The structural similarity of Dobutamine, and
Masoprocol could be responsible for this observation.

Mitoxantrone is an anthracenedione-derived antineoplastic agent used for the treatment of chronic,
progressive or worsening multiple sclerosis. It works by intercalating DNA via hydrogen bonding
causing crosslinks and stand breaks (see table 3). 4 conformations out of the 10 runs performed
exhibited comparable binding affinity to that of the re-docked native ligand (see table 2a). The
following ligand-protein interactions as shown in figure 4B were observed between Mitoxantrone
and SARS-CoV-2 MP™®, GIn189 donated 3.0-A H-bond to the 5-0xo group and His163 donated
3.17-A H-bond to the hydroxyl group of the side chain stabilizing the ligand-protein complex
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formed. This pose had a binding affinity of -11.3407 Kcal/mol and -3.6808 Kcal/mol as predicted
by London dG and Affinity dG respectively with RMSD of 1.6071 A. This observation buttresses
the study that ligand to protein H-bond interactions involving Gly143, His163, and Glul66, the
three polar amino acid residues present in the active site of MP™ are critical in the high affinity
binding of inhibitors [24]. Again, a Gln residue is almost always required in the binding of
substrate to binding pocket of MP™ [5]. Thus, high binding affinity of ligands to Gln residues (such
as GIn189) is essential in preventing this substrate binding and therefore handcuffing the substrate
assembly cascade necessary for the survival of the virus.

Tigecycline, Demeclocycline, Oxytetracycline, and Chlortetracycline belong to the broad-
spectrum tetracycline class of antibiotic that inhibit protein synthesis in susceptible bacteria by
binding to 30s ribosomal subunit and blocking entry of amino-acyl tRNA molecule into the A site
of the ribosome (see table 3). The common structural nucleus of the tetracycline class of drugs is
the presence of (4S, 4aR, 5aR, 12aS)-4-(dimethylamino)-10, 12, 12a- trihydroxy-1, 11-dioxo-1, 4,
4a, 5, 53, 6, 11, 12a-octahydro-2-tetracenecarboxamide, which forms the structural scaffold of the
tetracyclines. The best posed conformation of Tigecycline exhibited binding affinities (as predicted
by London dG and Affinity dG) of -12.6727 Kcal/mol and -3.5966 Kcal/mol respectively with
RSMD of 1.2564 A (see table 2a). From figure 4D, the Oxygen atom of the 2-carboxamide group
in Tigecycline accepted 3.05-A H-bond from Gly143. The Asn142 accepted 2.71-A H-bond from
the 12a-hydroxyl group of Tigecycline. The binding affinity scores of the best posed conformation
of Demeclocycline with RMSD 1.5029 A according to London dG and Affinity dG were -11.5799
Kcal/mol and -4.0877 Kcal/mol respectively (see table 2a). The following ligand-protein
interactions were observed between Demeclocycline and SARS-CoV-2 MP®, The 6-hydroxyl
group donated 2.91-A H-bond to Glu166. Asn142 residue accepted 2.86-A H-bond from the amino
group of the 2-carboxamide moiety. The Cys145 residue of the catalytic dyad accepted 3.69/3.28-
A H-bonds from the 12-hydroxyl and the 1-oxo groups respectively. Oxytetracycline exhibited
unique ligand-protein interactions, the best posed conformation had RMSD of 1.7159 A with
docking scores of -12.6737 Kcal/mol and -3.2684 Kcal/mol according to the two scoring functions
used (see table 2a). A 4.12-A n-hydrogen bond was observed between the Hydrogen atom of the
6-hydroxyl group of Oxytetracycline and His41 residue of the catalytic dyad. A similar interaction
was observed in the cocrystallized ligand (see figure 2) and has been reported in literature to be

essential for inhibitory binding of ligands to the active site of MP™ [22]. The 5-hydroxyl group of
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Oxytetracycline donated 3.02-A H-bond to GIn189. While the 12a-hydroxyl group also donated
3.30-A H-bond to Glu166 (see figure 41). Chlortetracycline and Oxytetracycline share a very
similar structure, differing only in presence and/or absence of chloro group and hydroxyl group at
position 6 and position 7 of the tetracene backbone (see figure 5). The best posed structure of
Chlortetracycline had RMSD of 1.7895 A and the binding affinity scores of -11.5523 Kcal/mol and
-3.5106 Kcal/mol according to London dG and Affinity dG scoring functions respectively (see
table 2a). The 12a-hydroxyl group of Chlortetracycline donated 3.33-A H-bond to Glu166. This
interaction was seen in Oxytetracycline and perhaps, the very close structural similarity between
the two drug molecules accounted for this common observation. Additionally, the VVal186 residue
of Chlortetracycline accepted 3.15-A H-bond from the amino group of the 2-carboxamide moiety
(see figure 4J).

Neomycin, Gentamicin and Streptomycin belong to the class of aminoglycoside antibiotic. They
inhibit bacterial ribosomes by binding to the 30S ribosomal subunit of susceptible bacteria and
disrupting protein synthesis. As broad spectrum antibiotic, they are used for the treatment of
various bacterial infections (see table 3). The common structural features among these drugs are
the presence of polyhydroxylated cyclohexane moiety and amino sugars in the form of
arabinofuranose and/or arabinopyranose. The best posed structure of Neomycin exhibited high
binding affinities of -12.5995 Kcal/mol and -5.7700 Kcal/mol according to London dG and Affinity
dG respectively towards the binding pocket of SARS-CoV-2 MP™ (see table 2a). Neomycin-SARS-
CoV-2 MP complex is shown in figure 4F, in which His163 donated 2.92-A H-bond to the 6-
amino group of the 2, 6-dideoxy-a-D-glucopyranosyl moiety. The 2-amino group of the 2, 6-
dideoxy-B-L-idopyranosyl moiety interacted with the His41 residue of the catalytic dyad via 4.08-
A m-hydrogen bonding. A similar ligand-protein interaction was observed in the cocrystallized
inhibitor though a benzyl rather than an amino hydrogen atom was involved in the arene-hydrogen
bonding (see figure 2). The 3-hydroxyl group of 2, 6-dideoxy-a-D-glucopyranosyl moiety donated
2.71-A H-bond to the glul66 residue. A similar interaction was also seen in the cocrystallized
inhibitor. Lastly, the 6-amino group of the 2, 6-dideoxy-B-L-idopyranosyl moiety accepted 3.06-A
H-bond from the GIn192 residue. However, this interaction was not seen in the cocrystallized
inhibitor. The best posed conformation of Gentamicin with RMSD of 1.2854 A also exhibited high
ligand-protein interactions similar to that of Neomycin, with binding affinity scores of -13.2645

Kcal/mol and -6.7304 Kcal/mol according to London dG and Affinity dG respectively (see table
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2a). Figure 4G shows the binding mode and ligand-protein interactions of Gentamicin towards the
active site of SARS-CoV-2 MP, The 2-hydroxyl group of the 3-deoxy-p-L-arabinopyranosyl
moiety donated 4.26-A H-bond to the Cys145 of the catalytic dyad. The Glul66 residue
accepted/donated 2.87/3.02-A H-bonds respectively to the 2-hydroxyl group of the cyclohexyl
moiety. The 6-amino group of the cyclohexyl moiety donated 3.08-A H-bond to the GIn189
residue. Though, a similar interaction was not seen in the cocrystallized ligand, but ligand protein
interaction involving GIn189 has been reported in literature to enhance ligand binding to MP™ [5].
Most of the ligand-protein interactions seen in Streptomycin involved the guanidine moiety and
the 2-hydroxyl group of the cyclohexyl moiety donating/accepting H-bonds from Glul166, Asn142,
Gly143, and Thr26 (see figure 4L). The Glul66 residue accepted 3.15-A H-bond from the
protonated amino group of the 1-guanidine moiety. The 2-hydroxyl group of the cyclohexyl moiety
donated 2.68-A H-bond to the Asn142 residue. The protonated amino group of the 3-guanidine
moiety donated 3.10-A H-bond to the Thr26 residue, while the carbanion of the same moiety
accepted 3.61/3.88-A H-bonds from Gly143 residue. These ligand-protein interactions resulting
from the best posed conformation of Streptomycin had affinity binding scores of -11.5010
Kcal/mol and -4.2953 Kcal/mol according to London dG and Affinity dG respectively with RMSD
of 2.8328 A. Among the best posed structures of the 15 selected drug molecules, Streptomycin
exhibited the highest RMSD (see table 2a).

Regadenoson is an A2A adenosine receptor agonist that causes coronary vasodilation and used for
myocardial imaging though, it is still investigational (see table 3). The best posed conformation of
Regadenoson had the lowest RMSD of 0.9437 A with affinity binding energies of -12.3320
Kcal/mol and -5.1407 Kcal/mol as estimated by London dG and Affinity dG respectively (see table
2a). Figure 4E shows Regadenoson-SARS-CoV-2 MP complex in which the Glul66 residue
accepted 2.66-A H-bond from the 5-hydroxyl group of the 1-deoxy-p-D-ribofuranose moiety and
shared a 3.98-A n-hydrogen bond with the 4-(methylcarbamoyl)-1H-pyrazol moiety. Also, the 2-
hydroxyl group of the 1-deoxy-p-D-ribofuranose moiety accepted 3.16-A H-bond from GIn192
residue.

Idarubicin and Daunorubicin are orally administered anthracycline antineoplastic with antimitotic
and cytotoxic activity, used for the treatment of acute myeloid leukemia (AML). They works by
intercalating base pairs in DNA strands (see table 3). Both drug molecules had very similar binding

affinities and ligand-protein interactions with very slight discrepancies. The best posed structure
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of Idarubicin had affinity binding scores of -11.9944 Kcal/mol and -6.7335 Kcal/mol respectively
for London dG and Affinity dG respectively with RMSD of 1.3183 A (see table 2a). From the
ligand-protein interaction diagram shown in figure 4K, the 4-hydroxyl group of the 2, 3, 6-trideoxy-
o-L-lysohexopyranosyl moiety donated/accepted 2.78/3.16-A H-bonds from the Serl44 and
His163 residues respectively. The Glu166 residue of the active site also donated 3.07-A H-bond to
the 11-oxo group of the tetracene backbone. However, the only ligand-protein interaction lacking
in Daunorubicin is that involving the 11-oxo group and the Glul166 residue (see figure 40). The
best fitted structure of Daunorubicin to the active site of MP™ had affinity binding energies of -
13.0013 Kcal/mol and -3.9401 Kcal/mol as predicted by London dG and Affinity dG respectively
with RMSD of 1.3695 A (see table 2a), which is very close to that of Idarubicin. This consistency
observed with the binding modes of structural analogs towards the binding pocket of Mpro
reinforces the search for common structural scaffold which this work is all about.

Pentosan polysulfate is a sulfated pentosyl polysaccharide with heparin-like properties used for the
relief of bladder pain or discomfort associated with interstitial cystitis (see table 3). The best posed
conformation of Pentosan polysulfate towards the binding pocket of MP™ had binding affinity
scores of -13.1774 Kcal/mol and -3.5412 Kcal/mol according to London dG and Affinity dG
respectively with RMSD of 1.2728 A (see table 2a). Pentosan polysulfate exhibited a number of
ligand-protein interactions involving mainly the sulfate groups and the GIn192, GIn189, Asn142,
Gly143 and Ser144 residues of the active site which as expected are all polar interactions. The
oxygen atom of the 4-sulfoxy moiety accepted 2.82/3.06-A H-bonds from Gly143 and Ser144
residues respectively. Whereas, the hydroxyl group of the same moiety donated 2.77-A H-bond to
the Asnl142 residue. At the other end of the molecule, the GIn189 residue accepted/donated H-
bonds from/to the hydroxyl group of the 4’-sulfoxy and the oxygen atom of the 3’-sulfoxy moieties
respectively. Also, the GIn192 residue donated 2.87-A H-bond to the oxygen atom of the 3’-sulfoxy

moiety.
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Fig.6. Structural Scaffolds identified to bind to SARS-CoV-2 MP™ active site. (A): The common
structural nucleus of the tetracyclines, (4S,4aR,5aR,12aS)-4-(dimethylamino)-10,12,12a-
trihydroxy-1,11-dioxo-1,4,4a,5,5a,6,11,12a-octahydro-2-tetracenecarboxamide. (B): The

stilbenoid-like structure common to Dobutamine, Protokylol and Masoprocol

The presence of a-ketoamido functionality in the common structural nucleus of the tetracyclines
may justify the high binding affinity of these drugs towards SARS-CoV-2 MP®. Thus,
(4S,4aR,5aR,12aS)-4-(dimethylamino)-10,12,12a-trihydroxy-1,11-dioxo-

1,4,4a,5,5a,6,11,12aoctahydro-2-tetracenecarboxamide (see figure 6A) could be considered a
starting point for the design of drugs with potent SARS-CoV-2 MP™ inhibitory effect with the
tetracene nucleus playing a role in the proper orientation of the molecule toward the protease
binding pocket while the array of electron donators/acceptors on it interact with the active site
amino acid residues. The common structural nucleus of Dobutamine, Protokylol and Masoprocol
can be approximated to a stilbenoid-like structure in which the number of atoms between the two
aromatic rings lies between 4 and 6 (see figure 6B). Arabinofuranose, arabinopyranose, their
amino-substituted equivalents, sulfate, catechol, benzyl, guanidine, and
polyhydroxylated/polyaminated cyclohexane moieties all participated in the binding of “the best

scoring drug molecules” to the active site of SARS-CoV-2 MP™®,

3. EXPERIMENTAL

3.1. Drug Library Description and Preparation

The 3-dimensional chemical structures of 1852 drugs approved by the FDA between 1939 and
2018 forming the study dataset were retrieved from the database e-Drug3D [17] and prepared for

molecular simulation purpose. In order to determine the Pfizer’s rule of 5 for the used compounds
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dataset, the molecular weight, lipophilicity, the number of hydrogen bond donors and acceptors
were calculated using MOE software [18]. The Pfizer’s rule of 5 states that, in general, an orally
active drug has no more than one violation of the following criteria: 1. No more than 5 hydrogen
bond donors 2. No more than 10 hydrogen bond acceptors 3. A molecular mass less than 500
Daltons and 4. Octanol-water-partition coefficient (logP) less than 5 [27, 28].

3.2. Treatment of the X-ray Crystal Structure of MPr

The X-ray crystal structure of MP™ in complex with an inhibitor 11b with PDB code 6MOK and
resolution 1.50 A was retrieved from the protein databank [18]. The protein— ligand complex was
treated as follows; the complex was treated using MOE software [19]. The cocrystallized water
molecules, small molecules and nonessential ions such as sodium, sulfate and phosphate ions were
deleted. The retained protein—ligand complex was protonated using the protonate 3D procedure
implemented in MOE [19].The protonated complex was then energy minimized in order to remove
atomic clashes, using the Merck Molecular (MMFF94) Force field [20] until a gradient of 0.001
kcal/mol was attained. The docking of all compounds toward the binding site of MP™ was carried
out using the MOE Dock tool.

3.3. Validation of the Docking Protocol

The docking protocol was validated by re-docking the cocrystallized native ligand into the active
site of MP™ in different grid boxes dimensions using London dG and Affinity dG implemented in
MOE software [19]. After several trials, the grid box dimensions in x-, y- and z-axes for both origin
and radius which gave the best fit with the cocrystallized ligand with least root-mean-square-
deviation (RMSD) less than 3A was retained and used for the study. This is because RMSD less
than 3 A shows that the protein did not undergo large conformational changes during the molecular
docking indicating stability of the ligand-protein complex formed. Docking validation was an
attempt to identify the best docking parameters which reproduces the ligand conformation (docking
poses) within the binding pocket, i.e., having the lowest RMSD values, with respect to the
experimental binding mode (X-ray crystal structure).

3.4. Virtual screening

After the validation of the docking protocol and scoring predictability with the cocrystallized ligand
(positive control), virtual screening of the drug library was performed by docking the drug library
towards the active site of MP™ using the same docking programs in MOE and maintaining the

methods, grid box centroids and dimensions obtained in the validation phase. Three main stages
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were involved in the docking process: Conformational Analysis of ligands, Placement, and
Scoring. In the ligand Conformational Analysis stage, conformations from a single 3D
conformation input ligand were generated by conducting a systematic search methodology. All
combinations of angles were created for each ligand. During the Placement stage, a collection of
poses was generated from the pool of ligand conformations using the Triangle Matcher placement
method. At the Scoring stage, the poses generated during the Placement stage were scored using
two scoring methods: London dG and Affinity dG, all implemented in MOE.

3.5. Selection of “the best scoring drugs”

A total of 10 runs were done for each drug molecule of the database from which the best scoring
drugs with least RMSD were selected as follows: Firstly, any drug molecule in which at least 3
out of the 10 poses have affinity high binding modes predicted simultaneously by London dG and
Affinity dG to be > 70% of that of the best pose of the re-docked cocrystallized ligand with least
RMSD were retained. Secondly, from the retained molecules, those that made at least one ligand-
protein interactions similar to those observed with the cocrystallized ligand were considered as “the
best scoring drugs”.

3.6. Selection of the common structural scaffolds

Among “the best scoring drugs”, structural nucleus common to drug molecules that made at least
one ligand-protein interaction with the key amino acid residues including His41, Cys145, Glu166
and other amino acid residues present at the active site of SARS-CoV-2 MP™, which have been
reported in previous work to be essential for binding of inhibitors to the protease active site [21 —

24] were selected.

4. CONCLUSION

We have been able to identify two structural scaffolds: (4S, 4aR, 5aR, 12aS)-4-(dimethylamino)-
10, 12, 12a- trihydroxy-1, 11-dioxo-1, 4, 4a, 5, 5a, 6, 11, 12a-octahydro-2-tetracenecarboxamide
and the stilbenoid-like structure from drug molecules which could strongly bind to SARS-CoV-2
MP" and thus can serve as starting point in the design of drugs with anti-SARS-CoV-2 MP™ activity.
The fact that these structural nuclei are well characterized and are derived from FDA approved

drug molecules can greatly reduce the risk of attrition during structure-based drug design.
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