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AGAINST SARS-CoV-2 MAIN PROTEASE.

IN SILICO MOLECULAR SCREENING
AND TOXICITY PREDICTION

0. SEKIOU*, W. KHERFANE?, M. BOUMENDJEL?,
H. CHENITI4, A. BENSELHOUB*, S. BELLUCCI®

!Environmental Research Center, Annaba Algeria;

2Laboratory of Geodynamics and Natural Resources, Department of Hydraulics,

Badji Mokhtar Annaba University, Annaba, Algeria;

3Laboratory of Biochemistry and Environmental Toxicology,

Badji Mokhtar Annaba University, Algeria;

“National High School of Technology and Engineering (ESTI), Annaba, Algeria;

SINFN Frascati National Laboratories, Rome, Italy;
He-mail: aissabenselhoub@cre.dz; sekiouomar@yahoo.fr

Received: 05 March 2023; Revised: 28 March 2023; Accepted: 13 April 2023

Since the emergence of the newly identified Coronavirus SARS-CoV-2, no targeted therapeutic agents
for COVID-19 treatment are available, and effective treatment options remain very limited. Successful crys-
tallization of the SARS-CoV-2 main protease (M, PDB-ID 6LU7) made possible the research on finding its
potential inhibitors for the prevention of virus replication. To conduct molecular docking, we selected ten
representatives of the Cathepsin inhibitors family as possible ligands with a high potential of binding the
active site of SARS-CoV-2 main protease as a potential target. The results of molecular docking studies re-
vealed that Ligandl and Ligand2, with vina scores -8.8 and -8.7 kcal/mol for MP™, respectively, were the most
effective in binding. In silico prediction of physicochemical and toxicological behavior of assessed ligands
approved the possibility of their use in clinical essays against SARS-COVID-19.
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C oronavirus disease 2019 (COVID-19) is a
viral respiratory disease of zoonotic origin
caused by the novel severe acute respiratory
syndrome Coronavirus 2 (SARS-CoV-2) [1].
Coronavirus is an RNA virus consisting of
positive-sense single-stranded RNA of approxi-
mately 27-32 kb [2, 3]. The virus is known to infect
a wide range of hosts, including humans, other mam-
mals, and birds [2], causing a wide range of infec-
tions, from common cold symptoms to fatal disea-
ses, such as severe respiratory syndrome [4-7]. In
addition to pulmonary infection, the virus appears
to have manifestations in the central nervous sys-
tem and heart [8]. Since the emergence of the newly
identified Coronavirus (SARS-CoV-2 which cause
Corona Virus Disease 2019, COVID-19) in Wu-
han, China, the world has experienced an unprece-
dented wave of pandemic, with 5,666,064 deaths
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(01/02/2022) around the world [9]. Almost all coun-
tries are affected (216 countries) with 376,478,335
people diagnosed as positive at the same date. A
controversial number of vaccines were administrated
around the world, with 9,901,135,980 doses [9], but
didn’t reach the required result. Research for effec-
tive drugs is focused on existing molecules already
used as drugs in human or animal pharmacopeia,
but also on molecules not known for their antiviral
effectiveness. The most effective treatments which
have given interesting results are based on the use of
Chloroquine and Hydroxychloroquine by blocking
viral entry into cells and inhibiting glycosylation
of host receptors, proteolytic processing, and endo-
somal acidificationB [10-14] Hydroxy-chloroquine
and Azithromycin with antiviral molecules such
like Lopinavir and Rotonavir are used combined
in the Kaletra® [15] These agents also have immu-
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nomodulatory effects by attenuating the production
of cytokines and inhibiting autophagy and lysosomal
activity in host cells [16]. The pharmacopeia encom-
passes thousands of molecules that can be tested [17]
to limit the replication of the virus and boost im-
mune functions, such as lvermectin® [18], but the
time available means that we have to focus on some
of them, of which we already suspect the probable
effectiveness against the coronavirus. Jin et al. [19]
successfully crystallized the SARS-CoV-2 main pro-
tease (MP™), which is a potential drug target. In our
present study, we, therefore, focused on known pro-
tease inhibitors and we selected Cathepsin inhibitors
for their chemical structures with high potential for
inhibition of the active site of the MP™ main protease
of SARS-CoV-2 (MP), PDB-ID 6LU7 which repre-
sents a potential target for the inhibition of SARS-
CoV-2 replication. Cathepsins are proteases found in
all animals as well as other organisms. There are ap-
proximately a dozen members of this family, which
are distinguished by their structure, their catalytic
mechanism, and which proteins they cleave. Most
of the members become activated at the low pH
found in lysosomes. Cathepsins have been identified
as therapeutic targets in the search for new drugs
against a number of human pathologies, including
cancer, Alzheimer’s, and osteoporosis [20, 21].
Therefore, in our study, the molecular docking will
allow us to see and glimpse the possibilities of using
the Cathepsins inhibitor family of molecules against
the Mpro main proteases of the new coronavirus.

Material and Methods

Protein selection and preparation. The3D
structures of all chemical compounds were down-
loaded from the PubChem database (https:/
pubchem.ncbi.nlm.nih.gov/). The main protease
protein targeted was 6lu7 enzyme. Downloaded
structures were prepared prior to docking as fol-
lows: PyMOL(TM) Molecular Graphics System,
version 2.3.0. software (http:/www.pymol.org) was
used to visualize, remove hetatoms and keep only
Chain A, then to convert sdf files to pdb format. Hy-
drogen bond structures were optimized and atoms
in missing loops or side chains were added. Water
molecules were removed and files were saved in
PDB file format.

Ligand preparation. Structures of our ligands
were downloaded from PubChem (https://pubchem.
ncbi.nlm.nih.gov/) and saved in SDF format. Files

were converted from SDF to PDB format using
PyMOL.

Molecular docking. To conduct molecular
docking, we selected the binding site of inhibitor
N3 as a binding cavity. Docking sites targeted for
6LU7 are: x =-17.497; y = 12.937; z = 64.063, at grid
spacing of 0.500 Angstrom. Virtual screening was
carried out using AutoDock Vina (AutoDock Vina
1.1.2 https://vina.scripps.edu) and the best ligand/
protein mode was identified based on the binding
energy. The scoring function of AutoDockVina
is: C=Yi<jftitj(rij), where the summation is over
all of the pairs of atoms that can move relative to
each other, normally excluding 1-4 interactions, i.e.
atoms separated by 3 consecutive covalent bonds.
Here, each atom i is assigned a type ti, and a sym-
metric set of interaction functions ftitj of the intera-
tomic distance rij should be defined [23].

Data. Table 1 shows the PDB ID, resolution and
description of COVID-19 main protease selected for
this study. Table 2 provides the structure of chosen
ligands.

In silico prediction of physicochemical and
toxicological behavior of assessed ligands. Physico-
chemical and toxicological studies were conducted
under SwissADME online software and Molinspi-
ration online software. The SMILES structures of
ligands were obtained from the PubChem database.
The software allows us to compute and predict
ADME parameters (Absorption, Distribution, Me-
tabolism & Excretion), pharmacokinetic properties,
“druglike” nature and medicinal chemistry friendli-
ness of molecules, but do not predict if a compound
is pharmacologically active. This response is esti-
mated by molecular docking.

Simulation of physicochemical and toxico-
logical behavior of our ligands was obtained from
SwissADME developed by the Molecular Modeling
Group from the Swiss Institute of Bioinformatics
(www.swissadme.ch/index.php). The parameters
obtained were: molecular weight (g/mol); H-bond
donors; H-bond acceptors; lipophilicity Log Po/w;
water solubility (Log S); molar refractivity; blood-
brain-barrier (BBB) permeability; gastro intestinal
(GI) absorption; skin permeation.

Predicted bioactivity parameters were com-
pleted from Molinspiration developed by Bratis-
lava University (https://www.molinspiration.com/).
The parameters obtained were:G Protein-Coupled
Receptor(GPCR) ligand; lon channel modulator;
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Table 1. PDB ID, resolution and description of COVID-19 main protease (https:/pubchem.ncbi.nlm.nih.gov)

Protein PDB ID | Resolution (/3\)\ Structure

COVID-19
main 6LU7 216 A
protease

Table 2. Names and structures of ligands (https://pubchem.ncbi.nlm.nih.gov)

Name of ligand 2D Structure of ligand Name of ligand 2D Structure of ligand
Ligand 1: Ligand 6:
INJ SCHEMBL
PubChem CID 4455609
10311795 PubChem CID
10145773
Ligand 2: Ligand 7:
ClLike01 Q Cathepsin G Inhibitor |
PubChem CID Q PubChem CID
656932 0™ w 9830518
O\N/
0
s
io
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Table 2. (Continuation)

Name of ligand 2D Structure of ligand Name of ligand 2D Structure of ligand
Ligand 3: Ligand 8: N
SCHEMBL 1614715 Cathepsin C substrate I ]
PubChem CID PubChem CID =
10190642 3508173 L ___,phj}_ e
e o < ‘
il
()
b
. NY
0 (0]
Ligand 4: Ligand 9: 5
Cathepsin D Inhibitor Cathepsin B Inhibitor [
PubChem CID Z-FA-Fmk i o
135340966 et PubChem CID A
P 5311161 __,__,]\“,___ILR0
: SR
() |
Ligand 5: X Ligand10: /.kl
Cathepsin Inhibitor 11F E.r-] CathepsinA Inhibitor “\{/,—
PubChem CID <5 PubChem CID o
16760357 0P yH J&xﬂ 16760358 0P yH I'/;\U
GYJ‘\"/ S 0. ,J\\/ S
Ny Ny
-”'N"‘E‘o Ay /[':0
0, .0 LR
O >
# N
[ o

Kinase inhibitor; Nuclear receptor ligand; Protease
inhibitor; Enzyme inhibitor.

Results and Discussion

Results of binding energies obtained from the
docking (AutoDockVina) of COVID-19 main pro-
tease (6LU7) active site. The binding energies ob-
tained from the docking (AutoDockVina) of the
active site of COVID-19 main protease 6LU7 are
presented in Table 3.

Following the docking study, the best scores
were obtained with Ligandl (-logS = -8.8). De-
scribed interactions by molecular docking include:

Hydrogen bonds (3); attractive charges (1); Pi-Sulfur
interactions (1); Pi-Sigma interactions (1); Pi-Alkyl
interactions (2); Pi-Donor Hydrogen bonds (1); and
a multitude of Van der Waals interactions. The most
important energy was calculated on the basis of Hy-
drogen bonds. Three H-bonds were established with
Glu166 (2.1 A); His163 (2.1 A); and Asn142 (2.5 A)
as shown in Table 3 and Fig. 1.

The second best score was obtained with Li-
gand2 (-logS = -8.6). Described interactions include:
Hydrogen bonds (1); attractive charges (1); Pi-Sulfur
interactions (1); Pi-Sigma interactions (1); Pi-Alkyl
interactions (2); Pi-Donor Hydrogen bonds (1); and

93



ISSN 2409-4943. Ukr. Biochem. J., 2023, Vol. 95, N 1

Table 3.Main scores obtained for the ten selected
inhibitors and their interacted amino acids

Vina Am_ ino
. score aglds
Ligand (kal/ H-Bond | Length re5|dues
mol) mtgrac-
tion

Ligandl -8.8 1 21 Glu166
2 21 His163

3 2.5 Asnl42

Ligand?2 -8.6 1 2.5 His163
Ligand3 -79 1 19 GIn189
2 2.1 Gly143

3 21 Cysl45

4 2.5 GIn189

5 2.6 Serl44

Ligand4 -7.8 1 21 Thr26
2 2.2 Serl44

3 2.4 Cysl45

4 2.5 Glul66

5 2.7 Gly143

6 2.9 Leuldl

Ligand5 -7.8 1 2.2 Cys145
2 2.3 His163

3 2.4 Serl44

Ligand6 1.7 1 19 GIn189
2 2.3 Gly143

3 2.5 Serl44

4 2.7 Cysl45

Ligand7 -75 1 2.0 GIn189
2 2.3 Gly143

3 2.5 Serl44

4 2.6 Cysl45

5 2.7 GIn189

Ligand8 -75 1 19 Glul66
2 2.2 GIn189

3 2.3 Serl44

4 2.6 Gly143

5 2.6 Cysl45

6 2.9 Leul4dl

Ligand9 -6.6 1 2.2 Glul66
2 2.3 Glu166

3 2.7 Glu166

Ligand10 -5.0 1 2.2 Lys5

2 2.9 Lys137
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also a multitude of Van der Waals interactions. Only
one H-bond was directly established with His163
(2.5A) as shown in Table 3 and Fig. 2.

The third score (-logS = -7.9) was obtained by
Ligand3. Interactions with this inhibitor exposed the
following energy environment: Hydrogen bonds (5);
Pi-Sulfur interactions (1); and also a multitude of
Van der Waals interactions. The five H-bonds were
established with GIn189 (1.9 A); Gly143 (2.1 A);
Cysl45 (2.1 A); GIn189 (2.5 A); Ser144 (2.6 A) as
shown on Table 3 and on Fig. 3. The richness of H-
bonds of this inhibitor gave it the strong attractivity
to the MP™ pocket.

The fourth score was due to Ligand4, which is
exhibiting a —logS = -7.8. Regarding the difference
in the chemical structure, the adopted position in the
active site deployed more interactions and a different
position including the following low energy interac-
tions: Hydrogen bonds (6); Pi-Sulfur interactions (1);
Pi-cation interactions (1); Pi-anion interactions (1);
and a multitude of Van der Waals interactions. The
five H-bonds were established with Thr26 (2.1 A);
Ser144 (2.2 A); Cys145 (2.4 A); Glulee (2.5 A);
Gly143 (2.7A); Leul41 (2.9 A) as shown on Table 3
and on Fig. 4. The richness of H-bonds of this in-
hibitor also gave it the strong attractivity to the Mp™
pocket.

The fifth inhibitor was Ligand5 with —
logS = -7.8. The observed interactions were: Hy-
drogen bonds (3); Pi-donor H-bond interactions (1);
Pi-alkyl interactions (1); Carbon H-bond interactions
(1); and a multitude of Van der Waals interactions.
The three H-bonds were acting with Cyc145 (2.2 A);
His163 (2.3 A); Serl44 (2.4 A) as shown in Table 3
and Fig. 5.

The sixth molecule exhibiting an interesting
score was the Ligand6 with a —logS = -7.7. This
inhibitor well fitted into the active enzyme pocket
and induced an important variability of low energy
bonds including: Hydrogen bonds (4); Pi-Sulfur in-
teractions (1); Pi-Donor Hydrogen bonds (1); with a
certain number of Van der Waals interactions. The
four H-bonds connected with GIn189 (1.9 A); Gly143
(2.3 A); Ser144 (2.5 A); Cys145 (2.7 A) as shown in
Table 3 and Fig. 6. The low steric blockage of the
molecule permitted this inhibitor to display the
lowest distance (1.9 A) with the amino acids into the
active site.

The seventh compound was Ligand7
(-logS = -7.5). The predicted interactions for this
protease inhibitor were various: Hydrogen bonds (5);
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Fig. 1. 3D structure of the active site with Ligandl (-log S = -8.8) and the amino acids involved in the binding

site
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Fig. 2. 3D structure of the active site with Ligand2 (-log S = -8.6) and the amino acids involved in the binding

site

Pi-Sulfur interactions (1); Pi-Donor Hydrogen bonds
(1); and a significant amount of Van der Waals inter-
actions. These five amino acids were: GIn189 (2.0 A);
Gly143 (2.3 A); Ser144 (2.5 A); Cys145 (2.6 A); and
GIn189 (2.7 A) as shown in Table 3 and Fig 7. We
noticed that Ligand7 was able to double interaction
with the same amino acid, the GIn189. This was es-
pecially due to the phosphoric acid group.

The eighth molecule was Ligand8 (-logS =
-7.5). The protease inhibitor was able to establish
various interactions: Hydrogen bonds (6); Pi-Sulfur
interactions (1); Pi-Donor Hydrogen bonds (1); and
a consequent number of Van der Waals interactions.
With a huge number of H-bonds (6), this molecule
interacted with the following amino acids: Glul66
(1.9 A); GIn189 (2.2 A); Ser144 (2.3 A); Gly143
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Fig. 3. 3D structure of the active site with Ligand3 (-log S = -7.9) and the amino acids involved in the binding

site
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Fig. 4. 3D structure of the active site with Ligand4 (-log S = -7.8) and the amino acids involved in the binding

site

(2.6 A); Cys145 (2.6 A); and Leu141 (2.9 A) as shown
in Table 3 and Fig. 8.

The ninth compound was Ligand9 with a mean
value of -6.6. This special case predicted with only
three H-bonds established with the same amino acid
(Glu166) is at the limit of acceptable logS values. In
addition, it was the only case with unfavorable do-
nor-donor interaction into the MP™ pocket. Implied
other low-energy interactions were: Pi-Pi T-shaped
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interactions (1); Alkyl interactions (1); Pi-Alkyl in-
teractions (1); and common Van der Waals interac-
tions as shown in Table 3 and Fig. 9.

The last inhibitor checked by molecular
docking, and also a member of the same fam-
ily of Cathepsin inhibitors, was Ligand10. Ongo-
ing researches consider molecules with -logS<-6 as
inopportune inhibitors. In this case, Ligand10, which
exhibited a value of -5.0 (Table 3), can be considered
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Fig. 5. 3D structure of the active site with Ligand5 (-log S = -7.8) and the amino acids involved in the binding

site
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Fig. 6. 3D structure of the active site with Ligand6 (-log S = -7.7) and the amino acids involved in the binding

site

as a non-retained compound with low interactions
with the M pocket. In fact, implied amino acids in
both H-bonds were situated outside of the active site
of our protease 6lu7 grid.

In silico toxicity study. In the Table 4 we dis-
played the combined results of SwissADME and
Molinspiration predictions. The combined parame-
ters obtained for each checked Cathepsin inhibitor
or similar chemical structure were: molecular weight
(g/moal); H-bond donors; H-bond acceptors; lipophi-
licity Log Po/w; water solubility (Log S); molar re-
fractivity; blood-brain-barrier (BBB) permeability;

gastro-intestinal (Gl) absorption; skin permeation; G
protein-coupled receptor (GPCR) ligand; ion channel
modulator; kinase inhibitor; nuclear receptor ligand,;
protease inhibitor; enzyme inhibitor.

As shown in this table, all molecules, except
Ligand4, passed the five rules of Lipinsky, with mi-
nor violations. All ligands were of good solubility
and no one passed the blood-brain-barrier. Gastro-
intestinal (GI) absorption was scored as high for le
following ligands: 5; 8; 9 and 10. From these last
four molecules, three of them were scored as potent
enzyme inhibitors (Ligand5; 9 and 10). No mole-
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Fig. 7. 3D structure of the active site with Ligand7 (-log S = -7.5) and the amino acids involved in the binding

site

LS . w—

)

3

I
Fig. 8. 3D structure of the active site with Ligand8 (-log S = -7.5) and the amino acids involved in the binding
site

cule presented irritant, mutagenic or tumorigenic
behavior. These results permit us to conclude their
safe-human use.

Conclusion. Research for effective drugs for
SARS-CoV-2 Coronavirus focuses on existing
molecules used as drugs in human pharmacopeia.
Thousands of molecules can be clinically tested, but
the available time does not permit it. We focused on
some chemical molecules that, we suspected, have
probable effectiveness against the Coronavirus. In
our present study, we, therefore, focused on known
protease inhibitors and selected Cathepsin inhibitors
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and similar chemical structures for their high poten-
tial of recognizing and inhibiting the active site of
the main protease of SARS-CoV-2. In silico study al-
lowed us to see and glimpse the possibilities of using
this family of molecules against the proteases of the
new Coronavirus. Obtained scores (-logS) indicated
that nine of the ten checked molecules exhibited
an interesting score and that Ligandl and Ligand2
ranged from -8.8 to -8.7. All major structures con-
tain aromatic cycles with an important number of
H-bonds interactions. In silico toxicity study ap-
proved the human use of these compounds. We con-
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Fig. 9. 3D structure of the active site with Ligand9 (-log S = -6.6) and the amino acids involved in the binding

site

Fig. 10. 3D structure of the active site with Ligand10 (-log S = -5.0) and the amino acids involved in the

binding site

clude that this family of chemical structures is very
interesting and can be used in clinical essays against
the SARS-COVID-19.
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IHI'IBITOPU KATEIICUHY

AK IMIOTYKHI IHI'TBITOPH
OCHOBHOI TPOTEA3HM SARS-CoV-2.
MOJIEKYJISAPHUM CKPUHIHT

IN SILICO TA TPOT'HO3YBAHHSI
TOKCHUYHOCTI
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3 MOMEHTY BHSBJICHHS HOBOTO BIpycCy,
imeHTUdikoBaHoro sk kopoHaripyc SARS-CoV-2,
He Oyno BUHAWIEHO TapreTHUX TepareBTHY-
HUX 3aco0iB mus mikyBanHs COVID-19, orxke i
MOJKJIMBOCTI €()eKTHBHOTO JIKYBaHHS 3aJIUIIAI0Th-
cs JyXXe OOMEKEHUMH. YCIIIHA KpHUCTaTi3aris
ocHoBHOI mpoteaszu SARS-CoV-2 (MP®, PDB-ID
6LU7) cnpusima mpoBeneHHIO AOCITIIKEHb Yy TIO-
myKy 1i MOTeHIIHHUX 1HTI0ITOPIB I 3am00iraHHs
perutikamii Bipycy. st mpoBeneHHST MOJNEKYIsp-
HOTO JIOKiHTY Oyi0 00paHO JIecsATh MPeICTaBHUKIB
pOIWHU 1HTIOITOPIB KATETICHHY SK TMEePCIEKTHBHUX
JITaH/iB 13 BACOKHM ITOTEHITia oM 3B’I3yBaHHS 3 aK-
THUBHUM LEHTPOM OCHOBHOI npoTtea3u SARS-CoV-2
SIK TIOTEHINIHOI MimmeHi. Pe3ynmbraté MOneKymsp-
HOTO JIOKIHTY TIOKa3aju, Mo HaleheKTHBHIIIMMHI
y 3B’13yBaHHI BusBmimcsa Jliranal ta Jlirann2 i3
MoKasHUKaMu vina -8,8 Ta -8,7 KKaja/MoJIb IJs
MPr_ ginmosiaHo. [TporaosyBanus in silico disuko-
XIMIYHOI Ta TOKCHKOJIOTIYHOi MOBEIIHKH ampo-
0OBaHMX JTaHJIB MIATBEPAUIO MOXKIHBICTh 1X
BUKOPHCTAHHS B KJIHIYHUX JOCHIPKEHHSAX MIOH0
SARS-COVID-19.

KnioduoBi clioBa: SARS-CoV-2,
COVID-19, ocnoBHa mpoTeasa, 6lu7, inridiTopu ka-
TETICHHY, MOJICKYJISIPHUI JIOKIHT, TPOTHO3yBaHHS iN
silico.
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