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Owing to the urgent need for therapeutic interventions against the SARS-coronavirus 2 (SARS-CoV-2)
pandemic, we employed an in silico approach to evaluate the SARS-CoV-2 inhibitory potential of newly
synthesized imidazoles. The inhibitory potentials of the compounds against SARS-CoV-2 drug targets -
main protease (Mpro), spike protein (Spro) and RNA-dependent RNA polymerase (RdRp) were investi-
gated through molecular docking analysis. The binding free energy of the protein-ligand complexes were
estimated, pharmacophore models were generated and the absorption, distribution, metabolism,
excretion and toxicity (ADMET) properties of the compounds were determined. The compounds dis-
played various levels of binding affinities for the SARS-CoV-2 drug targets. Bisimidazole C2 scored
highest against all the targets, with its aromatic rings including the two imidazole groups contributing to
the binding. Among the phenyl-substituted 1H-imidazoles, C9 scored highest against all targets. C11
scored highest against Spro and C12 against Mpro and RdRp among the thiophene-imidazoles. The
compounds interacted with HIS 41 - CYS 145 and GLU 288 e ASP 289 e GLU 290 of Mpro, ASN 501 of
Spro receptor binding motif and some active site amino acids of RdRp. These novel imidazole compounds
could be further developed as drug candidates against SARS-CoV-2 following lead optimization and
experimental studies.

© 2021 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

SARS-CoV-2 (severe acute respiratory syndrome - coronavirus
2) has since been declared a pandemic by the World Health Orga-
nization (WHO) and it requires immediate health intervention.1,2
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Presently, there are limited effective treatment options and tar-
geted therapeutics approved for the clinical management of SARS-
CoV-2.3,4 SARS-CoV-2 is a member of Beta-coronaviruses which is
similar to Severe Acute Respiratory Syndrome Human coronavirus
(SARS-CoV-1) and the Middle-East Respiratory Syndrome Human
coronavirus (MERS CoV).5 Coronavirus is a positive-sense, single-
stranded RNA virus comprising of over 30,000 nucleotides. The
replication and transcription of the viral genome require the
replicase gene responsible for encoding overlapping polyproteins,
pp1a, and pp1ab.6 SARS-CoV-2 attacks the respiratory tract and has
become a lethal viral respiratory disease with symptoms ranging
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Fig. 1. Structures of imidazole derivatives.
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from breathing difficulties, sore throat, high fever, diarrhea, cough
to multiple organ failure and ultimately death.7

The infection occurs by the binding of SARS-CoV-2 spike protein
(Spro) to the Angiotensin-Converting Enzyme-2 (ACE-2) in the
alveoli of the host.8 Upon entry, viral RNA translation results in the
synthesis of polyproteins responsible for the production of new
virions from single-stranded RNA with the aid of RNA-dependent
RNA polymerase (RdRp). These proteins are believed to represent
primary druggable targets to contrast SARS-CoV-2 growth and
replication.9e11 Analysis of several viruses have also shown that the
viral protease is a common target for antiviral drug devel-
opment,12e14 hence, the main protease (Mpro) of coronavirus could
also be targeted due to its role in viral replication.15,16 Development
of small molecule inhibitors of these protein target could therefore
offer an effective treatment options against SARS-CoV-2.

Traditional methods of developing and discovering new thera-
peutic agents require rigorous scientific procedures, which consume
time and cost. Computational tools, however, offer considerable
promise for determining the affinities of small drug-like molecules
for protein targets.17 This approach is a viable option for the
designing and development of new drugs of biomedical interest.

Imidazoles are heterocyclic compounds with biological potency
and proven pharmacological properties that include anti-
parasitic,18e20 anti-inflammatory,21 anticancer,22 antifungal,23

antibacterial,24 antimalarial,25 antitubercular,26 and antiviral.27

They are also reported to be carboxypeptidase inhibitors, b-lacta-
mase inhibitors, heme oxygenase inhibitors and 20-HETE synthase
inhibitors.18,19,28,29 The Imidazole ring is a nitrogen-containing
heterocyclic aromatic molecule with different synthetic strategies
and pharmaceutical importance.30,31 Thus, the incorporation of
imidazole nucleus and electron-rich imidazole ring have become
essential in the design, formulation, and development of imidazole-
based drugs by pharmaceutical industries. The antiproliferative
properties of imidazole derivatives have encouraged their use and
synthesis for antiviral research.22 Their ability to attack enzymes
and/or proteins critical to the viral life cycle is also a major
contributing factor to their antiviral properties.32,33

In a previous study, we reported the synthesis and in vitro anti-
parasitic activities of a series of imidazole derivatives.19 Owing to
the urgency for therapeutic intervention against the coronavirus,
we employed the computational approach for evaluating the
therapeutic potential of these imidazole compounds against SARS-
CoV-2.

2. Materials and methods

2.1. Imidazole derivatives

The test compounds which are mainly imidazole derivatives
(Fig. 1) were synthesized and characterized as previously
described.19,34,35 Compounds C1 to C5 are bisimidazoles, C6 to C10
are phenyl-substituted 1H-imidazoles and C11 to C14 are thio-
phene-imidazoles.

2.2. Ligand preparation

The canonical SMILES of compounds C1 to C14 were converted
to PDB format using Chimera 1.14 while the structure data file (SDF)
format of standard ligands: Benzyl (Z, 4S)-4-[[(2S)-4-methyl-2-
[[(2S)-3-methyl-2-[[(2S)-2-[(5-methyl-1,2-oxazole-3-carbonyl)
amino]propanoyl]amino]butanoyl]amino]pentanoyl]amino]-5-
[(3S)-2-oxopyrrolidin-3-yl]pent-2-enoate (inhibitor N3), Pravasta-
tin and remdesivir were obtained from PubChem database. The SDF
format of compounds and standard ligands were uploaded to PyRx
software and converted to PDBQT format using the OpenBabel
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plugin. The output files were minimized to obtain the minimum
energy for the ligand docking.

2.3. Protein preparation

The crystal structures of the SARS-CoV-2 target proteins were
obtained from the RCSB protein data bank (PDB). Main protease
(Mpro: 6LU7) was in complex with inhibitor N3, obtained through
X-RAY diffraction method, with a resolution 2.16 Å, R-Value free
0.235, R-Value work 0.202 and R-Value observed 0.204.36 Spike
receptor-binding domain in complex with its receptor ACE2 (Spro:
6LZG) was through X-RAY diffraction, resolution 2.50 Å, R-Value
free 0.216, R-Value work 0.188 and R-Value observed 0.190.37 RNA-
dependent RNA polymerase in complex with cofactors (RdRp:
6M71) was obtained through electron microscopy with a Resolu-
tion of 2.90 Å.38

The PDB format of the structures were uploaded to Chimera 1.14
workspace and the non-standard residues including ions, water
and bounded ligands were first removed. The proteins were
structurally minimized at 100 steepest descent steps, 0.02 steepest
descent steps size (Ᾰ), 10 conjugate gradient steps, 0.02 conjugate
gradient steps size (Ᾰ), and 10 update intervals, using the structure
editing wizard Chimera 1.14. Furthermore, solvents were removed,
hydrogen bonds were added, charges were assigned using Gas-
teiger force field and histidine was set for the protonation state.
Every available selenomethione (MSE)were changed tomethionine
(MET), bromo-UMP (5BU) to UMP (U), methylselenyl-dUMP (UMS)



Table 1
Binding affinities (DG in kcal/mol) of test compounds for SARS-CoV-2 drug targets.

Compounds
DG Energy (Kcal/mol)

Mpro
(6LU7)

Spro
(6LZG)

RdRp
(6M71)

Standard ligands
N3 �7.4
Pravastatin 6.3
Remdesivir �7.4
Bisimidazoles
C1 �8.6 �8.6 �9.1
C2 �10.8 �10.2 �11.4
C3 �7.6 �7.9 �9
C4 �10.3 �10 �8.4
C5 �7.9 �6.7 �8.2
Phenyl-substituted

1H-imidazoles
C6 �7.4 �7.2 �7.2
C7 �7.1 �6.9 �6.8
C8 �6.9 �6.6 �6.9
C9 �8 �7.4 �7.6
C10 �7.8 �7.2 �7.3
Thiophene-imidazoles
C11 �6.8 �7.1 �6.8
C12 �7.7 �7.0 �7.8
C13 �6.5 �6.8 �7
C14 �6.9 �6.9 �6.3
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to UMP (U) and methylselenyl-dCMP (CSL) to CMP (C). The pre-
pared proteins were uploaded to the PyRx software for molecular
docking analysis.

2.4. Molecular docking

Molecular docking of the prepared ligands and proteins were
performed using AutoDock vina in the PyRx workspace. Grid space
was set by targeting important amino acid residues selected
through literature39 and from UniProtKB. Grid box size x ¼ 52.07 Å,
y¼ 65.24 Å and z¼ 58.07 Å and grid centre dimensions x¼�22.94,
y ¼ 14.30, z ¼ 58.65 were set for Mpro: 6LU7; grid box size
x¼ 43.86 Å, y¼ 46.19 Å and z¼ 58.59 Å and grid center dimensions
x ¼ �32.42, y ¼ 30.30, z ¼ 22.14 for Spro: 6LZG; and x ¼ 78.79 Å,
y ¼ 83.87 Å, z ¼ 84.28 Å and x ¼ 121.71, y ¼ 122.39, z ¼ 113.69
respectively for RdRp: 6M71. The output files were uploaded to
Chimera 1.14 workspace for post docking analysis and preparation
of the 3D views of the protein-ligand complex. The 2D views of the
molecular interactions were generated using UCSF Chimera 1.14
and Discovery Studio 2020.

2.5. Binding free energy calculation

The binding free energy of the protein-ligand complexes was
employed to determine the stability of their complexes via Prime
MM-GBSA program (Schr€odinger suite version 20,018e4). Before-
hand, the imidiazole derivatives were prepared by ligprep, while
the respective proteins were prepared using the protein preparation
wizard, methods as previously described.40 The active sites of the
proteins were predicted by sitemap. Subsequently, the compounds
were docked with proteins using glide extra precision (XP) docking.
The Prime MM-GBSA panel was used to calculate binding free en-
ergy for ligandeprotein complexes using the MM-GBSA technology
available with Prime.41 OPLS3 force field was selected and VSGBwas
used as the continuum solvent model. Other options were set as
default.

2.6. Receptor-ligand complex pharmacophore modelling

The highest-ranking compound based on binding affinity against
the target proteins was selected to develop a receptor-ligand com-
plex pharmacophore model using the PHASE module of Schr€odinger
suite. The auto (E-pharmacophore) method was used to generate
ligand-based pharmacophore hypotheses. The maximum number of
features to be generated was set at 7, minimum featureefeature
distance was at 2.00, minimum featureefeature distance for
feature of the same type at 4.00 and donors as vectors.

2.7. ADMET predictions

The absorption, distribution, metabolism, excretion and toxicity
(ADMET) properties (lipophilicity (log Po/w), water solubility (log S),
druglikeness, bioavailability score, pharmacokinetics and toxicity
profile) of the test compounds were determined using in silico
integrative model predictions at the SwissADME, ADMETsar and
ProTox-II online servers. Lipophilicity was measured using the
partition coefficient between n-octanol and water (log Po/w) ac-
cording to XLOGP, WLOGP, MLOGP, iLOGP and SILICOS-IT predictive
models. The arithmetic mean of the values predicted by the five
models is the consensus log P.42 Water solubility was estimated as
the logarithm of the molar solubility in water (log S) using the
SILICOS-IT predictive model.42 Druglikeness was according to the
rule-based filters namely e Lipinski and Verber.43,44 Pharmacoki-
netic properties predicted include: skin permeation, gastrointestinal
(GI) absorption permeation, bloodebrain (BBB) permeation,
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substrate and inhibitor of permeability glycoprotein (P-gp) and cy-
tochrome p450 (CYP) respectively. Toxicity properties considered are
carcinogenicity, eye corrosion, eye irritation, Ames mutagenesis and
hepatotoxicity.
3. Results

3.1. Binding affinities and stability of test compounds with SARS-
CoV-2 drug targets

The compounds exhibited various levels of binding affinities
with Gibbs free energy (DG kcal/mol) ranging from �10.8 to �6.5
for Mpro (6LU7), �10.2 to �6.6 for Spro (6LZG) and �11.4 to �6.3
for RdRp (6M71). Among the three classes of imidazole derivatives,
the bisimidazole compound C2 exhibits the highest binding affinity
for all the drug targets (�10.8, �10.2, �11.4 kcal/mol for Mpro, Spro
and RdRp respectively). Among the phenyl-substituted 1H-imid-
azoles, C9 has the highest binding affinity for Mpro (�8.0 kcal/mol),
Spro (�7.4 kcal/mol) and RdRp (�7.6 kcal/mol). For the thiophene-
imidazoles, C11 exhibits the highest binding affinity for Spro
(�7.1 kcal/mol) and C12 for Mpro (�7.7 kcal/mol) and RdRp
(�7.8 kcal/mol). Many of the test compounds including the 5 bisi-
midazoles gave binding affinities higher than those of the standard
inhibitors (Table 1). The estimated binding free energy of the imi-
diazole derivatives with the protein targets are shown in Table 2.
The major energy contributors to the compounds binding were
non-polar salvation terms (DGlipo), van der Waals (DGvdW), and
covalent energy (DGcovalent).
3.2. Pharmacophore modelling

The pharmacophore models of the highest affinity compound
(bisimidazole C2) are shown on Fig. 2. The models showed that the
two imidazole rings of the compound contributed to its binding
affinity for the protein targets. Apart from forming two aromatic
interactions with the three target proteins, one of the imidazole
rings of the compound acts as a hydrogen bond donor to Spro and



Table 2
Binding free energy of the imidazole derivatives bound to proteins as calculated by
MM-GBSA.

Compounds
DGbind Energy (Kcal/mol)

Mpro
(6LU7)

Spro
(6LZG)

RdRp
(6M71)

C1 �53.26 �31.18 �76.23
C2 �64.23 �35.30 �45.43
C3 �41.05 �37.42 �27.45
C4 �33.56 �29.43 �14.30
C5 �26.56 �37.36 �45.76
C6 �42.42 �17.04 �33.47
C7 �36.17 �44.98 �21.54
C8 �53.29 �29.70 �17.25
C9 �41.07 �28.97 �57.22
C10 �36.17 �58.63 �56.55
C11 �44.88 �50.772 �25.32
C12 �38.07 �29.270 �67.25
C13 �39.78 �28.097 �53.56
C14 �36.58 �32.47 �38.63
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RdRp. The remaining five aromatic rings of Mpro and four of Spro
and RdRp are all involved in the receptor-ligand binding.
Fig. 2. Pharmacophore models of Bisimidazole (C2) on SARS-COV-2 main protease (6LU7),
D ¼ Hydrogen bond donor.
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3.3. ADMET profile

Table 3 shows the SwissADME predicted lipophilicity, water
solubility, druglikeness and bioavailability scores of the com-
pounds. The bisimidazole compounds have Log P values as high as
9.03 (C3) and 8.19 (C5), the least value being 4.37 (C2). The Log P
values of the phenyl-substituted 1H-imidazoles ranged between
4.3 and 5.87 while those of the thiophene-imidazoles ranged be-
tween 4.02 and 6.15. The bisimidazoles C2 and C4 are moderately
soluble while the remaining three are poorly soluble. The other two
classes of imidazole compounds are either moderately soluble or
soluble. For the druglikeness prediction, apart from C2 which vio-
lates only one rule, each of the bisimidazoles violates two Lipinski
rules, while the remaining two classes of compounds violate only
one rule. Besides, all the compounds pass the Veber's rule. For the
bioavailability prediction, the bisimidazoles apart from C2 have a
score of 0.17 while the remaining compounds score 0.55.

Table 4 shows the result of pharmacokinetics prediction of the
test compounds. As highlighted in the table, skin permeation values
(log Kp in cm/s) of the test compounds ranged from �6.8 (least
permeant) to �1.02 (most permeant). Bisimidazoles C3 and C5 are
the most skin permeant of all the compounds. All the test com-
pounds apart from C3 and C5 possess high GI absorption potential
and 8 of the compounds (1 bisimidazole, 4 phenyl-substituted 1H-
Spike protein (6LZG) and RNA-dependent RNA polymerase (6M71). R ¼ Aromatic ring,



Table 3
Predicted Lipophilicity (Log P), Water solubility (Log Sw), Druglikeness and Bioavailability scores of test compounds.

Compounds Molecular Weight Consensus Log P Log Sw (Silicos-IT) Solubility Class Lipinski #violations Veber #violations Bioavailability Score

C1 582.95 6.23 �6.39 Poorly soluble 2 0 0.17
C2 703.05 4.37 �5.81 Moderately soluble 1 0 0.55
C3 747.23 9.06 �7.59 Poorly soluble 2 0 0.17
C4 578.91 5.5 �5.46 Moderately soluble 2 0 0.17
C5 763.23 8.19 �6.76 Poorly soluble 2 0 0.17
C6 416.68 5.34 �4.25 Moderately soluble 1 0 0.55
C7 446.71 5.01 �4.12 Moderately soluble 1 0 0.55
C8 506.76 4.3 �3.85 Soluble 1 0 0.55
C9 389.61 4.8 �3.76 Soluble 1 0 0.55
C10 445.72 5.87 �4.68 Moderately soluble 1 0 0.55
C11 336.58 4.43 �4.11 Moderately soluble 1 0 0.55
C12 483.59 6.15 �5.17 Moderately soluble 1 0 0.55
C13 462.73 4.51 �3.89 Soluble 1 0 0.55
C14 321.52 4.02 �3.18 Soluble 1 0 0.55

Table 4
Pharmacokinetics prediction output of test compounds.

Compounds GI
absorption

Bloodebrain
permeant

Pgp
substrate

CYP1A2
inhibitor

CYP2C19
inhibitor

CYP2C9
inhibitor

CYP2D6
inhibitor

CYP3A4
inhibitor

Skin
permeation log Kp
(cm/s)

C1 High No No No No No No No �3.25
C2 High No No No No No No No �6.8
C3 Low No Yes No No No No Yes �1.02
C4 High Yes No No No No No No �3.83
C5 Low No Yes No No No No Yes �1.8
C6 High Yes No No No No No No �3.53
C7 High Yes No No No No No No �4.15
C8 High Yes No No No No No No �5.27
C9 High Yes No No No No No No �3.93
C10 High No No No No No No No �3.25
C11 High Yes No No No Yes No No �4.23
C12 High No No No No No No No �3.16
C13 High Yes Yes No No No No No �4.74
C14 High Yes No Yes Yes Yes No No �4.54
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imidazoles and 3 thiophene-imidazoles) displayed the ability to
penetrate the bloodebrain barrier. Compounds C3, C5 and C13 are
substrates of Pgp. C3 and C5 were predicted to be inhibitors of
CYP3A4, C11 an inhibitor of CYP2C9 and C14 an inhibitor of CYP1A2,
CYP2C19, and CYP2C9. As shown on Table 5, none of the test
compounds has the tendency for carcinogenicity, mutagenesis,
hepatotoxicity, eye corrosion, eye irritation and human either-a-go-
go (hERG) inhibition.
Table 5
Toxicity profiles of imidazole molecules.

Compounds Carcinogenicity Eye corrosion Eye irritation A

C1 e e e e

C2 e e e e

C3 e e e e

C4 e e e e

C5 e e e e

C6 e e e e

C7 e e e e

C8 e e e e

C9 e e e e

C10 e e e e

C11 e e e e

C12 e e e e

C13 e e e e

C14 e e e e

(�) ¼ Inactive.
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3.4. Post docking analysis of selected compounds

Figs. 3e5 show the three-dimensional (3D) and two-
dimensional (2D) structures of the SARS-CoV-2 target proteins in
complex with the standard inhibitors and the highest affinity
compounds from each of the classes (bisimidazole C2 and phenyl-
substituted 1H-imidazole C9 for Mpro, Spro and RdRp; thiophene-
imidazole C11 for Spro and C12 with Mpro and RdRp).
mes mutagenesis human either-a-go-go inhibition Hepatotoxicity

e e

e e

e e

e e

e e

e e

e e

e e

e e

e e

e e

e e

e e

e e



Fig. 3. 3D (left) and 2D (right) views of the molecular interactions of amino-acid residues of Mpro (6LU7) with (A) N3 (B) C2 (C) C9 (D) C12.
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C2 and C12 interacted with ASN 142, GLU 166, CYS 145, HIS 41
and other amino acid residues at the inhibitor (N3) binding site of
SARS-CoV-2 Mpro. C9 interacted with residues like GLU 288, ASP
289 and GLU 290 at a different binding pocket on Mpro (Fig. 3). The
SARS-CoV-2 Spro formed a complex with C2, C9, C11 and Pravas-
tatin through various types of interactions with some amino acids
residues of its receptor binding domain (RBD) (Fig. 4). ASN 501 of
Spro formed van der Waals interaction with C2 and C9 (Fig. 3 B and
C) and hydrogen bond interactionwith Pravastatin and C11 (Fig. 3 A
and D). Furthermore, C2, C9, C12 and remdesivir interacted with
some amino acid residues at the binding pocket of SARS-CoV-2
Fig. 4. 3D (left) and 2D (right) views of the molecular interactions of amino
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RdRp including: ASP 618, TYR 619, ASP 760, ASP 761, TRP 800,
GLU 811, CYS 813, and SER 814 in (Fig. 5).

4. Discussion

The novel coronavirus is a global health challenge that calls for
emergency and urgent antiviral strategies for the treatment and
prevention of the infection. Some antiviral agents including
remdesivir were currently repurposed against COVID-19 to allow
rapid availability of treatments options3,4 as the search for new
anti-SARS-CoV-2 drugs continues. The use of heterocyclic
-acid residues of Spro (6LZG) with (A) Pravastatin (B) C2 (C) C9 (D) C11.



Fig. 5. 3D (left) and 2D (right) views of the molecular interactions of amino-acid residues of RdRp (6M71) with (A) Remdesivir (B) C2 (C) C19 (D) C12.
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compounds as templates for antiviral drug development has
become very beneficial as they have been reported to be potent
against several viral infections including hepatitis C (HCV), hepa-
titis B (HBV), human immunodeficiency virus (HIV), herpes simplex
(HSV), rotavirus, adenoviruses and coxsackie.27,32,33 Antiviral
imidazole compounds are said to exhibit their anti-viral activity by
targeting viral proteases and other critical enzymes/proteins
essential to the viral life cycle.32,33

The high binding affinities exhibited by the imidazole com-
pounds for SARS-CoV-2 target proteins in this study is an indication
of the inhibitory potential of these compounds against these bio-
molecules and their possible roles as therapeutic agents against
SARS-CoV-2. Due to structural similarity with the amino acid his-
tidine, an imidazole can easily interact with important protein
molecules thereby modifying their functions.32,33 In this study, it
was observed that the bisimidazoles possess higher binding affinity
for all the target proteins than the other two classes of imidazoles.
This could be linked to the two imidazole rings and several other
aromatic rings contained in the structure of these compounds.
From the result of the pharmacophore modelling of C2 (the highest
affinity compound), it was observed that the two imidazole rings
together with the other aromatic groups contributed to the binding
of this compound to the targets. Interactions involving aromatic
rings are very essential to biological recognition including protein-
ligand interaction as about 20% of amino acids are aromatic in
nature. Aromatic interactions are known to be of paramount
importance in drug design for improved efficacy and lead
optimization.45

The binding free energy (Table 2) of the complexes agrees with
the docking score shown on Table 1. Determination of protein-
ligand stability is regarded as a very reliable method for vali-
dating docking score9,41 and the free energy of favorable reaction is
always negative. The results obtained in this study showed that the
imidazole derivatives formed a stable complex with the drug tar-
gets upon binding, affirming the robustness of the docking results.

In addition to the inhibitory potential demonstrated by the
imidazole compounds, quite a number of them possessedmoderate
ADMET properties. However, some of the compounds may require
lead optimization to improve these properties and still maintain
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the binding affinities. ADMET analysis is a procedure used for
defining whether the compounds can be easily absorbed, trans-
ported to their target site of action, metabolized in a way that does
not instantly remove the activity and easily eliminated from the
body while preventing toxic effects. These properties are collec-
tively referred to as ADMET (absorption, distribution, metabolism,
elimination and toxicity).46 In silico prediction of ADMET proper-
ties is a cheap and time saving alternative to standard experimental
approaches47,48 and its inclusion at earlier stages of drug discovery
programs49,50 has become essential51e53 for reducing the rate of
pharmacokinetics-related failure of drugs in the clinical phases.

Lipophilicity and water solubility are critical physicochemical
properties that determines the ADMET behaviors of a drug. An orally
administered drug should be sufficiently lipophilic to pass through
the intestinal lining, penetrate the membrane of target cells and
sufficiently hydrophilic to travel in the aqueous blood. The higher
the log P value of a compound, the higher its lipophilicity and the
lower itswater solubility.41 Hence, the compoundswith Log P values
between 4.02 and 6.15 (all the phenyl substituted imidazoles, the
thiophene imidazoles and bisimidazoles C2 and C4) came out to be
either soluble or moderately soluble while the bisimidazoles C1, C3
and C5 with higher log P values were predicted to be poorly soluble
(Table 3). The presence of more aromatic rings and the higher mo-
lecular weights of the bisimidazoles may have contributed to the
poor solubility of these compounds, however the ones possessing
additional polar side chains (C2 and C4) are moderately soluble.

Drug-likeness analysis is a qualitative assessment of oral
bioavailability and it is developed based on structural or physico-
chemical evaluation of compounds in the advanced stages of drug
development.42 The Lipinski's Rule states that an orally active drug
should have: not more than 5 hydrogen bond donors, not more
than 10 hydrogen bond acceptors, a molecular weight under 500 g/
mol and a log P less than 5.43 A molecule would not be orally active
if it violates two or more of the rules. Based on these criteria, only
C2 meet the requirements for oral bioavailability among the bisi-
midazoles as it violates only one of the rules, but all phenyl
substituted and thiophene imidazoles meet the requirements.
Nonetheless, all the test compounds pass the Veber's rule
comprising of only two criteria of: 10 or fewer rotatable bonds and
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polar surface (TPSA) area not greater than 140 Å2.44 Furthermore,
the bioavailability score which uses total charge, TPSA and the
Lipinski filter54 gave a semi-quantitative estimate of the probability
of the compounds to be good oral drugs. The 0.17 bioavailability
score of the bisimidazoles shows that these compounds have
approximately 17% probability of at least 10% oral bioavailability in
rat or measurable human colon carcinoma (Caco-2) permeability,
hence these compounds apart from C2 will not be easily bioavail-
able orally. However, 0.55% bioavailability score of C2 and the
remaining 2 classes of test compounds represents a 55% probability,
hence, these compounds are likely to be good as oral drugs.

According to the pharmacokinetic predictions of the test com-
pounds, the bisimidazoles C3 and C5 and the thiophene imidazoles
C11 and C14 could possibly cause drugedrug interactions as CYP
inhibitors. Cytochrome P450 (CYP) is a superfamily of isoenzymes
that catalyzes many reactions in the phase I of drug metabolism.55 It
has been estimated that 50e90% of drugs are substrates of fivemajor
isoforms (CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4)42 and
their inhibition is a major cause of pharmacokinetics-related
drugedrug interactions.56,57 Likewise, as substrates of Pgp, com-
pounds C3, C5 and C13 are likely to be prevented from entering their
target site of action. Pgp is an important member of the ATP-binding
cassette transporters and it is responsible for the active efflux of
xenobiotics through biological membranes for the purpose of pro-
tecting the body from foreign chemicals. This efflux pump also
contributes to drug resistance by limiting the entry of some drugs
into the sensitive areas. Nevertheless, the results of the toxicity
prediction showed that none of the test compounds has the ten-
dency for any of the toxicity parameters tested, hence the com-
pounds could be both effective and safe as potential therapeutic
agents against SARS-CoV-2.

Analysis of the 3D and 2D structures of the docked SARS-CoV-2
targeteimidazole complex showed that these compounds possess
inhibitory potentials against the proteins. C2, C12 and the standard
inhibitor N3 interacted with CYS 145 and HIS 41 at the binding
pocket of the SARS-CoV-2 Mpro while C9 interacted with GLU 288,
ASP 289 and Glu 290 (Fig. 3). CYS 145 and HIS 41 are very important
amino acids at the catalytic site of the main protease of SARS
coronavirus. The protease is a homodimer with the two subunits
arranged perpendicularly to each other and each protomer have
three discrete structural domains. The substrate binding site of each
subunit comprises of a HIS 41eCYS 145 catalytic dyad situated at
the interface between two of the structural domains. While HIS 41
acts as a general base, CYS 145mediates an electrostatic trigger that
initiates the first step of the catalytic mechanism of action of the
enzyme.58 Mutations at these catalytic structure (HIS 41 - CYS 145)
have been reported to almost totally eliminate Mpro enzyme ac-
tivity.59,60 Residues around GLU 288 e ASP 289 e GLU 290 are re-
ported to be associated with Mpro dimerization and mutations in
GLU 288 and ASP 289 gave rise to enzymes with reduced activ-
ities.61 Hence, interaction of the compoundswith these amino acids
suggests that these compounds could possibly interfere with the
catalytic activity of SARS-CoV-2 main protease and consequently
inhibit the replication of the virus.

The SARS-CoV-2 Spro interacted with C2, C9, C11 and Pravas-
tatin through some important amino acids residues including ASN
501 of its receptor binding domain (RBD) (Fig. 4). ASN 501 has been
listed as one of the key residues responsible for binding of Spro to
its human host receptor (ACE2). ASN 501 of the spike receptor
binding motif is reported to form hydrogen bond with Tyr 41 of
ACE2. ASN 501 also interacts with ACE2 Lys353, Gly354 and
Asp355.36,62 Binding of the test compounds to this critical amino
acid residue could therefore limit the binding of SARS-CoV-2 Spro
to its human host receptor thereby limiting viral entry and disease
progression.
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Furthermore, C2, C9 and C12 demonstrated inhibitory potentials
against SARS-CoV-2 RdRp. These compounds interacted with the
same amino acid residues as Remdesivir (a known RdRp inhibitor)
in the binding pocket of SARS-CoV-2 RdRp (Fig. 5). The four com-
pounds interacted with residues ASP 618, TYR 619, ASP 760 and
other amino acids that have been previously identified at the en-
zyme's active site.63 RdRp as a crucial enzyme in viral replication,
catalyzes the synthesis of the RNA genome by producing a com-
plementary RNA strand from an RNA template,64 hence its inhibi-
tion by these imidazole compounds could offer therapeutic benefits
against SARS-CoV-2.

5. Conclusions

Three classes of newly synthesized imidazole derivatives were
evaluated for therapeutic potentials against SARS-CoV-2 Mpro,
Spro and RdRp. The compounds showed exciting binding affinities
and stability with the target proteins. Bisimidazole C2 gave the
highest binding affinity for all the drug targets among the three
classes of compounds.Within the phenyl-substituted 1H-imidazole
class, C9 gave the highest docking score against the three targets.
For the thiophene-imidazoles, C11 scored highest against Spro and
C12 against Mpro and RdRp. The compounds interacted with HIS 41
- CYS 145 and GLU 288 e ASP 289 e GLU 290 of Mpro, ASN 501 of
Spro receptor binding motif and some active site amino acids of
RdRp. These novel imidazoles could offer therapeutic benefits
against SARS-CoV-2, however, lead optimization may be required
to modify the ADMET properties of some of the compounds while
maintaining their biological activities and wet laboratory experi-
ments will be necessary to further validate the results of this in
silico study.
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