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1. Introduction

Newly synthesized series of oxoindole—oxadiazole
conjugates as potential anti-SARS-CoV-2 agents:
in silico and in vitro studiest

Rana M. El-Masry,® Ahmed A. Al-Karmalawy, (2 *° Radwan Alnajjar,“°
Sara H. Mahmoud,® Ahmed Mostafa, (¢ Hanan H. Kadry,” Sahar M. Abou-Seri*°
and Azza T. Taher*™

In this study, a series of 1,3,4-oxadiazoles carrying the isatin moiety (IV,_g) as anti-SARS-CoV-2 agents
were designed and synthesized. Molecular docking of the compounds (IV,_g) into the SARS-CoV-2 MP™
active site showed promising binding affinities. The docking results were supported using molecular
dynamics simulations and MM-GBSA calculations as well. To validate the in silico predictions, all
compounds were evaluated for their half-maximal cytotoxicity (CCsg) and virus-inhibitory (ICsq)
concentrations. The CCsg concentrations were remarkably high for most of the tested compounds.
However, compounds IV and IV4 showed high activity against SARS-CoV-2 at ICsp values of 13.84 uM
and 4.63 pM, with selectivity indices of 4.1 and 5.9, respectively. The most potent antiviral agent Vg4
demonstrated an ICso of 16.6 pM against SARS-CoV-2 MP™, which is considered a moderate activity.
However, the represented cellular antiviral activity of V4 could justify further optimization to develop
this series of compounds as broad-spectrum anti-SARS-CoV-2 agents.

of Viruses. The resulting pneumonia was designated as corona-
virus disease 2019 (COVID-19) by the World Health Organiza-

In December 2019, a cluster of infectious pneumonia cases was
caused by a novel coronavirus that was reported in Wuhan,
China.” Genomic sequencing revealed that this pathogenic
coronavirus is 96% identical to a bat coronavirus and shares
79.6% sequence identity to SARS-CoV.>” This novel corona-
virus was named severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) by the International Committee on Taxonomy
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tion (WHO) on February 11, 2020.° The WHO recognized
COVID-19 as a global threat as it rapidly spreads and broke
out in more than 212 countries, causing significant health and
economic impacts.”®

SARS-CoV-2 is characterized by four structural proteins:
spike (S), envelope (E), membrane (M), and nucleocapsid (N).
The spike protein enables binding of SARS-COV-2 to the
angiotensin-converting enzyme-2 (ACE-2), which is expressed
on the surface of several pulmonary and extra-pulmonary cells
causing the spread of the infection to many types of host cells.’
The viral genome also encodes non-structural proteins including
papain-like protease (PLP™), 3-chymotrypsin-like protease
(3CLP™), helicase, and RNA-dependent RNA polymerase
(RdRp), which are the enzymes responsible for viral replication
and transcription.'® 3CLP™, also known as the main protease
(MP™), is the key enzyme that plays an essential role in viral
replication,"” and has no homolog in human proteases.?

ACE-2 and MP™ are the main targets for drug development
against SARS-COV-2. The active site of MP™ contains Cys145
and His41 in order to constitute a catalytic dyad, where cysteine
functions as the common nucleophile in the proteolytic
process." Structures of the main proteases in different corona-
virus strains show a remarkable degree of conservation on the
substrate-binding sites. Thus, they have been considered an
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Fig. 1 Reported N-substituted isatin compounds showing inhibitory effect against SARS-CoV-2 MP™.

attractive drug target and a structural basis for the rational drug
design of anti-coronavirus therapy.'*"

Different drug-discovery approaches have been recently
adopted to find several potential SARS-CoV-2 MP™ inhibitors,
including compound library screening,’>*° rational design,"*>2%2!
and the testing of traditional Chinese medicine ingredients.
The chemical structures of the experimentally identified SARS-CoV-
2 MP™ inhibitors are diverse, including o-ketoamide analogs,*
peptidomimetic compounds,”'® baicalein and its derivatives,”* and
several repurposed approved drugs and drug candidates.™® How-
ever, only a few drugs have high inhibitory activity against
SARS-CoV-2 MP™ and no clinically effective drug has been
developed for the prevention or treatment of COVID-19. Therefore,
specific anti-SARS-CoV-2 drugs, that offer efficacy and safety, are
urgently needed.

Liu et al. synthesized a series of N-substituted isatin com-
pounds, tested their inhibitory effects against SARS-CoV-2 MP™,
and studied their binding mode via molecular docking (Fig. 1).
Biological evaluation results showed three potent compounds
I,_. that inhibit SARS-CoV-2 MP™ with ICs, values of 45, 47, and
53 nM, respectively.>® The study indicated that N-substituted
isatin compounds have the potential to be developed as broad-
spectrum anti-coronavirus drugs.

To examine the potential binding mode of these compounds,
the complex model structure of the most active compound I,
and SARS-CoV-2 MP™ was built using an induced-fit docking
procedure.””*® Compound 1, fitted perfectly into the substrate-
binding pocket of the enzyme, making interactions with the most
important active-site residues. The side-chain carbonyl groups of
Asn142 and Glu166 were involved in H-bond interactions with the
carboxamide group at C-5 of the ligand. The main-chain NH group
of Cys145 established H bonds with oxygen atoms at C-2 and C-3 of
the isatin moiety. The naphthyl ring fitted into the hydrophobic
groove that is lined with Met49 and Met165 and the complex was
stabilized via pi-pi stacking interactions with His41.>® There were
three main pharmacophoric features that were considered to be
essential for binding of the potent inhibitor I, to the active site of
SARS-CoV-2 MP™: an H-bond donor to Glu166, an H-bond acceptor
to interact with Cys145, and a lipophilic moiety to fit into the
hydrophobic groove formed by Met49 and Met165.

Moreover, a previous computational screening study per-
formed on 118 compounds with different heterocyclic moieties
found that derivatives of isatin linked with oxadiazoles achieved
the best docking scores and showed promise as potential inhibi-
tors of MP™ for SARS-CoV-2."

According to these results, and in continuation of our
previous research targeting SARS-CoV-2,%%16719:21,23725,29738 4

22-25
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series of isatin Schiff bases that maintain these essential
pharmacophoric features have been designed and synthesized,
and their potential binding modes with the SARS-CoV-2 MP™
active site were examined. The free NH of isatin had the
potential to act as an H-bond donor to Glu166, and the oxygen
at C-2 of isatin served as an H-bond acceptor from His163 or
Cys145. The arylisoxazole projected into the hydrophobic
groove to interact with Met49 and Met165 as depicted in Fig. 2.

One of the most important and recent approaches to inves-
tigate the activity of a drug is computer-aided drug design
(CADD).*** In this study, the interaction between the designed
compounds and the binding site was predicted using molecular
docking to calculate the binding affinities.’® Moreover, to confirm
the results of molecular docking, molecular dynamics (MD)
simulations for 100 ns were carried out on the best-docked
inhibitor-protein complexes. This led to gaining further insight
into the affinity between the ligands and the SARS-CoV-2 MP™
active site as well as evaluating the stability of the ligands within
the binding site of the protein. These ligand-protein complexes
were subjected to the molecular mechanics-generalized Born and
surface area (MM-GBSA) calculations to evaluate the consistent
relative binding free energies.

2. Results and discussion
2.1. Chemistry

The synthetic protocol for obtaining the target compounds
3-((5-aryl-1,3,4-oxadiazol-2-yl)imino)indolin-2-one IV, , is outlined
in Scheme 1. The 5-substituted 1,3,4-oxadiazol-2-amine com-
pounds II,_. were prepared according to the reported method.”*
Refluxing compounds II,_. with isatin derivatives III,_. in acetic
acid resulted in our title compounds IV, in yields of 17-43%.
The structures of the achieved compounds IV, , were
characterized through spectroscopic (IR, '"H NMR, >C NMR,
mass) as well as elemental analyses. Taking compound IV, as
an example, its IR spectrum is characterized by the presence of
NH and C=O stretching bands at 3169 and 1671 cm !,
respectively. The structure was also confirmed via its "H NMR
spectrum, which showed a singlet signal at 6 3.87 ppm,
assigned to the methoxy protons, and the appearance of two
exchangeable singlet signals corresponding to the NH and
OH protons of the tautomeric amide moiety at 6 11.37 and ¢
13.90 ppm, respectively. Moreover, the aromatic protons of the
oxoindole and the methoxyphenyl moieties were detected at J
6.96-7.89 ppm with the expected multiplicity and integration.
The "*C NMR spectrum of target compound IV, confirmed the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 2 Pharmacophoric features of the newly synthesized series of 1,3,4-oxadiazole—oxoindole conjugates (IV,_g) based on the reported MP™

inhibitor (l).
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Scheme 1 Synthesis of target compounds IV,_4. Reagents and conditions: (a) acetic acid, reflux 38-50 h, yield = 17-43%.

presence of the C—O0 group of the oxoindole moiety via a signal

at 6 163.32 ppm.

2.2. Biological evaluation results

2.2.1. Assessment of in vitro antiviral activity, cytotoxicity,
and selectivity. The cytotoxicity and the virus-inhibitory effect

of the synthesized compounds IV,_, were tested by determining
the half-maximal cytotoxic (CCs) and inhibitory (ICs,) concen-
trations for each compound. The ratio of CCs, to ICs, was used
to determine the selectivity index for each compound. Except
for IVy, and IV4, which displayed minor cytotoxicity, the CCs,
concentrations were remarkably high for all tested compounds.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022 New J. Chem.
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Fig. 3 Dose-response curves for the tested oxadiazole derivatives in Vero-E6 cells. Non-linear regression analysis using GraphPad Prism software
(version 5.01) was carried out to calculate the CCso and ICsq values by plotting log inhibitor versus normalized response (variable slope).

However, compounds IV, and IV, showed high antiviral activity
against SARS-CoV-2 with ICs, values of 13.84 uM and 4.63 uM,
and selectivity indices of 4.1 and 5.9, respectively (Fig. 3 and
Table 1). On the other hand, compounds IV, and IV4 showed
low cytotoxic (142.16 and 182.82 pM) and inhibitory concentra-
tions (79.35 and 69.52 uM), with selectivity indices of 1.8 and
2.6, respectively. Finally, compounds IV,, IV, and IV did not
induce any inhibition activity against SARS-CoV-2 at safe con-
centrations. Further optimization to reduce the cytotoxicity and
to increase the cellular antiviral activity seems to be necessary
to develop this series of compounds as broad-spectrum anti-
coronavirus drugs. Given the lack of anti-SARS-CoV-2 activity

Table 1 Cytotoxicity and virus-inhibitory effect of the newly synthesized
oxoindole—oxadiazole derivatives (IV,_g) against SARS-CoV-2°

X
e
O
IVaq
Selectivity index,
Compound X R CCso (UM)  ICso (UM)  CCso/ICs0
IV, H H 17.03 117.35 0.15
AN H 142.16 79.35 1.79
IV, H OCH, 15.57 152.2 0.10
V4 Cl ¢l 182.82 69.52 2.63
I\'AS Br H 56.56 13.84 4.08
IVg Br Cl 20.16 237.20 0.08
Vg Br OCH; 27.4 4.63 5.92

% Bold figures indicate high antiviral activity against SARS-CoV-2
IC50 < 20 pM and high selectivity SI > 3.

New J. Chem.

of most FDA-approved protease inhibitors,?” the antiretroviral
drug, lopinavir, an MP™ inhibitor (which is used for the treat-
ment of HIV and is considered to be an active drug for the
treatment of COVID-19),>> showed moderate antiviral activity
against SARS-CoV-2 with an ICs, value of 5.73 pM and a
selectivity index of at least 8.® Furthermore, the known potent
MP™ inhibitor N3 hemihydrate displayed an antiviral activity of
16.77 uM.*° Compared with lopinavir and N3 hemihydrate, we
assumed that IV, might be a candidate protease inhibitor for
combatting SARS-CoV-2 replication.

Regarding the SAR, the antiviral activity and selectivity of the
synthesized oxoindole-oxadiazole conjugates seem to be
affected by the C-5 substituent on the oxoindole ring. Except
for compound IVy, the introduction of the 5-Cl or 5-Br sub-
stituent to the oxoindole scaffold enhanced the antiviral
potency and selectivity (compound IV, # IVq, IV, # IV, and
IV, # IVy). In particular, introducing the 5-bromo atom to the
oxoindole ring in IV, (ICs, = 152.20 puM, SI = 0.1) resulted in
compound IV with about a 33- and a 59-fold increase in
antiviral activity and selectivity, respectively.

A direct effect of p-substituent on the phenyloxadiazole
moiety could not be observed. The introduction of an elec-
tron-withdrawing chloro substituent to the unsubstituted
oxoindole derivative IV, (ICs, = 117.35 uM, SI = 0.15) produced
compound IV}, with a remarkable improvement in the antiviral
activity and selectivity (IC5o = 79.35 uM, SI = 1.79). On the other
hand, grafting an electron-donating p-methoxy group in com-
pound IV, reduced the antiviral activity and selectivity (ICs, =
152.20 pM, SI = 0.1). Attaching a p-Cl phenyloxadiazole moiety
to the 5-bromo-oxoindole ring was detrimental to both the
antiviral activity and the selectivity [compound IV, (ICs, =
13.84 uM, SI = 4.08) # compound IVf (IC5, = 237.20 pM,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Table 2 Virus-inhibitory effect and MP™ inhibitory activity of the newly
synthesized oxoindole—oxadiazole derivative (IVy) and reference com-
pound N3 against SARS-CoV-2
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Table 3 Binding scores and interactions of the newly designed

oxoindole-oxadiazole derivatives (IV,_g). (l), and N3 inhibitor (docked)
into the N3 binding pocket of SARS-CoV-2 MP™

IC50 (1M)
Compound Cell protection assay MP™ enzyme inhibition
Vg 4.63 16.60
N3 16.77 0.40

SI = 0.08)], while substitution with the p-OCH; group produced
the most potent and selective antiviral agent in this study, i.e.,
IV, (ICs0 = 4.63 pM, SI = 5.92).

2.2.2. Assessment of in vitro SARS-CoV-2 main protease
inhibitory activity. The cell protection assay results revealed
that compound IVg was the most active and selective compound
of the newly synthesized series (ICs, = 4.63 uM, SI = 5.92).
Comparing the antiviral activity of IV, with the reported refer-
ence inhibitor N3 hemihydrate (16.77 uM)*° suggested that IV,
was a potent antiviral agent. According to the antiviral activity
assay results, we opted to further evaluate compound IV, for
its inhibitory activity against SARS-CoV-2 MP™. Surprisingly,
compound IV, demonstrated an ICs, of 16.60 uM against SARS-
CoV-2 MP™, which was considered as a moderate activity
compared with the reported potent SARS-CoV-2 MP™ inhibitor
N3 hemihydrate (ICs, = 0.40 uM) (Table 2 and Fig. 4). As a result
of the high cell protection activity of IV, compared with N3,
despite the moderate enzyme inhibition activity (Fig. 4), this
compound was suggested to have an additional mode of action
besides SARS-CoV-2 MP™ enzyme inhibition, which needs to be
further investigated in the future.

In conclusion, compound IVy was found to be an active
inhibitor of SARS-CoV-2 MP™, although it needs further opti-
mization for better binding to the enzyme and better cellular
activity for attaining lead compounds as broad-spectrum anti-
COVID-19 drugs.

2.3. Molecular docking

The catalytic cleft between domains I and II of SARS-CoV-2 MP™
is composed of a Cys-His dyad where the inhibitor-binding
site is located. The N3 inhibitor is composed of only one

18
16
14

=
o

1C50 uM

M Cell Protection Assay

B Mpro Enzyme assay

o N B O ®

Vg N3
Compound

Fig. 4 Anti-viral and main protease inhibitory activities of compound Vg4
and the reference inhibitor N3 against SARS-CoV-2.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

S% (kcal RMSD_ Distance
No. Compound mol™!) Refine’ Amino acid bond (A)
1 v, —5.59 1.39 Phe140/H-donor 2.96
His163/H-acceptor 3.10
Met165/pi-H 3.60
2 vy, —6.37 0.89 Phe140/H-donor 2.90
His163/H-acceptor  3.20
Met165/pi-H 3.56
3 IW\'A —6.32 0.99 Glu166/H-donor 3.12
His163/H-acceptor 3.23
4 V4 —-5.97 1.32 Glu166/H-donor 3.21
His163/H-acceptor 2.91
His164/H-donor 3.13
5 I\ —6.05 1.94 Cys145/H-acceptor  3.04
Ser144/H-acceptor  3.11
Glu166/p-Hi 3.89
6 I\ —6.14 1.68 Glu166/H-donor 3.18
His163/H-acceptor 3.26
7 Vg —6.44 1.89 Glu166/H-donor 3.09
His163/H-acceptor  3.27
8 I, —6.09 2.41 Glu166/H-donor 3.23
His163/H-acceptor  2.98
Met165/pi-H 3.44
His41/H-pi 3.82
9 N3 —9.98 1.91 GIn189/H-donor 2.96
Glu166/H-acceptor  3.02
Met49/H-donor 3.55
Gly143/pi-H 4.76

“S, the score of a compound at the binding site of the protein.
b RMSD_Refine, the root-mean-squared-deviation (RMSD) between the
predicted pose and the crystal structure.

polypeptide and is stabilized inside the binding pocket of
SARS-CoV-2 MP™ showing an asymmetric unit.

Molecular docking simulations were performed on the
newly designed oxadiazole derivatives carrying the oxoindole
moiety (IV,), the most potent previously reported isatin (I,),
and the neutral inhibitor N3 into the MP'™ active site, and the
obtained results are reported in Table 3.

The docked inhibitor N3 occupied the receptor pocket with a
similar binding mode compared to the co-crystallized con-
former. It recorded a binding score of —9.98 kcal mol ' and an
RMSD of 1.91 A. It was stabilized inside the binding pocket through
the formation of three H-bonds: one with GIn189 at 2.96 A, the
second one with Glu166 at 3.02 A, and the third with Met49 at 3.55 A.
Moreover, it formed a pi-H bond with Gly143 at 4.76 A (Fig. 5).

Docked SARS-CoV-2 main protease inhibitor (N3)

3 D representation Protein positioning

Fig. 5 3D representation and positioning for the docked N3 inhibitor
inside the SARS-CoV-2 MP™ pocket.
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Docked IV,

3 D representation Protein positioning

Fig. 6 3D representation and positioning of the docked IVy4 inside the
SARS-CoV-2 MP™ pocket.

Interestingly, most of the newly designed oxadiazoles were
found to form nearly the same binding mode compared to the
previously reported isatin derivative (I,) according to our afore-
mentioned design rationale (Fig. 1).

As an example, compound IV4 was bound inside the SARS-
CoV-2 main protease receptor pocket with a binding score of
—5.97 keal mol* and a 1.32 A RMSD. As previously mentioned,
the general binding mode of the synthesized oxadiazole deri-
vatives was by fitting the enzyme pocket through the formation
of two H-bonds with the most important Glu166 and His163
amino acids through the NH and carbonyl oxygen groups
at 3.21 and 2.91 A, respectively. Moreover, compound IV4
formed an extra H-bond with the His164 amino acid of the
hydrophobic cleft at 3.13 A. Also, the oxadiazole phenyl group
fitted into the hydrophobic groove formed by Met49, Met165,
and His164 (Fig. 6).

Besides the foregoing, compound IV fitted inside the large
pocket with a binding score of (—6.44 kcal mol™) and a 1.89 A
RMSD. Also, it formed two hydrogen bonds with the two crucial
amino acids (Glu166 and His163) through NH and carbonyl
oxygen groups at 3.09 and 3.27 A, respectively. Furthermore, the
oxadiazole phenyl group fitted into the hydrophobic groove
formed by Met49, Met165, and His164 (Fig. 7).

2.4. Molecular dynamics simulations

Protein and ligand RMSD analysis. To monitor the effect of
the simulation on the conformational stability of 6LU7, RMSD
values of the Co atoms were estimated for all the complexes
with respect to the initial structure. The results were plotted as
a function of the simulation time in Fig. 8. As illustrated in
Fig. 8, the protein was stable during simulation with an RMSD

Docked IV,

3 D representation Protein positioning

Fig. 7 3D representation and positioning of the docked IVq inside the
SARS-CoV-2 MP™ pocket.
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Fig. 8 Plots of RMSD for Ca atoms (A) concerning the initial structure vs.
the simulation time (ns) for all the complexes.

less than 3.00 A except for the IV.~6LU7 complex where a protein
backbone fluctuation started at around 40 ns and increased
gradually. These fluctuations resulted from unfolded side chains
(Fig. 5, ESIt), and no such fluctuations were exhibited by other
complexes. On the other hand, IV, and IV fluctuated till 30 ns
before reaching equilibrium, while other complexes reached
equilibrium at an early stage of the simulation.

The RMSD values of the ligands were plotted as a function of
the simulation time to show the RMSD of a ligand that was
aligned and measured just on its reference conformation
within the active site. As shown in Fig. 9, compounds IV,,
IV}, and IV, moved by around 8 A relative to their reference site
before reaching equilibrium at 40 A. On the other hand, IV4q and
V¢ moved by around 5 A from their original site till reaching
equilibrium at 50 A. Compounds IV, and IV, behaved differ-
ently: IV, moved around 5 A at the beginning of the simulation
till 70 ns, then it moved a further 4 A from its new site; IV, was
stable and moved only by 2 A at 40 ns, and then moved a further
8 A from its new position before reaching equilibrium. Finally,
I, fluctuated till 75 ns before reaching equilibrium in a new
site, which was around 3 A from its reference position.

As IV4 showed the strongest MM-GBSA (Table 4) binding
energy, it was further investigated to get a better understanding
of its interactions within the active site of the SARS-CoV-2 MP™.
As noticed in Fig. 10, IV4 was able to form an H-bond with the
negatively charged amino acid glutamic Glu166 using the
oxygen atom of the carbonyl group for 88% of the simulation
time, and other weak H-bonding interactions were formed with
Phe140, Asn142, Gly143, and Ser144 for less than 1% of the
simulation time. Hydrophobic interactions were also formed,
with a pi-pi interaction between the phenyl ring and the
imidazole ring of His41, and another hydrophobic interaction

— IVa-6LU7
i IVb -6LU7
" I —— TVc -6LU7
el — IVd-6LU7
—— IVe -6LU7
—— IVF-6LU7
—— IVg-6LU7
— Ta-6LU7
— N3-6LU7

i

RMSD (A)

.,
X Y

! w».::.. "am"“ g

) '*“‘ “‘“MMW? il

Simulation time (ns)

Fig. 9 Plots of RMSD data for ligand atoms (A) concerning the initial
structure vs. the simulation time (ns) for all the complexes.
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Table 4 Prime MM-GBSA energies (in kcal mol™?) for ligands binding at the active site of SARS-CoV-2 MP™

Compound AG binding Coulomb Covalent H-bond Bind packing Lipo Solv_GB vdw
v, —46.56 —9.66 1.11 —-0.79 —12.21 —-1.75 14.25 —-37.51
vy —37.61 —8.41 1.27 —0.75 —10.06 —1.01 14.79 —33.43
I\'A —51.66 —13.01 1.49 —0.91 —12.37 —3.69 18.07 —41.24
V4 —54.98 —8.59 0.64 —-0.76 —14.15 —5.87 17.21 —43.48
IV, —48.18 —1.63 1.70 —0.12 —14.97 —1.12 10.82 —42.87
IVg —48.03 —13.74 1.45 —0.98 -9.97 —4.88 20.31 —40.21
Vg —49.82 —8.27 2.75 —1.02 —11.39 —-3.01 16.13 —45.00
I, —51.20 —17.68 2.41 —1.29 —11.68 —3.17 24.33 —44.12
N3 —71.47 —22.89 2.41 —-1.75 —15.77 —0.87 33.16 —65.76

Coulomb, Coulomb energy; covalent, covalent binding energy; vdW, van der Waals energy; Lipo, lipophilic energy; Solv_GB, generalized Born

electrostatic solvation energy; H-bond, hydrogen-bonding energy.
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Fig. 10 Histogram of IV4—6LU7 contact throughout the trajectory.

Fig. 11 Aligned structures of IV4—6LU7 during simulations: red, 0 ns;
yellow, 50 ns; green, 100 ns.

occurred with Met49; both interactions occurred for 55% of the
simulation time. Fig. 11 shows the ligand-protein alignment
for the simulation times.

To monitor the IVq-protein interactions during the simula-
tions, a plot of the active-site residues was plotted against
trajectory frames (Fig. 12). Notably, Glu166 formed the stron-
gest interaction while His41, Met49, and Ser144 were in contact
with IV4 most of the time. However, Asn142 and Gly144 formed
an interaction from time to time, while His163 formed a
contact only after 40 ns of simulation time.

2.5. MM-GBSA study

The average MM-GBSA binding energy was generated using the
thermal_mmgbsa.py python script provided by Schrodinger,
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Fig. 12 IV4—6LU7 interactions shown by the active-site amino acids in
each trajectory frame (white denotes zero interaction, while a deep color
indicates more interactions).

which also generated the Coulomb energy, covalent binding
energy, van der Waals energy, lipophilic energy, generalized
Born electrostatic solvation energy, and hydrogen-bonding
energy (see Table 4 for all the obtained data).

From the MM-GBSA calculations, the most favored binding
energy was exhibited by IVq (—54.98 kecal mol '), and IV, also
exhibited a strong lipophilic energy, pi-pi interaction, and van
der Waals energy.

3. Conclusion

A new series of 1,3,4-oxadiazoles carrying the isatin moiety
(IVag) were designed as potential SARS-CoV-2 MP™ inhibitors
and compared with both the reported isatin derivative with a
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promising SARS-CoV-2 MP™ inhibitory activity (I,), and the
co-crystallized inhibitor (N3) as reference standards. Consistent
with the design rationale, molecular docking studies revealed
the promising binding modes and affinities of all the newly
designed compounds within the SARS-COV-2 MP™ active site
compared to the reported lead compound (I,). Furthermore,
molecular dynamics simulations showed that most ligand-
protein complexes were stable during the simulations, and
most ligands showed tight binding to the protein active site
(RMSD < 10 A). MD simulations also showed that Glu166 was a
critical residue for ligand stability. The obtained MM-GBSA
data promoted among others, IVq4, with a binding energy of
—54.98 keal mol ™. On the other hand, antiviral activity evalua-
tion showed that compounds IV, and IV, exhibited higher
activities than N3 against SARS-CoV-2 in Vero-E6 cells
(ICs0 values of 13.84 uM and 4.63 uM and selectivity indices
of 4.1 and 5.9, respectively). According to the antiviral activity
assay results, it was decided to further assay compound IVg
for enzyme inhibition activity against SARS-CoV-2 MP™.
Unexpectedly, compound IV, was found to demonstrate an
IC5o of 16.60 UM against SARS-CoV-2 MP™, which was consi-
dered as moderate activity compared with the reported potent
SARS-CoV-2 MP™ inhibitor N3 (ICs5, = 0.40 puM). The high
selective antiviral activity of IV, in the cell protection assay,
regardless of its reduced MP™ inhibitory effect, suggested IV, as
a lead compound that needs further optimization for better
binding to the enzyme and better cellular activity to attain
broad-spectrum anti-SARS-CoV-2 agents. Thus, the significance
of this manuscript comes in repurposing this class of com-
pounds as anti-SARS-CoV-2 agents and the obtained results
may shed light on the structure-activity relationship required
for SARS-CoV-2 inhibition, to eventually help in the future
introduction of newly synthesized drug candidates that target
SARS-CoV-2.

4. Experimental
4.1. Chemistry

4.1.1. General. Unless specified, all chemicals were of
commercial grade, were used without further purification,
and were obtained from Aldrich Chemical Co. (Milwaukee,
WI, USA). Melting points were obtained using Stuart melting
point apparatus and were uncorrected. Microanalyses for C, H,
and N were performed at the Regional Center for Mycology and
Biotechnology, Al-Azhar University. IR spectra were recorded
from potassium bromide discs using a Shimadzu IR 435
spectrophotometer (Shimadzu Corp., Kyoto, Japan) at the
Faculty of Pharmacy, Cairo University, Cairo, Egypt, and are
expressed in wavenumbers (cm ‘). "H NMR spectra were
recorded using a Bruker 400 MHz (Bruker Corp., Billerica,
MA, USA) spectrophotometer at the Faculty of Pharmacy, Cairo
University, Cairo, Egypt. Dimethyl sulfoxide (DMSO) was used
as a solvent, and chemical shifts were recorded in ppm on the
0 scale and coupling constants (/) are reported in Hz. The
exchangeable protons were exchanged using D,O. *C NMR

New J. Chem.

View Article Online

NJC

spectra were recorded using a Bruker 100 MHz spectrophoto-
meter at the Faculty of Pharmacy, Cairo University, Cairo,
Egypt. The progress of the reactions was monitored via TLC
using MERCK pre-coated aluminum sheet plates coated with
silica gel 60F 254. The developing solvents were ethyl acetate/
hexane (7:3), and the spots were visualized at 366, 254 nm
using UV Vilber Lourmat 77202 equipment (Vilber, Marne La
Vallee, France).”*

4.1.2. General procedure for the preparation of (E)-5-sub-
stituted-3-{[5-(4-substituted  phenyl)-1,3,4-oxadiazol-2-yl]imi-
no}indolin-2-one derivatives (IV,_5). A mixture of equimolar
amounts (10 mmol) of oxadiazole derivatives II, . and isatin
derivatives III,_. were dissolved in acetic acid (30 mL) and
refluxed for 38-50 hours. The reaction mixture was then
allowed to cool. The formed crystals were filtered, washed with
water, dried, and crystallized from aqueous ethanol.

(E)-3-{[5-Phenyl-1,3,4-oxadiazol-2-ylJimino findolin-2-one (IV,).
Orange crystals (0.81 g, 28%), m.p. 282-284 °C; IR (KBTI, Vmax
em™Y): 3236 (NH of isatin), 1693 (C=0). 'H NMR (DMSO-d,,
400 MHz) ¢: 6.97 (d, 1H, J = 7.80 Hz, Ar-H), 7.13 (dd, 1H, J =
7.56 Hz, Ar-H), 7.41 (dd, 1H, J = 7.70 Hz, Ar-H), 7.63 (dd, 3H,
J =7.52 Hz, Ar-H), 7.69 (d, 1H, J = 7.16 Hz, Ar-H), 7.90 (d, 2H, J =
7.72 Hz, Ar-H), 11.38 (s, 1H, NH, D,0 exchangeable), 13.94 (s, 1H,
OH, D,0 exchangeable). >C NMR (DMSO-dg, 100 MHz) J: 111.71,
120.29, 121.44, 123.24, 127.88, 129.64, 132.29, 132.55, 133.33,
142.94, 163.53. Anal. caled for C;6H;oN,O, (290.28): C, 66.20;
H, 3.47; N, 19.30; O, 11.02; found: C, 66.43; H, 3.65; N, 19.58.

(E)-3-{[5-(4-Chlorophenyl)-1,3,4-oxadiazol-2-ylJimino findolin-2-
one (IVy). Brown crystals (1.40 g, 43%), m.p. 276-278 °C; IR
(KBr, vmax cm™'): 3217 (NH of isatin), 1670 (C=0). "H NMR
(DMSO-dg, 400 MHz) d: 6.97 (d, 1H, J = 7.40 Hz, Ar-H), 7.13
(dd, 1H, J = 7.36 Hz, Ar-H), 7.42 (dd, 1H, J = 7.24 Hz, Ar-H), 7.60
(d, 1H, J = 6.12 Hz, Ar-H), 7.70 (d, 2H, J = 7.76 Hz, Ar-H), 7.91
(d, 2H, J = 8.00 Hz, Ar-H), 11.39 (s, 1H, NH, D,O exchangeable),
13.91 (s, 1H, OH, D,O exchangeable). >*C NMR (DMSO-d,
100 MHz) §: 111.73, 120.19, 121.50, 123.25, 129.73, 131.31,
132.39, 138.15, 143.00, 163.48. Anal. caled for C;¢HoCIN,O,
(324.72): C, 59.18; H, 2.79; Cl, 10.92; N, 17.25; O, 9.85; found:
C, 59.42; H, 2.95; N, 17.12. EIMS, m/z: 324.16, 75.00 (100%).

(E)-3-{[5-(4-Methoxyphenyl)-1,3,4-oxadiazol-2-ylfimino findolin-
2-one (IV,). Brown crystals (1.22 g, 38%), m.p. 285-287 °C; IR
(KBTI, Vmax cm™'): 3169 (NH of isatin), 1671 (C—=0). 'H NMR
(DMSO-dg, 400 MHz) d: 3.87 (s, 3H, OCH,), 6.96-7.89 (m, 8H,
Ar-H), 11.37 (s, 1H, NH, D,0 exchangeable), 13.90 (s, 1H, OH,
D,O exchangeable). ">*C NMR (DMSO-dgs, 100 MHz) J: 56.06,
111.67, 114.94, 120.38, 121.30, 123.18, 124.53, 129.96, 132.07,
137.99, 142.77, 163.32. Anal. caled for C,,H;,N,O; (320.30):
C, 63.75; H, 3.78; N, 17.49; O, 14.99; found: C, 63.98; H, 3.94;
N, 17.62.

(E)-5-Chloro-3-{[5-(4-chlorophenyl)-1,3,4-oxadiazol-2-ylJimino /-
indolin-2-one (IVy). Yellowish orange crystals (0.72 g, 20%), m.p.
> 300 °C; IR (KBT, Umax cm~Y): 3228 (NH of isatin), 1682 (C=0).
'H NMR (DMSO-ds, 400 MHz) 6: 6.97 (d, 1H, J = 10.00 Hz, Ar-H),
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7.43 (d, 1H, J = 10.00 Hz, Ar-H), 7.58 (s, 1H, Ar-H), 7.69 (d, 2H,
J = 6.8 Hz, Ar-H), 7.90 (d, 2H, J = 8.00 Hz, Ar-H), 11.49 (s, 1H,
NH, D,O exchangeable), 13.82 (s, 1H, OH, D,O exchangeable).
13C NMR (DMSO-d;, 100 MHz) 8: 113.29, 121.00, 122.09, 127.40,
129.78, 130.05, 131.14, 131.79, 133.10, 138.37, 141.68, 163.29.
Anal. caled for C;6HgCI,N40, (359.17): C, 53.50; H, 2.25; Cl,
19.74; N, 15.60; O, 8.91; found: C, 53.67; H, 2.42; N, 15.76. EIMS,
m/z: 359.66, 75.03 (100%).

(E)-5-Bromo-3-{[5-phenyl-1,3,4-oxadiazol-2-ylJimino findolin-2-
one (IV,). Orange brown crystals (0.63 g, 17%), m.p. 281-283 °C;
IR (KBr, Vmax cm ™ Y): 3251 (NH of isatin), 1678 (C=0). 'H NMR
(DMSO-dg, 400 MHz) J: 6.93 (d, 1H, J = 8.32 Hz, Ar-H), 7.56
(d, 1H, J = 8.36 Hz, Ar-H), 7.63 (dd, 2H, J = 7.72 Hz, Ar-H), 7.70
(dd, 1H, Ar-H), 7.712 (s, 1H, Ar-H), 7.90 (d, 2H, J = 7.16 Hz,
Ar-H), 11.50 (s, 1H, NH, D,O exchangeable), 13.87 (s, 1H, OH,
D,O exchangeable). *C NMR (DMSO-ds, 100 MHz) §: 113.72,
114.91, 122.43, 123.64, 127.99, 129.67, 132.35, 133.46, 134.45,
142.08, 163.23. Anal. calcd for C;6HoBrN,O, (369.17): C, 52.05;

% cytotoxicity =
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synthesized compounds, which were diluted during work with
Dulbecco’s Modified Eagle’s Medium (DMEM). Herein, the
MTT method with small modifications was carried out utilizing
Vero-E6 cells, which are appropriate for the virus propagation.
Thus, to be cultivated, the Vero-E6 cells were kept in 96-well
plates at 37 °C in 5% CO, for 24 h. The synthesized compounds
were diluted with DMEM in HA plates in triplicate and then
flowed onto the prepared cells after irrigating twice using
sterile phosphate buffer saline (PBS). 24 h later, following
removal of the supernatant, the cell monolayers were rinsed
three times with sterile PBS. Subsequently, MTT solution was
added to each well (20 ml of 5 mg ml~" stock solution) before
incubation at 37 °C for 4 h. Thus, acidified isopropanol (200 ml)
was used to dissolve the formed formazan crystals. The solution
absorbance was measured using a multi-well plate reader (Apqy =
540 nm) against a reference wavelength (Ama = 620 nm).>*>*
Finally, the cytotoxicity % of the synthesized compounds was
calculated compared with the control cells (untreated cells) as
follows:

(the absorbance of cells without treatment — absorbance of cells with treatment) x 100

H, 2.46; Br, 21.64; N, 15.18; O, 8.67; found: C, 52.19; H, 2.70;
N, 14.97. EIMS, m/z: 369.57, 75.04 (100%).

(E)-5-Bromo-3-{[5-(4-chlorophenyl)-1,3,4-oxadiazol-2-ylJimino *
indolin-2-one (IVy. Orange crystals (0.93 g, 23%), m.p. > 300 °C;
IR (KBT, Vmax cm ™ 1): 3238 (NH of isatin), 1675 (C—=0). "H NMR
(DMSO-dg, 400 MHz) &: 6.93 (d, 1H, J = 6.40 Hz, Ar-H), 7.57 (d, 1H,
J=10.40 Hz, Ar-H), 7.70 (s, 1H, Ar-H), 7.69 (d, 2H, J = 8.80, Ar-H),
7.90 (d, 2H, J = 8.80 Hz, Ar-H), 11.53 (s, 1H, NH, D,0 exchange-
able), 13.80 (s, 1H, OH, D,O exchangeable). >*C NMR (DMSO-dg,
100 MHz) ¢: 113.73, 114.97, 122.33, 123.72, 129.77, 131.12, 134.58,
142.05, 163.13. Anal. caled for C,¢HgBrCIN,0, (403.62): C, 47.61;
H, 2.00; Br, 19.80; Cl, 8.78; N, 13.88; O, 7.93; found: C, 47.89;
H, 2.13; N, 14.12. EIMS, m/z: 403.35, 75.03 (100%).

(E)-5-Bromo-3-¢[5-(4-methoxyphenyl)-1,3,4-oxadiazol-2-ylfimino/*
indolin-2-one (IVy). Yellowish brown crystals (1.27 g, 32%), m.p.
295-297 °C; IR (KB, Umax cm™ ') 3219 (NH of isatin), 1674
(C=0). 'TH NMR (DMSO-dg, 400 MHz) §: 3.87 (s, 3H, OCHj,),
6.93 (d, 1H, J = 8.32 Hz, Ar-H), 7.15 (d, 2H, J = 8.80 Hz, Ar-H),
7.55 (d, 1H, J = 8.28 Hz, Ar-H), 7.70 (s, 1H, Ar-H), 7.87 (d, 2H, ] =
8.80 Hz, Ar-H), 11.49 (s, 1H, NH, D,O exchangeable), 13.83 (s,
1H, OH, D,0 exchangeable). *C NMR (DMSO-dg, 100 MHz) &:
56.09, 113.34, 113.66, 114.91, 114.99, 122.52, 123.53, 124.33,
130.10, 134.25, 141.81, 163.23. Anal. caled for C;;H;;BrN,O;
(399.20): C, 51.15; H, 2.78; Br, 20.02; N, 14.03; O, 12.02; found:
C, 50.96; H, 3.02; N, 14.29. EIMS, m/z: 399.30, 77.19 (100%).

4.2. Biological evaluations

4.2.1. MTT cytotoxicity assay. The MTT assay was used to
estimate the minimum concentrations of the synthesized com-
pounds that can induce 50% toxicity (CCs,) in the cells used. In
the beginning, ddH,0 with 10% DMSO was used to dissolve the
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the absorbance of cells without treatment

4.2.2. Half-maximal inhibitory concentration (ICs,) deter-
mination. 96-well tissue culture plates were used for incubating
the Vero-E6 cells (2.4 x 10*) overnight at 37 °C in a 5% CO,
atmosphere. The cell monolayers were washed with PBS
solution only once. The cell monolayers were then treated with
various serial dilutions of the synthesized compounds together
with a fixed dilution from the virus (hCoV-19/Egypt/NRC-03/
2020 (Accession Number on GSAID: EPI_ISL_430820)) following
the TCID50 test. Before starting incubation, they were kept at
RT for 1 h. Besides, the cell monolayers were treated with
DMEM (100 ml) at different concentrations of the test samples
and virus, then left in 5% CO, for 72 h at 37 °C. Thereafter, cell
fixation was performed using 4% paraformaldehyde (100 ml)
for 2 h followed by the staining step using 0.1% crystal violet in
distilled H,O (50 ml) at RT for 15 min. Then, the crystal violet
dye per well was dissolved using absolute CH;OH (100 ml) to
measure the optical density of the produced color using an
Anthos Zenyth 200rt plate reader at 570 nm.>

4.2.3. SARS-CoV-2 main protease inhibitory activity.
Recombinant SARS-CoV-2 MP™ was expressed in Escherichia
coli and subsequently purified. To characterize the enzymatic
activity of SARS-CoV-2 MP* for compound IV, with the highest
anti-SARS-CoV-2 inhibitory activity, a fluorescence resonance
energy transfer assay was applied.’® Briefly, the activity of
SARS-CoV-2 MP™ was measured using a continuous kinetic
assay, with the fluorescently-labeled peptide substrate MCA-
AVLQSGFR-Lys(Dnp)-Lys-NH2 (GL Biochem, Shanghai), using
wavelengths of 320 nm and 405 nm for excitation and emission,
respectively. The protease activity was monitored as a time-
course measurement of the increase in the fluorescence signal
after incubation with serial dilution of the inhibitor IVg. The
compound was tested in 10-dose ICs, mode with a 3-fold serial
dilution starting at 100 pM.
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Redocked SARS-CoV-2 main protease inhibitor (N3)

Fig. 13 2D and 3D representations for the docked co-crystallized inhi-
bitor N3 inside the SARS-CoV-2 main protease active site. (The original N3
inhibitor is represented in green while the docked one is represented
in red.)

4.3. Docking studies

A molecular docking study of the designed oxoindole-oxadia-
zole hybrids IV, , at the SARS-CoV-2 MP™ active site was
performed using MOE 2019.0102 drug-design software®” to
evaluate the activity of the newly synthesized oxadiazoles com-
pared with both the previously reported isatin derivative (I,),
which has a promising SARS-CoV-2 MP™ inhibitory activity,>®
and N3, a potent SARS-CoV-2 MP™ inhibitor.>® The Protein Data
Bank (http://www.rcsb.org/, PDB code 6LU7, resolution of
2.16 A)°® was used to obtain the X-ray structure of the target
SARS-CoV-2 MP"-N3 complex, which was prepared for docking
studies using the previously described default method.***¢

At first, a validation process was performed for the docking
protocol by redocking of the co-crystallized inhibitor, N3
(Fig. 13), and the obtained low RMSD value indicated the valid
performance (RMSD = 1.46 A).>%"°

The applied docking methodology involved opening the
prepared receptor pocket in the MOE window, and the process
type was chosen for general docking.®® > The Site Finder was
used to select the same active site of the N3 inhibitor using
dummy atoms.®*®* The applied forcefield was Amber10:EHT.
The scoring methodology was selected as GBVI/WSA dG for
the refinement methodology, which was selected as a rigid
receptor.®®®® On the other hand, the scoring methodology was
applied as London dG for the placement methodology, which was
selected as a triangle matcher.®”°® The prepared MDB file contain-
ing the newly synthesized derivatives (IV,,) together with the
previously reported isatin derivative (I,)*® and (N3) inhibitor®® was
inserted and then the docking calculations were performed auto-
matically to obtain poses with the most acceptable binding scores,
rmsd_refine values, and interaction modes.**”®

4.4. Molecular dynamics simulations

The molecular dynamics simulations were performed using the
Desmond simulation package of Schrédinger LLC.”" The NPT
ensemble at a temperature of 300 K and a pressure 1 bar was
applied in all runs. The simulation length was 100 ns with a
relaxation time of 1 ps for all selected ligands. The entire
methodology was applied as previously described in detail.”>
The complete ligand-protein interactions were analyzed
using the simulation interaction diagram tool in the Desmond
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MD package. The stability of MD simulations was monitored by
looking at the RMSD of the ligand and protein atom positions
with time.

4.5. MD trajectory analysis and prime MM-GBSA calculations

The Maestro software simulation interactions diagram panel
was used to observe influence of the interactions on the ligand-
protein stability. Generally, molecular mechanics-generalized
Born solvent accessibility (MM-GBSA) calculations were carried
out to estimate the ligand strain energies and the ligand
binding free energies for docked molecules over the 100 ns
period using the thermal_mmgbsa.py python script delivered
via Schrédinger. The average binding energy was calculated as
previously described.”?
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