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This report presents the design and synthesis of quinazolinone-based derivatives as promising SARS-CoV-2
3CL protease inhibitors. Two novel series, namely, febrifugine analogues 4a-i and quinazolinone
conjugated benzimidazoles 9a—c, were successfully synthesized starting from isatoic anhydride. The
synthesized quinazolinone derivatives were evaluated for their cytotoxicity against cancer cell lines and
SARS-CoV-2 3CL inhibitory activity. The results showed that the synthesized compounds did not have
significant toxicity for the non-cancer HEK293 cell line and MCF-7, MDA-MB-231, HEPG2 and
HEPG2.2.15 cancer cell lines. Notably, compound 9b exhibited anti-3CL enzymatic activity in a dose-
dependent manner, with the calculated ICsq value of 10.73 4+ 1.17 uM. Docking results highlighted the
interaction between 9b and 3CL protease through hydrogen bonding with key amino acids, including
His4l, Met49, Cysl45, Metl65, Argl88, Hisl64, and Glul66, at the active site of the protease.
Pharmacokinetic studies and ADME analyses provide valuable insights into the potential of compound 9b
as a drug candidate. These findings support the new scaffold as a candidate for 3CLP™ inhibition and
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1. Introduction

Coronaviruses (CoVs), which are known to cause respiratory
and gastrointestinal infections in humans and animals, belong
to the Coronaviridae family and are positive-sense RNA, single-
stranded viruses.'* SARS-CoV and MERS-CoV are the two novel
BCoVs that display high mortality rates compared to other CoVs.
SARS-CoV-2 is a novel CoV that causes COVID-19 disease by
entering the host cells and binding to angiotensin-converting
enzyme 2 (ACE 2) leading to respiratory and gastrointestinal
sickness.**® Current therapeutic methods for COVID-19 mainly
rely on the conserved enzymes and proteins such as nucleoside-
triphosphate hydrolase, RNA-dependent RNA polymerase
(RdRP, nsp12), helicase (NTPase/helicase, nsp13), the spike
protein (S), papain-like protease (PLpro) and main proteases
(MP™ or 3CLP™, nsp5). Among these, the main protease (MP™ or

“College of Natural Sciences, Can Tho University, Can Tho 94000, Vietnam. E-mail:
btbhue@ctu.edu.vn

*Department of Biological Science and Technology, National Yang Ming Chiao Tung
University, Hsinchu 30010, Taiwan. E-mail: tkwmll@nycu.edu.tw

‘Department of Material Science, National Yang Ming Chiao Tung University, 1001 Ta-
Hsueh Rd., Hsinchu 30010, Taiwan. E-mail: linhc@nycu.edu.tw

‘Center for Emergent Functional Matter Science, National Yang Ming Chiao Tung
University, 1001 Ta-Hsueh Rd., Hsinchu 30010, Taiwan
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ra03267e

33820 | RSC Adv,, 2024, 14, 33820-33829

advanced anti-coronavirus drug research.

3CLP™), which plays a key role in the replication cycle of CoVs
has emerged as an attractive target for the treatment of infec-
tious diseases caused by CoVs, including COVID-19 (Fig. 1A).”#
Because there have not been protease inhibitors for the treat-
ment of COVID-19 approved by the FDA, continuous efforts
have been made to discover 3CLP™ inhibitory agents with the
desired pharmacokinetic nature.

Quinazolinone is one of the most important nitrogen-
containing heterocycles in medicinal chemistry.®™* This privi-
leged scaffold is widely found in natural alkaloids, such as
luotonin F and febrifugine. Moreover, some studies have indi-
cated that synthetic derivatives containing the quinazolinone
moiety exhibit a broad range of biological activities,""* espe-
cially anticancer' and antiviral activities.'* Besides, benzimid-
azole is an important class of fused nitrogen-containing
heterocycles with diverse biological activities, including anti-
bacterial,” anti-fungal,'® antihistaminic,"” anti-inflammatory,"®
anti-HIV," anti-hepatitis C virus (HCV),** and anti-Zika virus
activity.**

Nowadays, molecular hybridization has become an increas-
ingly attractive method in drug design and development by
combining two or more known active pharmacophores to
produce a new hybrid molecule with enhanced biological
activity and increased interaction with more than one biological
target.”* The activity of hybrid structures combining the qui-
nazolinone core structure with other biologically active

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The 3C-like proteinase (3CLP™) of cleavage site numbers of the polypeptide chain (A). Rationally designed template for targeted

molecules (B).

pharmacophores has been reported in the literature.”*** Some
novel hybrid quinazoline-based pyrazolinone and imidazoli-
none derivatives have recently been found as potent cytotoxic
agents.”>*¢ Furthermore, cytotoxicity and dihydrofolate reduc-
tase inhibition activity of quinazolinone conjugating with
benzimidazole have already been reported.>”*® Yet, the antiviral
activity, especially the SARS-CoV-2 3CL protease inhibition
activity, of quinazolinone/benzimidazole hybrids, to the best of
our knowledge, has not been reported. In an effort to develop
heterocyclic compounds with potential anticancer and antiviral
activities,”***' we herein report the design and synthesis of two
series of quinazolinone-based SARS-CoV-2 3CLP™ inhibitors
including the febrifugine analogs N-substituted acetamide
4(3H)-quinazolinone (series A, Fig. 1B) and the benzimidazole
conjugated 4(3H)-quinazolinones (series B). For rationalization
of the antiviral activity, a molecular docking study with ligand
binding free energy estimation and pharmacokinetic studies
were performed.

© 2024 The Author(s). Published by the Royal Society of Chemistry

2. Results

2.1. Chemical design and synthesis

Based on the fact that febrifugine showed interesting in silico
energetic and interactive activities with the COVID-19 ACE2
receptor,® we designed a series of febrifugine analogues tar-
geting the SARS-CoV-2 3CLP™ (series A, Fig. 1B). On the other
hand, in our previous findings, we discovered that the
quinazolinone-containing compounds I were potent SARS-CoV-
2 3CL protease inhibitors with the ICs, values of 22.47 uM and
24.04 uM (Fig. 1B).*® Furthermore, benzimidazole containing
derivative II inhibited an African ZIKV strain with a selectivity
index (SI = CCj5¢/ECs,) of 37.3.2* Therefore, it was expected that
the combination of such inherent antiviral scaffolds as quina-
zolinone and benzimidazole would enhance the antiviral
activity of the resulting structures. Accordingly, the unique
quinazolinone-benzimidazole hybrids (series B) were designed,
in which the thioether-linked benzimidazole moiety was con-
nected to the quinazolinone ring at the N-3 position. The

RSC Adv, 2024, 14, 33820-33829 | 33821
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presence of the thioether linkage is expected to enhance the
activity by improving the liposolubility of the hybrids leading to
good tissue permeability.*

The synthetic pathway toward the febrifugine analogues
(series A) is depicted in Scheme 1 (Fig. 2). The quinazolinone
core structure 2 was obtained in good yield based on a one-pot
tandem ring opening of isatoic anhydride 1 by glycine followed
by iodine-catalyzed oxidative cyclization with formaldehyde
using water as the only solvent under mild basic conditions.*
The carboxyl moiety of 2 was then coupled with the corre-
sponding aromatic amines 3a-f using boric acid as the coupling
agent to afford the desired febrifugine analogues 2-quinazo-
linyl-N-arylacetamides 4a-f, 4h-i. For the synthesis of 4g, the
NO, group of 4c was reduced to the corresponding amino group
using zinc as the reductant under mild reaction conditions.

Scheme 1

o HzN/\n/OH
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For the synthesis of quinazolinone-conjugated benzimid-
azole derivatives (series B), two fragments including the 2-
mercapto-3-(pyridin-3-ylmethyl)quinazolin-4(3H)-one 5 and 1,5-
disubstituted  2-chloromethylbenzimidazoles 8a-¢  were
prepared (Scheme 2, Fig. 2).

Starting from isatoic anhydride 1, the tandem ring opening
by pyridin-3-ylmethanamine 3h followed by base-promoted
cyclization with carbon disulfide accomplished the quinazoli-
none core structure 5 bearing the thiol moiety at the C-2 posi-
tion of the ring, which could function as an anchor to connect to
the benzimidazole moiety. The benzimidazole-containing frag-
ments 8a-c were prepared by the condensation of o-phenyl-
enediamine derivatives 6a—-c with 2-chloroacetic acid 7 under
acidic conditions.** Finally, the two fragments 5 and 8a-c were
connected via a nucleophilic substitution reaction to afford
three desired quinazolinone-conjugated benzimidazoles 9a-c in
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Fig.2 Schematic of the synthesis of the quinazolinone based SARS-CoV-
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2 3CL protease inhibitor. Synthesis of febrifugine analogues (Scheme 1)

(a: Zn, CHsCOONH,4, MeOH, 83%) and quinazolinone conjugated benzimidazole (Scheme 2).
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rather good yields. The structures of all the synthesized quina-
zolinone derivatives were characterized by "H-NMR, *C-NMR,
FT-IR and HR-MS, and the detailed data are included in the
ESI file.t

2.2. Cytotoxicity of quinazolinone derivatives

Cytotoxicities of 13 quinazolinone derivatives on two breast
cancer cell lines, the hepatocellular carcinoma (HCC), parent
HepG2 and its hepatitis B virus (HBV) transformed HepG2.2.15
and the non-cancer HEK293 cell lines were evaluated. The
results presented in Table 1 indicate that all quinazolinone
compounds had slight or no toxicity against all cancer cell lines
as well as the non-cancer HEK293 cell.

2.3. Screening for SARS-CoV-2 3CL enzyme inhibitory
activity

The synthesized compounds 4a-i, 5 and 9a-c were initially
screened at a concentration of 50 uM in an assay buffer with
a 3CL concentration of 50 nM. The results revealed that three
compounds, namely 4a, 4¢, and 9b, demonstrated inhibitory
activity against 3CL protease exceeding 50% (Fig. 3A). Further
investigation of the IC5, values of 4a, 4c, and 9b was conducted.
However, due to the solubility of the tested compounds in the
assay buffer, the exploration of the ICs, value was initially
conducted for compound 9b at various concentrations of 100,
50, 25, 12.5, 6.25 and 3.125 uM in 3CL (50 nM). The results
shown in Fig. 3 indicated that the IC5, of compound 9b for 3CL
in the presence of 9% EtOH was found as 10.73 £ 1.17 uM
(Fig. 3B). A negative control in the presence of 9% EtOH and
without 9b showed no inhibition of 3CL activity. Studies have
been continuously conducted in order to determine the ICs,
values of compounds 4a and 4c.

View Article Online

RSC Advances

2.4. Theoretical studies

The docking simulations underscored the robust binding
affinity of 9b for the protease (—8.1 kcal mol ') (Fig. 3C). The
quinazolinone ring was found to form hydrogen bonds with
His41 (4.93 A), Met49 (5.37 A), and Cys145 (5.55 A) while the
benzimidazole ring exhibited significant interactions with
Met165 (4.59 A) and Arg188 (6.31 A). Additionally, the pi-donor
H-bond interactions between 9b and two amino acids, His164
(6.61 A) and Glu166 (5.99 A) were also observed.

Examination of the HOMO and the LUMO of 9b inhibitor
revealed the energy of the HOMO and LUMO as —9.59 eV and
—1.42 eV, respectively, corresponding to the energy gap (Egap)
value of 8.17 eV (Fig. 3D). Studies on the drug-likeness and
bioavailability indicated that compound 9b had a topological
polar surface area (TPSA) value less than 150 A and a number of
rotatable bonds (RB) of 6 (see ESI}). Moreover, compound 9b
possessed hydrogen bond acceptor (HBA) and donor (HBD)
features, with the number being less than 10 and 5, respectively.
The compound exhibited a lack of blood-brain barrier (BBB)
penetration and poor gastrointestinal (GI) absorption, as
depicted by the A boiled-egg model (see ESIt). In addition,
compound 9b adhered to the three rules (Lipinski, Ghose, and
Muegge) and violated two rules (Veber and Egan) as they failed
to meet the threshold for the TPSA value.

3. Discussion

Febrifugine has been used for a long time as medicine to treat
the symptoms of fevers caused by malaria parasites. Febrifugine
also takes part in changing the nitric oxide production and
tumor necrosis factor-o. in mouse macrophages.** It has been
reported that structural modification of febrifugine leads to
decreased toxicity while maintaining its antiparasitic
activity.*>*® Notably, an in silico analysis indicated that febrifu-
gine displayed remarkably energetic and interactive properties

Table 1 Cytotoxicity of the quinazolinone-based derivatives against the healthy cell line and different cancer cell lines

IC50” (1M)

Non-cancer cells? Cancer cells®

Compd HEK293 MCF-7 MDA-MB-231 HEPG2 HEPG2.2.15
4a >100 >100 >100 >100 >100

4b >100 >100 >100 >100 >100

4c >100 >100 >100 >100 >100

ad >100 >100 >100 >100 >100

4e >100 >100 >100 54.89 + 15.23 >100

af >100 >100 >100 >100 >100

ag >100 >100 >100 >100 >100

4h >100 58.16 + 8.04 34.39 + 1.53 51.36 + 10.22 51.98 + 28.42
4i >100 >100 >100 47.67 £ 16.16 79.47 +10.14
5 >100 >100 >100 >100 46.35 + 4.75
9a 50.19 + 4.10 >100 >100 >100 >100

9b >100 >100 >100 >100 >100

9c¢ >100 >100 >100 >100 >100

“ ICs0: 50% inhibitory concentration. The data are shown in mean + SD. ” HEK293 (human embryonic kidney). © MCF-7 and MDA-MB-231 (human
breast cancer), HepG2 and HepG2.2.15 (human hepatocellular carcinoma).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with the COVID-19 ACE2 receptor.*” Based on these findings,
nine febrifugine analogues 4a-i targeting the SARS-CoV-2
3CLP™ were rationally designed by substitution of the 3-
hydroxypiperidinylmethyl ketone moiety of febrifugine with
various N-substituted arenyl/thiazolyl amide or N-benzylamide
fragments (Scheme 1, Fig. 2). On the other hand, a number of
studies have shown that synthetic quinazolinone-containing
derivatives possess a wide spectrum of biological proper-
tieS,n’u
et al. reported the design and synthesis of a series of
quinazolinone-containing myricetin derivatives, which showed
potential antiviral activity better than ningnanmycin.*
Furthermore, in our earlier research, by combining a peptido-
mimetic backbone derived from glutamine or glutamate and

especially anticancer® and antiviral activities.** Liu

a quinazolinone core structure, two compounds of structure I
were synthesized and found as potent SARS-CoV-2 3CLP™
inhibitors, with the ICs, values of 22.47 uM and 24.04 puM
(Fig. 1B).* On the other hand, we have also previously discov-
ered that structure II containing the benzimidazole moiety
exhibited promising anti-Zika virus activity with the ECs, value
of 1.9 uM.** Structure-activity relationship analysis indicated
that substituents at the C-2, N-1, and C-5 positions of the
benzimidazole ring were important for antiviral activity.
Therefore, we hypothesized that a combination of the inherent
antiviral skeletons such as quinazolinone and benzimidazole
would produce new hybrid structures with enhanced antiviral
activity. Accordingly, three quinazolinone-conjugated benz-
imidazoles 9a-c have been designed and successfully synthe-
sized starting from isatoic anhydride (Scheme 2, Fig. 2). The
synthetic procedure can be conveniently applied to synthesize
library of quinazolinone/benzimidazole hybrids bearing various

33824 | RSC Adv, 2024, 14, 33820-33829

substituents at the N-3 position in the quinazolinone and the N-
1 and C-5 positions in the benzimidazole moieties by choosing
different substituted benzylamines 3 as well as different N-
substituted o-phenylenediamine 6.*

The cytotoxic assays indicated that only compound 4h
showed meaningful cytotoxic activity on the MCF-7 and MDA-
MB-231 cells with IC5, = 58.16 and 34.39 uM, respectively.
The cytotoxic activity of compound 4h might be due to its
modification to bridge the 4-quinazolinone core and benzene or
heterocyclic rings with an additional carbon bond. For the non-
cancer HEK293 cell, all quinazolinone compounds did not have
significant toxicity except for compound 9a. In the cytotoxic
study of quinazolinone derivatives on HCC, two compounds 4h
and 4i, indicated weak cytotoxicities on HepG2 cells and
HepG2.2.15 cells at the IC5y: 4h (51.36 uM and 51.98 uM), 4i
(47.67 uM and 79.47 uM). Interestingly, 4e and 5 were excluded
from each other, which had IC5, = 54.89 uM in HepG2 and ICs,
=46.35 UM in HepG2.2.15, however, had slight or no toxicity to
another cell line.

Screening results for SARS-CoV-2 3CL enzyme inhibitory
activity of compounds 4a-i, 5 and 9a-c at the concentration of
50 uM showed that three compounds (4a, 4¢, and 9b) exhibited
more than 50% inhibitory activity against 3CL protease
(Fig. 3A). Compounds 4a and 4c share the common structural
features of an electron-withdrawing NO, group at the C-2 and an
electron-releasing OH or OCH; groups at the C-4 positions in
the benzene ring. The presence of the NO, group seemed to play
a critical role in inducing the activity of the compound.
Reduction of the NO, group to the corresponding NH, group led
to a complete loss of the activity (compared compound 4a, 4c
with compound 4g). Similarly, the activity of compound 9b was

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03267e

Open Access Article. Published on 24 October 2024. Downloaded on 1/15/2026 4:54:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

likely attributed to the presence of the NO, group in the
benzene ring of the benzimidazole moiety. Notably, the ICs,
value of 9b for 3CLP™ was found as 10.73 uM (Fig. 3B), which
showed around 2-fold higher activity than compounds I (ICs, =
22.47 and 24.04 pM) (Fig. 1B).** These results indicated the
potential of the benzimidazole-conjugated quinazolinone scaf-
fold as a SARS-CoV-2 3CLP™ inhibitor.

To elucidate the structure-function relationship of 3CLP™
inhibition with compound 9b, docking simulations of 9b were
performed focusing on its tight binding with crucial amino
acids at the active site of the 3C-like proteinase.*® Accordingly,
the compound was found to form hydrogen bonds with His41
(4.93 A), Met49 (5.37 A), and Cys145 (5.55 A) while the benz-
imidazole ring exhibited significant interactions with Met165
(4.59 A) and Arg188 (6.31 A). Additionally, the pi-donor H-bond
interactions between 9b and two amino acids, His164 (6.61 A)
and Glu166 (5.99 A) were also observed. These results provided
valuable insights into the molecular mechanism of the 3CLP™
inhibition activity of compound 9b.

The properties of HOMOs and LUMOs provide significant
information for chemists. It has been known that a compound
with a large HOMO-LUMO gap tends to be more stable against
oxidation or reduction processes, serving as a useful guideline
in drug design and development. Examination of the HOMO
and the LUMO of the 9b inhibitor revealed the E,,, value of
8.17 eV (Fig. 3D). This suggested that the inhibitor had
considerable stability and resistance to oxidation or reduction
processes, a desirable trait for pharmaceutical agents.

Studies on the drug-likeness of compound 9b showed that
the molecule exhibited the potential to establish flexible inter-
actions with the target protease based on a TPSA and RB.
Moreover, the molecular weight below 500 g mol " suggests the
potential to penetrate the cell membrane. Besides, the prelim-
inary pharmacokinetic and ADME analyses provide valuable
insights into the potential of the 9b compound as a drug
candidate (Fig. 3E), offering a comprehensive understanding of
pharmacological properties and safety profiles, and laying
a solid foundation for further optimization and development in
the future.

4. Conclusions

This paper describes the design and synthesis of quinazolinone
derivatives as promising SARS-CoV-2 3CL inhibitors and advo-
cates 9b as a potent candidate for further optimization studies.
These discoveries bolster the new scaffold as a potential
candidate that might contribute to the development of struc-
turally interesting anti-coronavirus agents.

5. Experimental section

5.1. Chemistry

Reagents sourced commercially were used without additional
purification. Reactions were monitored via thin-layer chroma-
tography (TLC) on silica gel plates and visualized under UV
light. The synthesized compounds were purified by flash
column chromatography and characterized using NMR, FT-IR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and HR-MS spectra. Detailed synthetic procedures for febrifu-
gine analogues 4a-i and quinazolinone-conjugated benzimid-
azoles 9a-c are available in the ESIf file.

5.1.1 N-(4-Hydroxy-2-nitrophenyl)-2-(4-oxoquinazolin-
3(4H)-yl)acetamide (4a). Yellow solid. Rf = 0.30 (Hex: EtOAc =
1:2). Mp 297-299 °C. FT-IR (KBI) v1max (cm ™ ): 3285, 1655, 1683,
1615, 1557, 1540, 1521, 1360, 1292, 1280, 1234, 1217, 1168, 969,
777. HR-ESI-MS found m/z 339.0731 [M — H] (calcd 339.0729,
C16H1,N405). "H-NMR (500 MHz, DMSO-dg, 6 ppm): 10.37 (s,
1H), 8.32 (s, 1H), 8.15 (dd, J; = 7.5, J, = 1.0, 1H), 7.85 (m, 1H),
7.71 (d, J = 8.0, 1H), 7.57 (t, ] = 7.7, 1H), 7.43 (d, J = 8.5, 1H),
7.30 (d,J = 3.0, 1H), 7.12 (dd, J; = 9.0, J, = 3.0, 1H), 4.87 (s, 2H).
BC-NMR (125 MHz, DMSO-dg, 6 ppm): 165.9, 160.1, 155.0,
148.3, 148.0, 134.5, 127.2, 127.1, 126, 121.8, 121.4, 121.1, 110.6,

48.3.
o) by NO
@ﬁ““ﬁﬁ
N/) © OH

5.1.2 N-(5-Chloro-2-hydroxyphenyl)-2-(4-oxoquinazolin-
3(4H)-yl)acetamide (4b). White solid. R = 0.23 (Hex: EtOAc =
1:1). Mp 284-286 °C. FT-IR (KBI) v (cm1): 3247, 3222, 3049,
2957, 2923, 2854, 1694, 1673, 1614, 1544, 1477, 1408, 1373,
1293, 1171, 1118, 969, 917, 892, 813, 774. HR-ESI-MS found m/z
330.0643 [M + H]" (caled 330.0645, C,¢H;,CIN;0;). *H-NMR (500
MHz, DMSO-d, & ppm): 10.28 (s, 1H), 9.86 (s, 1H), 8.35 (s, 1H),
8.15 (dd, J, = 8.0, ], = 1.5, 1H), 7.98 (d, ] = 2.5 Hz, 1H), 7.89-7.84
(m, 1H), 7.72 (d, ] = 7.5, 1H), 7.59-7.55 (m, 1H), 6.97 (dd, J; =
8.5, ], = 2.5, 1H), 6.90 (d,J = 8.5, 1H), 4.97 (s, 2H). ">*C-NMR (125
MHz, DMSO-dg, 6 ppm): 166.0, 160.22, 148.5, 148.0, 146.2,
134.4,127.2,127.0,125.9,123.7,122.0, 121.4, 120.8, 116.2, 48.7.

0 H
N Cl
SORDE]

5.1.3 N-(4-methoxy-2-nitrophenyl)-2-(4-oxoquinazolin-
3(4H)-yl)acetamide (4c). Yellow solid. R = 0.31 (Hex: EtOAc =
1:1). Mp 215-217 °C. FT-IR (KBr) rpax (cm ™ 1): 3313, 3001, 2944,
1678, 1613, 1588, 1466, 1365, 1307, 1280, 1253, 777. HR-ESI-MS
found m/z 353.0611 [M — H] ™ (caled 353.0886, C;,H,5N,05). ‘H-
NMR (500 MHz, DMSO-dg, 6 ppm): 10.43 (s, 1H), 8.33 (s, 1H),
8.16 (dd, J; = 1.5, ], = 9.5, 1H), 7.87-7.84 (m, 1H), 7.71 (d, ] =
8.5, 1H), 7.58-7.55 (m, 2H), 7.49 (d, J = 3.0, 1H), 7.31 (dd, J; =
9.0, J, = 3.0, 1H), 4.89 (s, 2H), 3.84 (s, 3H). "*C-NMR (125 MHz,
DMSO-dg, 6 ppm): 166.0, 160.1, 156.4, 148.3, 147.9, 143.4, 134.5,
127.5,127.2, 127.1, 126.0, 123.2, 121.4, 120.2, 109.1, 56.0, 48.3.

o) h NO»
YL
N/) (@] O/

5.1.4 N-(2-Hydroxy-4-methylphenyl)-2-(4-oxoquinazolin-
3(4H)-yl)acetamide (4d). White solid. R = 0.36 (Hex: EtOAc =
1:2). Mp 242-244 °C. FT-IR (KBF) 70y (cm ™ ): 3250, 3228, 3054,
1698, 1687, 1670, 1614, 1549, 1519, 1478, 1375, 1322, 1294,
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1204, 1172, 1120, 968, 774. HR-ESI-MS found m/z 310.1194 [M —
H]™ (caled 310.1192, C;,H;5N;0;). "H-NMR (500 MHz, DMSO-
de, 6 ppm): 9.64 (s, 1H), 9.57 (s, 1H), 8.35 (s, 1H), 8.15 (dd, J; =
7.5,J, =1.0, 1H), 7.87-7.84 (m, 1H), 7.71 (d, ] = 8.0, 1H), 7.64 (s,
1H), 7.58-7.55 (m, 1H), 6.73-6.78 (m, 2H), 4.94 (s, 2H), 3.31 (s,
3H). *C-NMR (125 MHz, DMSO-dg, 6 ppm): 165.5, 160.2, 148.6,
148.1, 145.3, 134.4, 127.4, 127.2, 127.0, 126.0, 125.5, 124.9,
122.5, 121.4, 115.1, 48.7, 20.3.

% H
N

5.1.5 N-(2-Hydroxyphenyl)-2-(4-oxoquinazolin-3(4H)-yl)
acetamide (4e). White solid. R = 0.15 (Hex: EtOAc = 1:1). FT-
IR (KBr) vpay (cm™'): 3264, 3061, 1697, 1677, 1617, 1541, 1476,
1455, 1374, 1300, 1258, 1222, 965, 756. ESI-MS found m/z 295.9
[M +H]' (caled 296.1, C16H;4N,0,) and m/z 293.8 [M + H]" (caled
294.1, C;¢H;3N;03). "H-NMR (500 MHz, DMSO-d,, 6 ppm): 9.83
(s, 1H), 9.69 (s, 1H), 8.36 (s, 1H), 8.16 (d,J = 8.0, 1H), 7.87-7.80
(m, 2H), 7.71 (d, J = 8.0, 1H), 7.58-7.55 (m, 1H), 6.95-6.92 (m,
1H), 6.90-6.88 (m, 1H), 6.76-6.73 (m, 1H), 4.96 (s, 2H). "*C-NMR
(125 MHz, DMSO-d, 6 ppm): 165.6, 160.2, 148.6, 148.1, 147.6,
134.4, 127.2, 127.0, 126.0, 125.8, 124.6, 121.9, 121.4, 118.9,

115.3, 48.7.
T H
©\)kN/\1/
J 0
N HO

5.1.6 N-(3-Hydroxypyridin-2-yl)-2-(4-oxoquinazolin-3(4H)-
yDacetamide (4f). White solid. R¢= 0.24 (Hex: EtOAc =3 :1). Mp
215-217 °C. HR-ESI-MS found m/z 297.0983 [M + H]" (caled
297.0988, Cy5H;,N,0;). "H-NMR (500 MHz, DMSO-ds, 6 ppm):
8.36 (s, 1H), 8.15 (dd, J; = 8.0, J, = 1.5, 1H), 7.90 (dd, J, = 4.5, ],
=1.5,1H), 7.87-7.84 (m, 1H), 7.41 (d, ] = 7.5, 1H), 7.58-7.55 (m,
1H),7.28 (dd, J; = 7.5, J, = 1.5, 1H), 7.14 (dd, J; = 8.0, ], = 4.5,
1H), 5.03 (s, 2H). "*C-NMR (125 MHz, DMSO-dg, 6 ppm): 167.1,
160.2, 148.5, 148.0, 145.1, 145.0, 139.8, 138.4, 134.6, 127.2,
127.1, 126.0, 124.7, 122.2, 121.4, 48.5.

(o]
H
N/\H/N /N

5.1.7 N-(2-Amino-4-methoxyphenyl)-2-(4-oxoquinazolin-
3(4H)-yl)acetamide (4g). White solid. Ry = 0.42 (Hex:EtOAc =
1:4). Mp 219-221 °C. FT-IR (KBI) max (cm ™ 1): 3455, 3359, 3254,
2923, 2853, 1660, 1611, 1542, 1514, 1468, 1378, 1325, 1294,
1262, 1212, 1173, 1105, 1033, 777, 700. HR-ESI-MS found m/z
323.1141 [M-H] (caled 323.1144, C;,H;¢N,03). "H-NMR (500
MHz, DMSO-d,, 6 ppm): 9.43 (s, 1H), 8.35 (s, 1H), 8.22-8.16 (m,
1H), 7.87-7.84 (m, 1H), 7.71 (d, ] = 8.0, 1H). 7.57 (t,] = 7.5, 1H),
6.96 (d,J = 8.5, 1H), 6.29 (d, J = 2.5, 1H), 6.12 (dd, J; = 11.0, J, =
2.5, 1H), 4.90 (s, 2H), 4.84 (s, 2H), 3.66 (s, 3H). *C-NMR (125
MHz, DMSO-dg, 6 ppm): 165.7, 160.4, 158.2, 148.6, 148.1, 144.1,
134.4, 127.2, 127.1, 126.0, 121.5, 115.5, 101.7, 100.3, 54.8, 48.6.
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5.1.8 2-(4-Oxoquinazolin-3(4H)-yl)-N-(pyridin-3-ylmethyl)
acetamide (4h). White solid. Ry = 0.13 (EtOAc:MeOH = 4:1).
Mp 215-217 °C. FT-IR (KBr) #max (cm™): 3279, 3070, 2991, 2956,
1685, 1658, 1608, 1559, 1470, 1367, 1259, 783, 755. ESI-MS
found m/z 294.9 [M + H|" (caled 295.1, C16H,4N,0,) and m/z
292.8 [M + HJ" (caled 293.1, C1H14N,0,). "H-NMR (500 MHz,
DMSO-dg, § ppm): 8.88 (t,/ = 6.0, 1H), 8.51 (d, J = 2.0, 1H), 8.47
(dd,J, = 4.5,], = 1.5,1H), 8.33 (s, 1H), 8.15 (dd, J, = 8.0, ], = 1.5,
1H), 7.86-7.83 (m, 1H), 7.71-7.68 (m, 2H), 7.58-7.54 (m, 1H),
7.36 (dd, J, = 8.0, ], = 5.0, 1H), 4.72 (s, 2H), 4.36 (d, ] = 6.0, 2H).
3C-NMR (125 MHz, DMSO-dg, 6 ppm): 166.9, 160.3, 148.7,
148.5, 148.1, 148.1, 135.0, 134.5, 134.4, 127.2, 127.0, 126.0,
123.4, 121.5, 48.2.

X

@f‘\N =
P!

5.1.9 2-(4-Oxoquinazolin-3(4H)-yl)-N-(thiazol-2-yl)
acetamide (4i). White solid. Rf = 0.33 (Hex: EtOAc = 1:1). Mp
215-217 °C. HR-ESI-MS found m/z 287.0599 [M + H]" (caled
287.0603, C13H;oN40,S). "H-NMR (500 MHz, DMSO-d,, 6 ppm):
12.61 (s, 1H), 8.37 (s, 1H), 8.15 (dd, J; = 8.0, J, = 1.0, 1H), 7.89-
7.86 (m, 1H), 7.73 (d, J = 7.5, 1H), 7.60-7.56 (m, 1H), 7.50 (d, ] =
3.5 Hz, 1H), 7.25 (d, ] = 3.5 Hz, 1H), 4.98 (s, 2H). *C-NMR (125
MHz, DMSO-dg, 6 ppm): 165.7, 160.2, 157.5, 148.3, 148.0, 137.8,
134.6, 127.2, 125.9, 121.3, 113.9, 48.2.

it H
N _N
OREY,

5.1.10 2-Mercapto-3-(pyridin-3-ylmethyl)quinazolin-4(3H)-
one (5). White solid. "H-NMR (500 MHz, DMSO-dg, 6 ppm): 8.62
(s, 1H), 8.45 (d,] = 4.0, 1H), 7.97 (dd, J, = 8.0, ], = 1.0, 1H), 7.78-
7.75 (m, 1H), 7.43 (d,J = 8.0, 1H), 7.35 (td, J, = 7.5, ], = 1.0, 1H),
7.32 (dd, J; = 8.0, ], = 5.0, 1H), 5.68 (s, 2H)

0
L0
N/)\SH SN

5.1.11 3-(((1H-Benzo[d]imidazole-2-yl)methyl)thio)-2-(pyr-
idin-3-ylmethyl)isoquinolin-1(2H)-one (9a). White solid. FT-IR
(KBI) vmax (cm™): 3633, 3199, 1684, 1553, 1431, 1159, 745.
HR-ESI-MS found m/z 400.1232 [M + H]" (caled 400.1232,
C,,H,,N;08). "H-NMR (500 MHz, DMSO-dg, 6 ppm): 8.61 (d, ] =
2.0, 1H), 8.49 (dd, J; = 4.5, J, = 1.5, 1H), 8.12 (dd, J; = 8.0, ], =
1.0, 1H), 7.85-7.82 (m, 1H), 7.72 (dt, J; = 8.0, ], = 2.0, 1H), 7.66
(d,J = 8.0, 1H), 7.52-7.48 (m, 3H), 7.35 (ddd, J; = 8.0, ], = 5.0, J;
=1.0, 1H), 7.18-7.15 (m, 1H), 5.28 (s, 2H), 4.82 (s, 2H). "*C-NMR
(125 MHz, DMSO-dg, 6 ppm): 160.9, 155.6, 149.6, 148.7, 148.6,
146.7,135.0, 134.8, 131.4, 126.5, 126.3, 123.6, 121.9, 118.8, 44.9,
29.5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5.1.12 3-(((5-Nitro-1H-benzo[d]imidazole-2-yl)methyl)thio)-
2-(pyridin-3-ylmethyl)isoquinolin-1(2H)-one (9b). White solid.
FT-IR (KBI) vmax (cm™): 3438, 2994, 1695, 1686, 1548, 1472,
1336, 1167, 670. HR-ESI-MS found m/z 445.1081 [M + H]" (caled
445.1083, C,,H;(N0;8). *H-NMR (500 MHz, DMSO-d, 6 ppm):
13.08 (s, 1H), 8.62 (d,J = 1.5, 1H), 8.49 (dd, J; = 4.5, ], = 1.5, 1H),
8.42(d,J =1.5,1H),8.11 (dd, ], = 8.0, ], = 1.5, 1H), 8.08 (dd, J; =
9.0, J, = 2.0, 1H), 7.84-7.81 (m, 1H), 7.72 (dt, J; = 8.0, ], = 2.0,
1H), 7.67 (d,] = 9.0, 1H), 7.63 (d, ] = 8.0, 1H), 7.49 (td, J, = 7.5, ],
=1.0,1H), 7.36 (ddd, J,; = 8.0, J, = 5.0, J; = 1.0, 1H), 5.39 (s, 2H),
5.87 (s, 2H). ">C-NMR (125 MHz, DMSO-d,, 6 ppm): 160.9, 155.4,
148.8, 148.6, 146.6, 142.5, 134.9, 134.7, 131.3, 126.5, 126.3,
126.1, 123.6, 118.8, 44.9, 29.4.

5.1.13 3-(((1-(2-Hydroxyethyl)-5-nitro-1H-benzo[d]imid-
azole-2-yl)methyl)thio)-2-(pyridin-3-ylmethyl)isoquinolin-1(2H)-
one (9¢). White solid. FT-IR (KBT) viax (cm ™ 1): 3449, 2947, 1675,
1551, 1414, 721. HR-ESI-MS found m/z 444.1493 [M + H]" (caled
4441494, C,,H,,N;0,5). 'H-NMR (500 MHz, DMSO-dg, 6 ppm):
8.61(d,J = 2.0, 1H), 8.49 (dd, J; = 4.5, ], = 1.5, 1H), 8.11 (dd, J; =
8.0, ], = 1.5, 1H), 7.85-7.82 (m, 1H), 7.73 (dt, J, = 8.0, J, = 2.0,
1H), 7.63 (d, ] = 8.0, 1H), 7.57 (d, ] = 9.0, 1H), 7.49 (td, J, = 8.0, ],
=1.0, 1H), 7.35 (ddd, J; = 7.5, ], = 4.5, J; = 0.5, 1H), 7.21 (td, J;
=7.5,J, = 1.0, 1H), 7.16 (td, J; = 7.5, ], = 1.0, 1H), 5.38 (s, 2H),
4.92 (s, 2H), 4.47 (t, ] = 5.5, 2H), 3.75 (t, ] = 5.5, 2H). *C-NMR
(125 MHz, DMSO-dg, 6 ppm): 170.4, 160.9, 155.8, 150.2, 148.7,
148.6, 146.7, 142.1, 135.2, 135.0, 134.7, 131.4, 126.6, 126.3,
126.0, 123.6, 122.1, 121.6, 118.7, 118.6, 110.5, 59.7, 44.9, 28.5,
25.3.

o
OO0
s SN
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e
HO/\/

5.2. Cytotoxicity assays

The cytotoxicity of the synthetic quinazolinone derivatives was
conducted at two human breast cancer cell lines (MCF-7 and
MDA-MB-231), and two human hepatocellular carcinoma cell
lines, (HepG2 and HepG2.2.15), along with the control non-
cancerous HEK293 cell line. All cell lines were purchased from
the Bioresource Collection and Research Center (BCRC) of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Food Industry Research and Development Institute (Hsinchu,
Taiwan). MCF-7 cells were cultured at RPMI-1640 supplemented
with 10% FBS; MDA-MB-231 cells were cultured at DMEM/F12
(1:1) supplemented with 10% FBS. HepG2, HepG2.2.15 and
HEK 293 cells were cultured at DMEM supplemented with 10%
FBS. All cell lines were maintained at 37 °C, 5% CO, incubator
with humidity, and were routinely sub-cultured every two days
to ensure the experiment quality. 24 hours before the experi-
ment, the cells were detached from the culture dishes using
0.05% trypsin to become the cell suspension and a small aliquot
(100 pL) from the suspended cells was stained by 0.4% trypan
blue (ratio = 1:1) to count the cell numbers and exclude the
dead cells. 2.5 x 10° cells from each cell line were seeded at
each well of the 96-well plates and the plates were stood in the
incubator overnight. On the experiment day, the full culture
medium was removed from the wells and replaced by serial-
diluted quinazolinone compounds (at the concentrations of
100, 50, 25, 12.5, 6.25, and 0 uM) in the reduced culture medium
containing 1% FBS quadruplicately. The treated cells were
cultured for another 48 hours and then stained with 0.02%
crystal violet solution followed by washing out the detached
dead cells and extra dye with water. The adherent dyed cells
were recognized as live cells, and they were re-dissolved in 1%
SDS to measure the absorbance at the wavelength of 595 nm.
For estimation of the half-maximal inhibitory concentration
(ICso), a straight line (linear regression) of drug concentrations
(x-axis) against cell inhibition rates (y-axis) was plotted and the
data were fitted with the equation.

5.3. Molecular cloning and protein expression of MP™

The SARS-CoV-2 MP™ gene was obtained from Addgene and
cloned into the pGEX-5X vector, which has a glutathione S-
transferase (GST) tag attached to the N-terminus of the
recombinant MP™ protein as previously described.*® After the
recombinant plasmid was transformed into E. coli BL21 (DE3)
competent cells, isopropyl thio-B-p-thiogalactopyranoside
(IPTG) (0.5 mM) was added to induce recombinant MP"™ protein
expression for 10 hours at 16 °C and 180 rpm. The expressed
proteins were purified using Glutathione Sepharose 4 Fast Flow
resin, followed by cleavage with Factor Xa and analysis of
protein purity by SDS-PAGE. The protein appears as a homoge-
neous band on SDS-PAGE. Protein concentration was deter-
mined by Bradford assay, aliquoted into vials, and stored at
—80 °C until use. To confirm enzyme activity and stability,
GC376 (a preclinical cysteine protease inhibitor that binds to
MP' of feline coronavirus (FCoV)) was used as a positive control
in each experiment to verify the activity of the enzyme in that
assay.*”® Purified proteins are stable at —80 °C for at least six
months.

5.4. Invitro inhibitory activity assay of 3CL protease

Protease activity assays were performed in a 384-well black flat-
bottomed microtiter plate (Thermo Scientific™ Nunc™). In
a final volume of 25 pL, the recombinant SARS-CoV-2 3CL
protease was added at a final concentration of 50 nM and mixed
with different concentrations of compounds in assay buffer
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(final concentration: 20 mM Tris pH 7.3, 100 mM NaCl, 1% DTT,
1% EDTA, 1% DMSO) and pre-incubated at 37 °C for 30 min.
The FRET substrate, DABCYL-KTSAVLQSGFRKME-EDANS, was
then added to a final concentration of 50 uM. The completed
reaction was incubated at 37 °C for 1 h. First, the activity of the
purified recombinant protein was tested against the positive
control substrate GC-376 and an ICs, similar to that reported in
the literature to confirm that the activity of the enzyme was
close to that reported in the literature.’”*® This enzyme activity
was assumed to be 100% for subsequent calculation of inhibi-
tory activity. Blank wells contained the same compound
concentration as substrate but without 3CL protease. Inhibition
rates were then calculated by comparison with control wells
without added inhibitors. The fluorescence signal (excitation/
emission, 355 nm/460 nm) of the released EDANS was
measured using a fluorometer (Fluoroskan Ascent FL). ICs,
values were determined by nonlinear regression (GraphPad
Prism 8.0.1).

5.5. Theoretical studies

The 3D structure of the target 3CL main protease was retrieved
from the Protein Data Bank (ID PDB 6W63, https://
www.rcsb.org/structure/6W63). The protein structure was
prepared by removing water molecules, heteroatoms, and any
co-crystallized ligands. Ligand structures were prepared by
optimizing their geometry by DFT (6-31G). The study was con-
ducted following the descriptions of our previous molecular
docking studies.**** Specifically, for a 3D grid encompassing
the active site of the protein, the grid dimensions were defined
based on the size and shape of the active site. The prepared
ligand structures were docked into the active site of the protein
using Autodock Vina. In order to gain deeper insights into the
pharmacokinetic properties and drug likeliness, the analysis
was conducted by utilizing the online tool SwissADME.*
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