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DESIGN OF NON-COVALENT DUAL-ACTING INHIBITORS FOR PROTEASES MFRO

AND PL®° OF CORONAVIRUS SARS-COV-2 THROUGH EVOLUTIONARY LIBRARY
GENERATION, PHARMACOPHORE PROFILE MATCHING, AND MOLECULAR DOCKING
CALCULATIONS

Larysa Yevsieieva, Pavlo Trostianko, Alexander Kyrychenko, Volodymyr Ivanov,
Sergiy M. Kovalenko, Oleg Kalugin

The proteases of the SARS-CoV-2 coronavirus are crucial for the virus s life cycle, making them a prime target for
developing antiviral drugs to combat COVID-19. Currently, there is a priority to develop new antiviral drugs that
can target multiple viral proteins at once. In this study, we analyze the molecular mechanisms of how non-covalent
inhibitors interact with the main protease (MP°) and papain-like (PLP°) protease of SARS-CoV-2 to create a com-
puter modelling algorithm for discovering ligands that can inhibit both MP° and PLP” simultaneously.

Aim of the study. We aim to analyze the molecular structures involved in the interactions between current non-co-
valent inhibitors and the MP° and PL proteases of SARS-CoV-2. The goal is to identify a common molecular
structure that could be used to discover new inhibitors with a dual-acting mode using computer simulations.
Materials and methods. LigandScout 4.5 software was used for 3D-pharmacophore analysis, virtual screening
and molecular docking. AutoDock Vina 1.1.2 tools was utilized for molecular docking. Web-servers PLIP (Pro-
tein-Ligand Interaction Profiler) and Pharmit were used for studying molecular binding mechanisms. Generation
of evolutionary libraries was performed by DataWarrior 6.0. Analysis and visualization were performed by Dis-
covery Studio 2024 Suite.

Results. Our study analyzed various models of SARS-CoV-2 protease binding sites available in the Protein Data
Bank (PDB) and their corresponding non-covalent inhibitor ligands. This analysis helped identify important fea-
tures of the MP™° and PLP™ ligands. By comparing the pharmacophore models of MP” ligands with the structural
features of PLP inhibitors, we identified ligands that could potentially match the binding sites of both proteases.
Using the structures of these ligands, an evolutionary library was created in the DataWarrior program. Virtual
screening of this library using both MP* and PLP pharmacophores revealed several new hit molecules. Molecular
docking of these molecules into the active sites of the M and PL" proteases and calculating their binding ener-
getics led to the identification of several molecules and their corresponding scaffolds with dual inhibition potential.
These findings can be further studied in vitro with the aim of discovering drugs for COVID-19.

Conclusions. We used computer-based screening to search for ligands that could bind to both MP° and PL™ pro-
teases. After identifying these potential compounds, we developed synthesis methods to obtain them for further in
vitro biological activity studies
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1. Introduction
The main protease (MP®) and papain-like prote-

suggests that MP™ inhibitors may be effective against
various strains and types of coronaviruses.

ase (PLP™) are crucial enzymes in the replication of the
SARS-CoV-2 coronavirus, and they are potential targets
for drug development against SARS-CoV-2 [1]. Inhibit-
ing Mpro has shown promise as a method for developing
therapeutics for COVID-19 [2]. MP™ plays a role in cleav-
ing viral polyproteins into functional proteins necessary
for viral replication and assembly in the host cell. Inhib-
itors of MP™ can block this process. Targeting the main
protease of SARS-CoV-2 is advantageous due to the
conservation of MP®. Despite mutations observed in the
coronavirus family, MP® exhibits high sequence and
structural similarity among different strains [3]. This

Papain-like protease (PL™) has also become an
important biological target for the development of antivi-
ral drugs since it is also involved in the formation of
functional viral proteins necessary for its successful
replication in cells [4].

The combination of several mechanisms of influ-
ence on a viral infection or its consequences is now an
urgent task for the development of new drugs
against COVID-19. Dual inhibitors can simultaneously
target multiple pathways involved in viral replication. This
comprehensive approach to combating SARS-CoV-2
may reduce the likelihood of resistance to drugs target-
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ing a single enzyme and increase the effectiveness of
antiviral treatments [5].

Understanding the mechanisms of inhibition helps
to find opportunities to model molecules that act on the
active sites of MP™ and PLP™ proteases simultaneously [6].
Studying the 3D structures of MP™ and PLP* with various
inhibitors shows the specificity and features of the inter-
action of the protein with the inhibitor ligand, which is
accordingly reflected in the kinetic binding profiles and
structural features of the ligand molecules. Protease in-
hibitors are classified based on their binding kinetics as
covalent and non-covalent inhibitors [3].

Covalent inhibitors can provide stronger and
longer-lasting inhibition, making them effective in
some scenarios. However, they also pose an in-
creased risk of side effects due to the stable covalent
bonds, which can potentially increase toxicity. Mr®
has a catalytic binary Cys-His structure, unlike oth-
er chymotrypsin-like and many serine or cysteine
proteases, and no known human proteases share
their cleavage sites [7]. In the case of MP™, using
covalent inhibitors might be a logical approach be-
cause of Mr*’s specificity. Covalent MP™ inhibitors
are known for targeting Cys145 precisely. Reversible
covalent inhibitors create a bond with the cysteine at
the active site of MP™ that can be reversed. Examples
of reversible covalent MP™ inhibitors are Boceprevir
and Nirmatrelvir. On the other hand, irreversible cova-
lent inhibitors can block MP™ by forming an irreversible
covalent bond with the catalytic cysteine residue [3].

There is a growing interest in non-covalent MP®
inhibitors. Ensitrelvir (5-217622) is a new non-covalent
Mrr inhibitor discovered through virtual screening, and
it has been approved by the FDA [8]. In March 2024,
Shionogi & Co., Ltd. (Japan) announced that Xoco-
va® (ensitrelvir fumaric acid) has received standard
approval for the treatment of SARS-CoV-2 infection.
Xocova® is the first antiviral drug for COVID-19 treat-
ment to receive standard approval in Japan, based on
positive results from the Phase 3 portion of the Phase
2/3 study (SCORPIO-SR) [9].

Non-covalent inhibitors competitively bind to the
catalytic site via specific hydrogen bonds and nonpolar
interactions, ultimately blocking access to the catalytic
site and preventing the protease from performing its bio-
logical function [10, 11].

Non-covalent inhibitors are preferable because
they are less likely to cause non-specific interactions and
potentially reduce side effects.
They are commonly used for
PLr* because they can interact
reversibly with the enzyme’s
active site without forming sta-
ble covalent bonds. This ap-
proach may be a rational solu-
tion for PLrF™ because the
N-terminal ubiquitin-like (Ubl)
domain of PLP™ is not specific
and shares similarities with hu-
man cellular DUBs. Develop-
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ing covalent viral protease-specific PLP™ inhibitors with-
out blocking cellular human deubiquitinating (DUB)
enzymes may be difficult and require extensive safety
studies [12].

The search for more effective drugs for the treat-
ment of COVID-19 involves developing new dual non-co-
valent inhibitors to simultaneously target the key proteas-
es Mr© and PLP™ of the SARS-CoV-2 virus [1].

The recent study has reported compounds identi-
fied as dual-acting SARS-CoV-2 protease inhibitors that
target both MP® and PLP™ (Mpro IC,=1.72+0.75 uM,
PLr* IC,=0.67+0.59 uM) [13] (Fig. 1, a, b).
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Fig. 1. Dual-targeting inhibitors against SARS-CoV-2 proteases:

a — primary targeting MP* according to cellular screening;
b — primary targeting PLP™ according to molecular docking
studies [13, 14]

Several compounds with the general structural
formula, shown in Fig. 1, have been suggested in experi-
mental and computational studies as non-covalent dual
inhibitors of MP*® and PLP™ [14].

Using computer modelling of a double covalent
inhibitor, the authors determined that the electrophilic
imine carbon and the chlorinated carbon of the quinoline
fragment are accessible to nucleophilic attack by the sul-
fur atom of the active centre of the cysteine proteases
Mre and PLP™ [15]. As a result of the studies, three mole-
cules showed inhibitory activity against two proteas-
es (Fig. 2).

Potential antiviral compounds have been discov-
ered using the E-pharmacophore hypothesis, created
from a complex of two models: the non-covalent ligand
GRLO0617-PLP* and the non-covalent ligand X77-MP™ [5].
After the screening phase of the proposed pharmacoph-
ore hypothesis and docking into the corresponding li-
gand-protease models, cytonic acid A and cytonic acid B
were proposed as compounds having significant interac-
tions with both PLP® and MP™ proteases (Fig. 3).
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Fig. 2. Dual-targeting inhibitors against MP™® and PLP™ enzymes [15]
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Fig. 3. Structure of cytonic acid A and cytonic acid B, proposed as

dual inhibitors of MP* and PLP™ enzymes [15]

2. Planning (methodology) of the study

Since the active center shape of each protease is
specific and the interaction of different ligands with
the active center of the protease has its own specificity,
we used a procedure for initial filtering using 3D phar-
macophores of various PDB ligand-protease struc-
tures [16, 17]. This process was carried out to identify
common parameters suitable for binding with both
Mprre and PLP™ (Fig. 4).
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Therefore, in this study, we suggested and
applied a new original algorithm for developing
some potent non-covalent dual-acting inhibitors
of Mr* and PL™ using a number of X-ray PDB
structures of the complexes of SARS-CoV-2 MP* and
PLP™ with non-covalent inhibitors (Fig. 4).

Briefly, the algorithm starts the pharmacophore
screening of the Evolutionary library against the Mr©
pharmacophore, leading to Data hit-molecules 1. The
pharmacophore screening of this database against the
PLre pharmacophore selected Data hit-molecules 2. The
last database — Data hit-molecule 3, is formed based on the
docking results of the hit-molecule database 2. The select-

ed ligands, which have binding affinity values for
both proteases of at least 90 % from the corre-
sponding value for the reference ligand of the li-
gand-protease complex MP™ and PLP™. At this step,
further library optimization was performed
against the Murcko scaffold, as described in detail
in Fig. 9, 10.

3. Materials and Methods

Molecular ligand analysis and design of new
bioactive molecules were performed using Ligand-
Scout 4.5 [19], which allowed for pharmacophore
analysis and virtual screening of defined molecular
databases against the generated pharmacophores.
LigandScout tools were used to define the parame-
ters of molecules that would correspond to drug-
like properties. Molecules with poor permeability
and oral absorption (molecular weight>500, C
logP>5, more than five hydrogen bond donors and
more than ten acceptor groups) were excluded [20].

DataWarrior software [21] was used to cre-
ate the evolutionary library, calculate the physico-
chemical properties and analyze the molecular

s

Data hit-
| molecules 1

scaffolds. X-ray crystal structures of the target
proteins were obtained from the Protein Data

pharmacophore screening
PLpro

I Data hit-molecules 2 l

Docking Mpro |+ »| Docking PLpro
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Fig. 4. Algorithm for discovering non-covalent dual-action
inhibitors against SARS-CoV-2 protease MP™ and PL#™

When searching for biologically active molecules
with specific properties, a combination of virtual screen-

Bank [22] and used for virtual screening and recep-
tor-based docking. Receptor-based docking was
performed using the AutoDock Vina pro-
gram [23, 24].

PLIP (Protein-Ligand Interaction Profil-
er) [25] and Pharmit web server [26] for studying
molecular binding mechanisms. Analysis and visu-
alization were performed using Discovery Studio
2024 Suite.

The reagents used in this work were man-
ufactured by Sigma-Aldrich (USA) and were
purified using standard techniques. Control of

the reactions was monitored using thin-layer chromatog-
raphy on “Sorbfil UV-254” plates with an eluent of ethyl
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acetate-hexane (1:2 ratio). 'H NMR spectra were record-
ed on Varian Gemini 400 MHz spectrometers using di-
methyl sulfoxide (DMSO-d6) as the solvent. LC/MS
spectra were recorded using a PE SCIEX API 150EX
liquid chromatograph equipped with a UV detector (A
215 and 254 nm) and a Luna-CI18 column, Phenomen-
ex (100x4 mm). Elution started with water and ended
with acetonitrile/water (95:5, v/v) using a linear gradient
at a flow rate of 0.15 mL/min and an analysis cycle time
of 25 min.

4. Research result

4. 1. Structure-based virtual screening

To study the mechanisms of inhibition of the MP™
and PLr™ proteases of the SARS-CoV-2 virus, we select-
ed a number of different models of binding sites for each
protease with various non-covalent inhibitor ligands
available from the Protein Data Bank (PDB).

Fig. 5 shows the main non-covalent MP™ inhibitors
and Mr™ binding sites presented in the PDB three-dimen-
sional structures of biological macromolecules.

Fig. 6 shows the main non-covalent PLP™ inhibi-
tors and PLP® binding sites presented in the PDB
three-dimensional structures of biological macro-

We studied the molecular mechanisms of binding
of the non-covalent SARS-CoV-2 protease inhibitors
Mre and PLPe to their targets using the PLIP (Pro-
tein-Ligand Interaction Profiler) application [27] and
the Pharmit resource: interactive exploration of chemi-
cal space [28].

To build a new large chemical space of ligands
active against MP™, we first generated an Evolutionary
library starting from representative Ligand 7XB (Fig. 5,
PDB: 7ENS) using DataWarrior software [21]. The
evolutionary algorithm mimicked the natural evolu-
tion of drug-like compounds. The algorithm starts
with a parent Ligand 7XB called the first generation.
Next, a series of similar derivatives were built by ap-
plying a minor random structural modification of a
parent structure. Each new structural modification is
then evaluated based on how much it fits within cus-
tomizable fitness criteria, such as molecular
weight (Mw), cLogP, polar surface area (PSA), and so
on [17]. The generated evolutionary library contained
about 70000 ligands.

Studying the molecular mechanisms of sub-
strate-ligand binding made it possible to find pharmaco-
phoric features for non-covalent ligand inhibitors of each
SARS-CoV-2 protease [29].

Non-covalent inhibitors for Mpro
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Fig. 5. Structures of non-covalent MP™ inhibitors. The corresponding PDB codes are given in brackets
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Noncovalent inhibitors for PLpro
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Fig. 6. Structures of noncovalent inhibitor of PL™. The corresponding PDB codes are given in brackets

The noncovalent MP™ inhibitors bind to the receptor
through: a) hydrophobic fragments located in the area of
residues 25 THR: 26 THR and/or 41 HIS, as well as in the
region of residues 163HIS and 189GLN; b) interactions

were used to determine the structures of MP™ active site.
The pharmacophore models identified PLP™® ligands as
hits (Table 1), which enabled the study of the potential for
a dual mechanism of inhibition.

that create a hydrogen bond with the protease
side chain donor in the region of residues
165MET:166 GLU and 143GLY:145 SER (as
shown in Fig. 7A) [19, 25].

Analysis of the molecular features of
the PLPe-ligand interaction showed the
predominance of hydrophobic interactions:
residues for non-covalent binding include
Tyr268, GIn269, Argl67, which are in-
volved in van der Waals interactions. Inter-
actions that form a hydrogen bond with the
protease side chain donor are located in the
region of residues 268TYR, 269GLN and
273TYR (Fig. 7 B) [19, 25].

In silico screening was conducted to
identify noncovalent inhibitors for two
SARS-CoV-2 proteases, MP™ and PLP™. The
3D pharmacophores of 10 MP™ binding sites

GLY143

HIS163

ASP187

GLN183

A) Ligand J7R
(Mr PDB: 7ENS)

THR168 LEU16HSN109
GLY163

TYRIE Cvsirt
e

& v¥1 6?5%,
ARG166 e 4

DICe

b T
GLU1B7

ASP302
SER24S
N

ALAZAE

HIS041

SER046

g0 #
PRO247 pRO24s (' /
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Fig. 7. 3D-pharmacophores A) Ligand J7R (MP* PDB: 7EN8) and B)
Ligand XXW (PL** PDB: 8UUG), LigandScout 4.5 program [19]
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Table 1

Results of screening of non-covalent PLP™ inhibitors against pharmacophores of MP*© models, where 0 —no result, | —a
match between the PLP™ ligand and the MP* pharmacophore was found.

Mre| Ligand | Ligand | Ligand | Ligand | Ligand | Ligand | Ligand Ligand Ligand Ligand

PLP J7R X77 LQL 7YY 7XB J70 LQ6 OEN GHX VHV

. PDB: PDB: PDB: PDB: PDB: PDB: PDB: PDB: PDB: PDB:

Ligand PDB | -p\e | 6wes | 8ACL | 7vU6 | 7VvIH | 7EN9 | 8ACD | 7L0D | 7IPZ | 73Q0
XT7 | 7LBR 0 0 0 0 0 0 0 0 0 0
XR8 7LBS 0 0 0 0 0 0 0 0 0 0
XB5 | 8UOB 0 0 0 0 0 1 0 0 0 0
GRL-0617 | 7SKQ 0 0 0 0 0 0 0 0 0 0
Y2N | 8UUW 0 0 1 0 0 0 0 0 0 0
XXW | 8UUG 1 1 0 0 0 0 0 0 0 0
XYR |8UUU 1 0 0 0 0 0 0 0 0 0
Y97 7LOS 0 0 0 0 0 0 0 0 0 0
XYl |8UUH 0 0 0 0 0 0 0 0 0 0
Y21 SUUV 0 0 0 0 0 0 0 0 0 0

The presence of certain common pharmacophoric
features in some ligands, PLP™ (ligand XXW PDB: 8UUG)
and Mre (ligand J7R PDB: 7ENS) suggests the existence
of a set of molecules with similar structures to both li-
gands and the potential to inhibit two proteases, MP™
and PLr™. To test this hypothesis and identify the corre-
sponding molecules, we generated a diverse library of
compounds using the DataWarrior program [21] based on
ligand J7R from the active site of MP™ (PDB: 7ENS) and
ligand XXW from the active site of PLP™ (PDB: 8UUG).

Further filtering of compounds using VS screening
against the corresponding pharmacophore model M PD-
B:7ENS8 and then PLP° PDB:S8UUG identified molecules
with a likely dual mechanism of inhibition for M and PLr™.

4. 2. Docking Modeling and Identification of
Molecules with Dual-Acting Inhibition Potential for
Mrr and PLP™

Molecular docking into the binding pockets of
Mpre and PLP and determination of the energetic charac-
teristics of ligand-protease complexes made it possible to
identify a number of structures with good energetic char-
acteristics for the binding to both proteases.

DataWarrior software visually presents the rela-
tionship between the energy values of ligands and their
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ability to bind to target proteins. Specifically, it shows
the correlation between AutoDock Vina Binding Affini-
ty (kcal/mol) and LigandScout Binding Affinity
Score (BAS) (Fig. 8). Lower values on the graph indicate
more stable complexes. Ligands with the lowest scores
are typically considered promising for further research.
To identify active molecules, we considered their binding
affinity value (kcal/mol) to be at least 90 % of or exceed-
ing the corresponding affinity value for the reference li-
gand of the ligand-protease complex. The same method
was applied when analyzing the BAS values. The molec-
ular docking results for ligands from the evolutionary li-
brary into the binding pockets of Mr* PDB:7EN8 and
PLr* PDB:8UUG are summarized in Fig. 8.

Using the DataWarrior tool, we filtered and grouped
molecules by their Murcko scaffold. This helped to focus
on the main structure of molecules without side chains,
which determines the molecule’s activity (Fig. 9, 10) [21].

The calculated binding energies for several of the
examined ligands in the molecule-protease complex were
comparable to those of native ligands. This indicates that
these molecules may have the potential to inhibit both the
Mre and PLP™ proteases. These molecules share a com-
mon Murcko scaffold (Fig. 11), which suggests that they
could be chosen for further studies.
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Fig. 8. Graphical representation of the docking results. A ligand distribution according to the binding affinity in ligand-
protease complexes: a — MP™ from 7ENS; b — MP* from 8UUG. The corresponding PDP ligand molecule taken from the
protease active center model is marked in red
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Fig. 9. Graphical representation of the results of docking of
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4. 3. Chemistry

For the selected hits, we developed and imple-
mented retrosynthetic procedures in accordance with
our previously published methods [25-27] (Fig. 12).
The structure and purity of the obtained substances
were proven by 'H-NMR and LC/MS spectral
methods.

The synthesis scheme for 2-(6-ethyl-4-oxoquino-
lin-1(4H)-yl)-N-phenylacetamide derivatives (6, 10a-c)
is shown in Fig. 12. Key intermediates (4, 9a-b) were
obtained by the Gold-Jacobs reaction of ethyl 2-benzo-
yl-3-(dimethylamino)acrylate (3) or ethyl 3-(dimethyl-
amino)-2-(arylsulfonyl)acrylates (8a-b) using a reported
procedure [30].

Then, these core building blocks (4, 9a-b) were
alkylated with substituted chloroacetamides (5a-d) in
DMEF in the presence of sodium hydride [31] and pro-
vided targeted products (6, 10a-c).

The key intermediate (15) of the synthesis of
N-(2-fluorophenyl)-2-(7-o0x0-8-((phenylamino)
methyl)-2,3-dihydro-[1,4]dioxino[2,3-g]quino-
lin-6(7H)-yl)acetamide (16) was obtained by a
previously developed method, as summarized in
Fig. 13 [28]. Alkylation was performed using an
analogous procedure as for the derivatives of eth-
ylquinolin-4(1H)-one (4, 9a-b) using 2-chloro-N-
(2-fluorophenyl)acetamide (Se) [31].

General Procedure for alkylation of substitut-
ed 6-ethylquinolin-4(1H)-ones (4, 9a-b).

Sodium hydride, 60% dispersion in mineral
oil (200 mg, 5 mmol) was washed on a glass filter with
anhydrous THF, then added to a solution of the corre-
sponding 6ethylquinolin-4(1H)-one (4, 9a-b) (1 mmol)
in anhydrous DMF (10 mL) and the mixture was
stirred at rt for 30 min. Then, the reaction mixture was
heated to 40°C, and the corresponding chloroacet-
amide (5a-d) (1.2 mmol) was slowly added. The result-
ing mixture was stirred for 4 h at 70 °C, cooled to rt
and diluted with water (40 mL). The formed precipitate
was filtered off, washed with water and recrystallized
from i-PrOH to get pure products (6, 10a-c) in
78-90 % yield.
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Q
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Fig. 11. Some ligands (6, 10a-c, 16) with common Murcko scaffolds (SF1 — SF3)

21




ScienceRise: Pharmaceutical Science Ne 6(52)2024

0 0 NH, /\O)‘])‘\O 0 0
| + — —_—
\N N
| H
1 2 3 4
O O

R;
7a-b 2 8a-b 9a-b a |H
b |F

O
A)
HN i /\Cf‘j/ k
9a-b + z I

|| © a|H 24-(Me),
] N b|F 25(Me)
N\ I\’rN ¢c|H 2-Me
Rz b [2,4-(Me), \O
5b-d ¢ [2,5-(Me), 10a-c © \\R2

d |2-Me

Fig. 12. Scheme for the synthesis of 2-(6-ethyl-4-oxoquinolin-1(4H)-yl)-N-phenylacetamide derivatives (6, 10a-c).
i: iPrOH, reflux, 2h; ii: (Ph),O, reflux, 30 min; iii: DMF, NaH, 70°C, 4 h.
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Fig. 13. Scheme for the synthesis of N-(2-fluorophenyl)-2-(7-0x0-8-((phenylamino)methyl)-2,3-dihydro-[1,4]
dioxino[2,3-g]quinolin-6-(7H)-yl)acetamide (16). i: Ac,O, rt, 30 min; ii: DMF, POCI,, rt, 1h; iii: CH,COOH, H,0O,
reflux, 4 h; iv: THF, PhNH,, NaBH,CN, 70°C, 1 h; v: DMF, NaH, 70 °C, 4 h.
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2-(3-Benzoyl-6-ethyl-4-oxoquino-
lin-1(4H)-yl)-N-(3,4-dimethylphenyl)acetamide (6).

White crystals, mp>300 °C. '"H NMR: (400 MHz,
DMSO0-d6) 6 10.2 (s, 1H), 8.24 (s, 1H), 8.02 (d, J/=2.5 Hz,
1H), 7.72 (m, 2H), 7.65-7.33 (m, 6H), 7.27 (d, J/=10 Hz, 1H),
7.06 (d, J=9.6 Hz, 1H), 5.12 (s, 2H), 2.72 (¢, J=8 Hz, 2H),
2.16 (s, 6H), 1.20 (¢, J=5.2 Hz, 3H). [MH]" m/z=439.3.

N-(2,4-Dimethylphenyl)-2-(6-ethyl-4-oxo-3-(phe-
nylsulfonyl)quinolin-1(4H)-yl)-acetamide (10a).

White powder, mp>300 °C. 'H NMR: (400 MHz,
DMSO0-d6) 6 9.88 (s, 1H), 8.91 (s, 1H), 7.99 (t, J=5 Hz, 3H),
7.80 — 745 (m, 5H), 7.22 (d, J=10 Hz, 1H), 7.01 (s, 1H),
6.93 (d, J=8 Hz, 1H), 540 (s, 2H), 2.70 (q, J=6 Hz, 2H),
2.20 (d, J=4 Hz, 6H) 1.16 (t, J=5 Hz, 3H). [MH]" m/z=475.2.

N-(2,5-Dimethylphenyl)-2-(6-ethyl-3-((4-fluoro-
phenyl)sulfonyl)-4-oxoquinolin-(4H)-yl)acetamide (10b).

White powder, mp>300 °C. 'H NMR: (400 MHz,
DMSO0-d6) 8 9.86 (s, 1H), 8.91 (s, 1H), 8.09 (¢, /=2 Hz,
2H), 7.93 (s, 1H), 7.74 (d, J=10vHz, 1H), 7.58 (d, /=8 Hz,
1H), 7.42 (¢, J=8 Hz, 2H), 7.22 (s, 1H), 7.08 (d, J=7 Hz,
1H), 6.89 (d, /=7 Hz, 1H), 5.42 (s, 2H), 2.69 (¢, J=6 Hz,
2H), 2.19 (s, 6H), 1.15 (¢, /=6 Hz, 3H). [MH]" m/z=493.2.

2-(6-Ethyl-4-ox0-3-(phenylsulfonyl)quinolin-
1(4H)-yl)-N-(o-tolyl)acetamide (10c).

White crystals, mp>300 °C. '"H NMR: (400 MHz,
DMSO0-d6) 6 10.55 — 9.20 (s, 1H), 8.96 (s, 1H), 8.14 (d,
J=8 Hz, 1H), 8.01 (d, J=4 Hz, 2H), 7.82 (t, /=4 Hz, 1H),
7.72-7.42 (m, 4H), 7.39 (d, J=4 Hz, 1H), 7.30-7.00 (m, 3H),
545 (s, 2H), 2.71 (¢, J=6.5Hz, 2H), 2.20 (s, 3H),
1.18 (¢, J=6.5 Hz, 3H). [MH]" m/z=433.1.

Procedure for alkylation of 8-((phenylamino)
methyl)-2,3-dihydro-[1,4]dioxino[2,3-g]quino-
lin-7(6H)-one (15).

Sodium hydride, 60% dispersion in mineral oil
(200 mg, 5 mmol) was washed on a glass filter with an-
hydrous THF, then added to a solution of 8-((phenylami-
no)-methyl)-2,3-dihydro-[1,4]dioxino[2,3-g]quino-
lin-7(6H)-one (15) (308 mg, 1 mmol) in anhydrous
DMF (10 mL) and the mixture was stirred at rt for 30 min.
Then the reaction mixture was heated to 40 °C, and the
2-chloro-N-(2-fluorophenyl)acetamide (5e) (225 mg,
1.2 mmol) was slowly added. The resulting mixture was
stirred for 4 h at 70 °C, cooled to rt and diluted with wa-
ter (40 mL). The formed precipitate was filtered off,
washed with water, and recrystallized from i-PrOH to get
a pure product (16) with an 88% yield.

N-(2-fluorophenyl)-2-(7-oxo-8-((phenylamino)
methyl)-2,3-dihydro-[1,4]dio-xino[2,3-g]quino-
lin-6(7H)-yl)acetamide (16).

White powder, mp>300 °C. 'H NMR: (200 MHz,
DMSO0-d6) 6 10.25 (s, 1H), 7.89 (m, 1H), 7.62 (s, 1H), 7.37—
6.95 (m, 6H), 6.88 (s, 1H), 6.65-6.42 (m, 3H), 6.10 (¢, /=6 Hz,
1H), 5.17 (s, 2H), 4.40—4.00 (m, 6H). [MH]" m/z=460.2.

5. Discussion of research results

SARS-CoV-2 inhibitors can be broadly categorized
based on the enzymes they target [1, 3, 32, 33]. One major
type is the MP* non-covalent inhibitors, represented clini-
cally by Ensitrelvir [8, 34, 35]. These inhibitors bind to the
Mre enzyme without forming covalent bonds; instead,

they engage through hydrogen bonds, ionic interactions,
and hydrophobic interactions to inhibit its activity [36].
Another type includes non-covalent inhibitors that hinder
the function of the PLP™® enzyme [37, 38]. Consequently,
both Mr and PL™ inhibitors have become pivotal in the
efforts to inhibit SARS-CoV-2 activity [1, 39].

To identify dual-acting inhibitors, we began by
selecting from our local evolutionary library using 3D
pharmacophores derived from the available X-ray struc-
ture of the ligand-protease complex (PDB 7ENS). The
molecular mechanisms of binding for MP™ and PLP™ were
analyzed using the PLIP (Protein-Ligand Interaction
Profiler) application and the Pharmit resource, which al-
lows for interactive exploration of chemical space. This
process enabled us to identify common binding parame-
ters suitable for both MP™ and PLr™ [40].

The initial Evolutionary library consisted of 70k
ligands and was filtered by Mr™ pharmacophore screen-
ing (PDB: 7ENS), leading to Data hit-molecules 1 com-
posed of 378 ligands. The further PLP™ pharmacophore
screening (PDB: 8UUG) of this database led to Data
hit-molecules 2 composed of 42 ligands (Fig. 4). Docking
for the resulting Data hit-molecules 2 allowed to identify
ligands whose binding Affinity value (kcal/mol) was at
least 90 % or exceeded the corresponding value for the
reference ligand of the ligand-protease complex MP™ and
PLr. Further molecular docking of these ligands into the
active sites of the MP™ and PLP™ proteases and calculating
their binding energies allowed us to discover 5 ligands
and their corresponding scaffolds capable of dual inhibi-
tion potential.

Our strategy for selecting dual-acting inhibitors
targeting MP™ and PLP™ has several advantages over con-
ventional virtual screening of single-acting small-mole-
cule agents [33]. As a result, our selected hits show
promise for greater inhibitory potency and broader spec-
trum activity against SARS-CoV-2 and its variants. This
novel approach aligns with recent reports highlighting
the effectiveness of targeting multiple SARS-CoV-2 pro-
teins using direct molecular docking calculations [41].

In addition to notable advances in selecting and
filtering dual-target SARS-CoV-2 inhibitors, our study
provides practical applications for the theoretical results
obtained [36]. For the selected hits, we developed and
implemented efficient retrosynthetic procedures. The
synthetic route for 2-(6-ethyl-4-oxoquinolin-1(4H)-yl)-
N-(phenyl)-acetamide derivatives (6a-d), as shown
in Fig. 12, proceeded through key intermediates (4a-c)
via the Gold-Jacobs reaction of dimethylaminomethy-
lene-benzoyl acetate (1) with 4-ethylaniline (2).

Practical relevance. The long-term goal in the
fight against COVID-19 is to discover new pharmaceuti-
cal agents that can simultaneously inhibit the MP™® and
PLre proteases of the SARS-CoV-2 virus. Our proposed
in silico screening protocol aims to guide and streamline
the drug development process. The practical significance
of our study lies in identifying five potential hit ligands,
which were then subjected to retrosynthetic analysis and
subsequently synthesized for further in vitro biological
activity testing.
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Study limitations. The antiviral activity of the
synthesized derivatives has not been evaluated yet.
Therefore, the potential therapeutic effect of the selected
derivatives is only based on theoretical predictions.

Prospects for further research. The suggested
computer-aided protocol for in silico screening dual-act-
ing inhibitors against MP® and PLP™ of coronavirus
SARS-CoV-2 has a strong potential for developing novel,
promising antiviral agents.

6. Conclusions

A SARS-CoV-2 coronavirus life cycle depends on
its cysteine proteases, making them promising targets for
developing antiviral drugs to combat COVID-19. Among
available antiviral strategies, developing new drugs that
can target multiple viral proteins at once is of an emergent
priority. Here, we analyze the molecular mechanisms of
how non-covalent inhibitors interact with the main prote-
ase (MP™) and papain-like (PLP™) protease of SARS-CoV-2
to create a computer modelling algorithm for ligands that
can inhibit both MP™ and PLP™ simultaneously.

In our study, we analyzed available X-ray data of
SARS-CoV-2 protease-ligand binding complexes con-
taining the potent non-covalent inhibitors. This analysis
allowed us to identify some important structural features
of the MP™ and PLr™ ligands. By matching and comparing
the pharmacophore models of both MP™ and PLP™ ligands,
we were able to identify a set of ligands that could poten-
tially match the binding sites of both proteases. An evo-
lutionary library was created by the DataWarrior pro-
gram using the structures of the identified dual-acting

ligands. Virtual screening and filtering of this library
using both Mr™ and PLP™® pharmacophores revealed sev-
eral new hit ligands. Finally, after identifying these 5
potential hit-ligands, we developed retrosynthetic meth-
ods and obtained them for further in vitro biological ac-
tivity studies. These findings can be further studied in
vitro with the aim of discovering drugs for COVID-19.
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