
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ienz20

Journal of Enzyme Inhibition and Medicinal Chemistry

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ienz20

Development of potent and effective SARS-CoV-2
main protease inhibitors based on maleimide
analogs for the potential treatment of COVID-19

Karol Biernacki, Olga Ciupak, Mateusz Daśko, Janusz Rachon, Damian
Flis, Justyna Budka, Iwona Inkielewicz-Stępniak, Anna Czaja, Janusz Rak &
Sebastian Demkowicz

To cite this article: Karol Biernacki, Olga Ciupak, Mateusz Daśko, Janusz Rachon, Damian Flis,
Justyna Budka, Iwona Inkielewicz-Stępniak, Anna Czaja, Janusz Rak & Sebastian Demkowicz
(2024) Development of potent and effective SARS-CoV-2 main protease inhibitors based on
maleimide analogs for the potential treatment of COVID-19, Journal of Enzyme Inhibition and
Medicinal Chemistry, 39:1, 2290910, DOI: 10.1080/14756366.2023.2290910

To link to this article:  https://doi.org/10.1080/14756366.2023.2290910

© 2023 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

View supplementary material 

Published online: 13 Dec 2023. Submit your article to this journal 

Article views: 734 View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=ienz20
https://www.tandfonline.com/loi/ienz20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14756366.2023.2290910
https://doi.org/10.1080/14756366.2023.2290910
https://www.tandfonline.com/doi/suppl/10.1080/14756366.2023.2290910
https://www.tandfonline.com/doi/suppl/10.1080/14756366.2023.2290910
https://www.tandfonline.com/action/authorSubmission?journalCode=ienz20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ienz20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/14756366.2023.2290910
https://www.tandfonline.com/doi/mlt/10.1080/14756366.2023.2290910
http://crossmark.crossref.org/dialog/?doi=10.1080/14756366.2023.2290910&domain=pdf&date_stamp=13 Dec 2023
http://crossmark.crossref.org/dialog/?doi=10.1080/14756366.2023.2290910&domain=pdf&date_stamp=13 Dec 2023


RESEARCH PAPER

Development of potent and effective SARS-CoV-2 main protease inhibitors based 
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ABSTRACT 
In the present work, we report a new series of potent SARS-CoV-2 Main Protease (Mpro) inhibitors based 
on maleimide derivatives. The inhibitory activities were tested in an enzymatic assay using recombinant 
Mpro (3CL Protease from coronavirus SARS-CoV-2). Within the set of new Mpro inhibitors, 6e demon
strated the highest activity in the enzymatic assay with an IC50 value of 8.52 ± 0.44 mM. The IC50 value for 
Nirmatrelvir (PF-07321332, used as a reference) was 0.84 ± 0.37 mM. The cytotoxic properties were deter
mined in the MTT assay using MRC-5 and HEK-293 cell lines. In the course of the investigation, we found 
that the newly obtained maleimide derivatives are not substantially cytotoxic (IC50 values for most com
pounds were above 200 mM).
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Introduction

The global COVID-19 pandemic, caused by the novel coronavirus 
SARS-CoV-2, has had a profound and lasting impact on public 
health, economies, and societies worldwide1. Since its emergence 
in late 2019, scientists have been relentlessly pursuing effective 
treatment strategies to mitigate the severity of the disease and 
reduce its mortality rate. This pursuit has led to dynamic and rap
idly evolving therapeutic approaches, ranging from repurposed 
existing drugs to novel therapies specifically designed to combat 
the virus and its associated complications2. In the early stages of 
the pandemic, efforts primarily focused on repurposing existing 
antiviral medications and investigating their potential efficacy 
against SARS-CoV-2. However, as our understanding of the virus 
and its interaction with the host immune system deepened, new 
therapeutic targets emerged.

Proteases play a crucial role in the replication and survival of 
viruses, including the SARS-CoV-2 virus3. Among the various pro
teases encoded by the SARS-CoV-2 genome, the Main Protease 
(Mpro), also known as 3 C-like protease (3CLpro), is of particular 
interest4. Understanding Mpro’s function and structure has been 
instrumental in developing potential treatments for COVID-19. 
SARS-CoV-2 Mpro is an enzyme responsible for processing viral pol
yproteins, ultimately facilitating the production of functional viral 
proteins5. It cleaves the polyproteins at specific sites, releasing indi
vidual proteins that are vital for viral replication. The SARS-CoV-2 
Mpro exhibits a tripartite framework: domain I (encompassing resi
dues 8–101), domain II (composed of residues 102–184) and 
domain III (residues 201–303). Domain I and domain II adopt a 

structural motif reminiscent of the antiparallel b-barrel structure 
commonly encountered in trypsin-like serine proteases, and domain 
III consists of five a-helices, forming an antiparallel conglomerate 
connected to the domain by a long loop region composed of resi
dues 185–2006. The active site of SARS-COV-2 Mpro is located in a 
cleft between domains I and II, holding a histidine/cysteine catalytic 
dyad (His41 and Cys145)7,8.

Inhibiting Mpro’s activity has been identified as one of the 
strategies (along with inhibition of SARS-CoV-2 RdRp - RNA 
dependent RNA polymerase) for treating COVID-19, as disrupting 
the virus’s ability to replicate can help control the infection. 
Currently, several small-molecule antivirals targeting Mpro, as well 
as SARS-CoV-2 RdRp, have been approved for clinical use (Figure 
1)9. Notably, the Food and Drug Administration (FDA) has granted 
clinical approval for three small-molecule antivirals: Remdesivir, 
Molnupiravir (SARS-CoV-2 RdRp inhibitors), and Paxlovid, the latter 
being a combination of Nirmatrelvir (PF-07321332, Mpro inhibitor) 
and Ritonavir (an antiretroviral medication used along with other 
medications to treat HIV/AIDS)10–12. Other pharmaceuticals whose 
mechanism of action assumes Mpro inhibition are Ensitrelvir 
(approved by the Ministry of Health, Labour, and Welfare in 
Japan)13 or Xiannuoxin endorsed by the China National Medical 
Products Administration, being a combination of Simnotrelvir 
(Mpro inhibitor) and Ritonavir14. Unfortunately, these drugs exhibit 
certain limitations, including suboptimal efficacy, potential toxicity, 
and imperfect pharmacokinetic (PK) profiles. Furthermore, consid
ering the emergence of drug-resistant variants to the presently 
approved drugs, the search for new active substances becomes 
particularly important9.
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In this article, we present research on the design, synthesis, 
and biological evaluation of new SARS-CoV-2 Mpro inhibitors 
based on the maleimide framework. The inspiration for the design 
of the above-mentioned derivatives was the research paper pub
lished in 2020 by Prof. Marcin Drąg from Wroclaw University of 
Science and Technology (Poland), presenting the structures of 
potential substrates and substrates preferences of the SARS-CoV-2 
Mpro enzyme15. Based on the reported structures and data, we 
proposed new dipeptide, tripeptide, and tetrapeptide derivatives 
containing a maleimide pharmacophore. As one of the possible 
mechanisms of action for the designed compounds leading to the 
inhibition of SARS-CoV-2 Mpro activity, we assume the participa
tion of maleimide pharmacophore in the Michael addition reaction 
between the -SH group of the crucial cysteine residue (Cys145) in 
the enzyme active site and the a,b-unsaturated bond of the malei
mide moiety. This hypothesis was supported by our initial molecu
lar docking calculations, which indicated that after docking 
maleimide moieties of designed compounds they occupy the 
region in close distance to the Cys145 residue (4.44 Å).

Molecular docking

Initially, to verify that the newly designed compounds 6a-s 
(Scheme 1) can bind to the SARS-CoV-2 Mpro enzyme’s active site 
effectively, molecular docking studies were performed. The X-ray 
structure of SARS-CoV-2 Mpro was retrieved from the Protein Data 
Bank (code: 6Y2E) and properly prepared for docking calculations.

The calculated results for the proposed structures 6a-s indi
cated that they could, at least theoretically, efficiently bind to the 
active site of the SARS-CoV-2 Mpro enzyme. The free binding 
energies of designed compounds to the molecular target were at 
a satisfactory level in a range of −5.9 to −7.2 kcal/mol (Table 2). 
As it can be seen in Table 1 for representative compound 6e, mal
eimide moiety occupies the region within a close distance to 
Cys145, which jointly with His41, forms a catalytic dyad within S1’ 
pocket. In the course of our research, we found that the distance 
between the maleimide group of compound 6e (which demon
strated the highest SARS-CoV-2 Mpro inhibitory activity) and 
Cys145 is 4.44 Å (Table 1) suggesting the possible Michael add
ition reaction between the -SH group of cysteine and the 
a,b-unsaturated bond of the maleimide moiety. In addition, the N 
atom of the maleimide group may interact with Glu166 residue in 
the S1 binding pocket. A similar arrangement in the SARS-CoV-2 
Mpro active site was observed for other newly designed deriva
tives. Furthermore, we detected that the peptide chains (P1-P4) of 
potential SARS-CoV-2 Mpro inhibitors 6a-6s are well accommo
dated in the cavity defined by several amino acid residues, which 
form the enzyme’s active site. For example, P1 residue (Glu) of 

compound 6e interacts with His41 of the S1’ binding pocket while 
the P2 residue (L-Thz) of compound 6e interacts with several 
amino acid residues (Thr25, Thr26, Cys44, and Asn142).

Furthermore, additional electrostatic interactions between the 
amino acids at the P1 and P2 positions of compound 6e and 
other amino acid residues of the enzyme’s binding pockets (e.g., 
His163; His164; Leu141; Met165; Met49; Leu27; Thr45; Ser46; 
Thr24) were detected using BIOVIA, Dassault Syst�emes, Discovery 
Studio Visualiser software (Table 1). These interactions may be cru
cial in the binding process of compound 6e. All of the detected 
interactions such as conventional hydrogen bonds, carbon hydro
gen bonds, p-alkyl, or van der Waals interactions may potentially 
stabilise the compound-enzyme complex and provide favourable 
binding and promising inhibitory activity of designed compounds.

Chemistry

The newly designed compounds 6a-6s based on dipeptide, tripep
tide, and tetrapeptide derivatives containing a maleimide pharma
cophore were synthesised according to the route shown in 
Scheme 1 and Scheme 2.

The first step of the synthesis involved the preparation of trifluor
oacetate derivatives of 2–(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl 
glycine (5a) and 3–(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)propyl glycine 
(5b). For this purpose, maleic anhydride was reacted in a Diels-Alder 
cycloaddition reaction with furan leading to the bicyclic derivative 1, 
which was then treated with 2-aminoethan-1-ol or 3-aminopropan-1- 
ol in the presence of triethylamine to give 2–(2-hydroxyethyl)- 
3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (2a) and 
2–(3-hydroxypropyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3 
(2H)-dione (2b). The next step included the preparation of malei
mide derivatives 3a and 3b by heating the compounds 2a and 2b 
in toluene as a result of a reverse Diels-Alder reaction, which were 
then coupled with tert-butoxycarbonylglycine in the presence of 
EDC�HCl and DMAP. Next, the obtained compounds (4a, 4b) were 
treated with trifluoroacetic acid (TFA) to remove the tert-butoxycar
bonyl protective group (Boc) leading to the formation of trifluoroa
cetate salt derivatives (5a, 5b). The next step of the synthesis 
included a series of coupling reactions of the obtained trifluoroace
tate derivatives of 5a and 5b with appropriate N-protected amino 
acids, dipeptides, and tripeptides using HOBt and TBTU as coupling 
reagents in the presence of DIPEA resulting in the formation of the 
maleimide derivatives (6a-6s). Finally, derivatives containing a tert- 
butoxycarbonyl protective group (6 g, 6h, 6 m, 6n) were trans
formed to the corresponding trifluoroacetate salts (6g’, 6h’, 6m’, 
6n’) by treatment with TFA (Scheme 2). Furthermore, to investigate 
the mechanism of inhibition for designed new Mpro inhibitors, the 
reference compound- Ac-L-Thz-Gly-2CSucc (Ref1) was obtained in 

Figure 1. Chemical structures of SARS-CoV-2 Mpro inhibitors approved for clinical use for the treatment of COVID-19.
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the same way starting from the commercially available 1–(2-hydrox
yethyl)pyrrolidine-2,5-dione (Scheme 3).

Biological evaluation

In order to verify our hypothesis and experimentally confirm the 
results obtained in the molecular modelling studies, we deter
mined the ability of the newly synthesised maleimide derivatives 
to inhibit the function of SARS-CoV-2 Mpro. For this purpose, we 
conducted an enzyme assay using commercially available recom
binant 3CL Protease from coronavirus SARS-CoV-2 (Sigma-Aldrich 
SAE0172) according to the modified procedure described in the 
literature15. The summarised results of the enzymatic assay are 
collected in Table 2.

The received data showed that all derivatives effectively inhib
ited SARS-CoV-2 Mpro enzyme in the low micromolar concentra
tion range from 8.52 to 27.28 mM. In the course of the research, 
we found that the highest inhibitory activity was exhibited by the 
compound 6e containing Ac-L-Thz-Gly- scaffold in its structure 
(IC50 ¼ 8.52 ± 0.44 mM). The showed above analysis that the influ
ence of the length and type of the peptide scaffolds did not sig
nificantly affect the effectiveness of inhibition (keeping it at a 

constantly high level) which can explain the very similar predicted 
free binding energy values of the inhibitor-enzyme complexes cal
culated in molecular docking studies. These observations may 
indicate that a pharmacophore based on maleimide derivatives is 
mainly responsible for the high potency of the tested compounds, 
which, according to our assumptions, may undergo Michael add
ition reaction between the a,b-unsaturated bond of the maleimide 
moiety and -SH group of cysteine in the catalytic site of SARS-CoV- 
2 Mpro. In this case, the peptide core of the inhibitors ensures a 
good arrangement of the molecules in the catalytic site, stabilising 
the inhibitor-enzyme complexes through numerous electrostatic 
interactions. To investigate the impact of a,b-unsaturated bonds 
presence on Mpro inhibition, and to confirm the proposed inhib
ition mechanism involving the Michael addition reaction, we per
formed the synthesis and activity studies for succinimide derivative 
Ref1. In the course of our studies, we found that succinimide ana
logue has no inhibitory effects on the SARS-CoV-2 Mpro enzyme even 
at 400 lM concentration. The above studies suggest that the presence 
of a,b-unsaturated bonds in the structure of the designed new inhibi
tors is crucial for effectively inhibiting the enzyme’s function and, as 
assumed, the mechanism of inhibition may involve the 1,4 addition 
reaction occurring between a Michael donor (-SH nucleophile) and a 

Scheme 1. Synthesis of dipeptide, tripeptide and tetrapeptide derivatives of 1–(2-hydroxyethyl)-1H-pyrrole-2,5-dione and 1–(3-hydroxypropyl)-1H-pyrrole-2,5-dione (6a-6s).
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Michael acceptor (a,b-unsaturated carbonyl group). Additionally, we 
evaluated the type of inhibition for compound 6e (chosen as the rep
resentative compound for the series). For this reason, KM and Vmax of 
the SARS-CoV-2 Mpro activity were measured under different concen
trations of inhibitor (0–50 mM) and substrate (5–80 mM). The reaction 
kinetics studies and analysis of the Lineweaver–Burk plot (Figure S74, 
ESI) indicated a mixed type of inhibition for compound 6e. In this 
case, the reversibility of the enzymatic reaction may be related to the 
retro-Michael reaction16,17 when the Michael adduct (thiosuccinimide 
derivative) is regenerated back to maleimide moiety. The reversibility 
of this reaction is common due to the presence of thiolate moiety as 
a good leaving group.

Next, we also investigated the effect of compounds on human 
lung fibroblasts (MRC-5) and human kidney epithelial cells (HEK-293) 
to evaluate whether newly obtained derivatives induced changes in 
cell viability (Ebselen as promising SARS-CoV-2 Mpro inhibitor18 was 
used as a reference). Our data indicated that all analysed compounds 
induced lowering of MRC-5 cell viability at a higher concentration 

than Ebselen (IC50 ¼ 94 ± 8lM for Ebselen, 145 ± 21lM for Ac-L-Thz- 
Gly-3CMal 6f, and higher than 200lM for other compounds) (Table 3). 
Interestingly, more variable results were observed in the HEK-293 cell 
line. However, Ebselen IC50 was similar to MRC-5 (IC50 ¼ 137 ± 36 lM); 
part of the analysed compounds 6a-6f, 6i, 6j, and 6 l lowers cell via
bility at a lower concentration than Ebselen in comparison to MRC-5 
cell line. Other compounds’ IC50 values were higher than 200 lM (see 
Table 3). Overall, the conducted studies showed that the obtained 
compounds based on maleimide derivatives show low cytotoxicity 
and are very promising for further research.

Materials and methods

Molecular modelling

Ligands preparation
Prior to docking procedures, the potential inhibitors were pre
pared using Portable HyperChem 8.0.7 Release (Hypercube, Inc., 

Table 1. The compounds-SARS-CoV-2 Mpro enzyme interactions for selected Mpro inhibitors (and distances [Å]) identified using BIOVIA software. 

The binding mode and distances to the amino acid residues of SARS-CoV-2 Mpro enzyme’s active site for Ac-L-Thz-Gly-2CMal 6e (CPK colored)

No.
Conventional 

Hydrogen Bond
Carbon 

Hydrogen Bond p-Alkyl
Unfavorable 

Donor-Donor van der Waals p-Anion Alkyl Amide-p Stacked

6e ASN142 (4.74 Å); 
CYS145 (5.43 Å); 
GLU166 (4.15 Å); 
HIS163 (5.33 Å); 
THR26 (4.78 Å);

HIS164 (7.36 Å) CYS145 (6.64 Å) HIS41 
(4.71 Å)

LEU141; MET165; 
MET49; LEU27; 
CYS44; THR45; 
SER46; THR24; 
THR25

– – –

6j THR26 (4.85 Å); 
ASN142 (4.31 Å); 
CYS145 (5.70 Å); 
GLU166 (4.51 Å; 
4.60 Å)

GLU166 (4.13 Å) CYS145 (6.74 Å) – THR25; LEU27; GLY143; 
HIS41; GLN189; 
HIS164; HIS163; 
PHE140; LEU141; 
MET165; SER144; 
SER46

GLU166 (4.58 Å) MET49 (5.33 Å) –

6k ASN142 (3.60 Å, 
4.73 Å); GLU166 
(4.36 Å, 4.73 Å); 
HIS163 (5.01 Å); 
CYS145 (5.19 Å); 
THR25 (4.11 Å); 
HIS41 (4.69 Å)

– – – THR45; THR24; CYS44; 
MET49; PHE140; 
MET165; SER144; 
HIS172; GLY143; 
THR26; LEU27; 
SER46

GLU166 (4.73 Å) – LEU141 (7.74 Å)

6 l HIS163 (5.31 Å); 
GLU166 (4.09 Å); 
ASN (4.27; 4.91 Å); 
SER46 (3.73 Å)

– CYS145 (6.13 Å) – THR24; THR26; THR25; 
MET165; LEU27; 
HIS41; GLY143; 
LEU141; HIS164; 
MET49; GLN189; 
CYS44; THR45

– – –

6o ASN142 (4.74 Å); 
CYS145 (5.43 Å); 
GLU166 (4.15 Å); 
HIS163 (5.33 Å); 
THR26 (4.78 Å)

HIS164 (7.36 Å) CYS145 (6.64 Å) HIS41 
(4.71 Å)

THR24; THR25; LEU141; 
MET165; MET49; 
LEU27; CYS44; 
THR45; SER46

– – –
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Gainesville, FL, USA19). Each ligand was optimised using a 
MMþ force field20 and the Polak–Ribi�ere conjugate gradient algo
rithm (terminating at a gradient of 0.05 kcal mol−1 Å −1).

Protein preparation
The X-ray structures of the SARS-CoV-2 Mpro enzyme used for 
molecular modelling studies was taken from the Protein Databank 
(Protein Data Bank accession code: 6Y2E). The docking analysis 
was carried out after standard preparation procedures including 
the removal of co-crystalized ligands and water molecules, and 
the addition of hydrogen atoms and Gasteiger charges to each 
atom.

Molecular docking

Docking calculations of the optimised ligands to the prepared 
structure of SARS-CoV-2 Mpro enzyme were carried out with 
Autodock Vina 1.1.2 software (The Molecular Graphic Laboratory, 
The Scripps Research Institute, La Jolla, CA, USA)21 with exhaust
iveness, num_modes, and energy_range parameters set as 8, 30, 
and 10, respectively. For all of the docking studies, a grid box size 

was centred on the sulphur atom of Cys145, and the size of the 
grid box was 30 Å x 30 Å x 30 Å (x¼−13.504, y¼−30.226, 
z¼ 3.454). Then, the best poses for a particular ligand were visu
ally inspected. Illustrations of the 3D models were generated 
using VMD 1.9 (University of Illinois at Urbana – Champaign, 
Urbana, IL, USA)22. Identification of the compounds-SARS-CoV-2 
Mpro enzyme interactions was performed using Discovery Studio 
Visualiser v20. 1. 0. 19295 (BIOVIA, Dassault Syst�emes, San Diego, 
CA, USA)23.

Biological assays

The inhibition of SARS-CoV-2 Mpro enzyme activity

The SARS-CoV-2 Mpro activity was measured fluorometrically at 
37 �C, according to literature with slight modifications8,15. Briefly, 
0.15 mg of Mpro from coronavirus SARS-CoV-2 (Sigma-Aldrich 
SAE0172) was incubated with different concentrations of analysed 
compounds (0, 5, 10, 17.5, 25, 33, 50 and 100 mM) resuspended in 
DMSO (maximal concentration of DMSO −1%, up to 7% DMSO 
did not affect the assay) in buffer (20 mM Tris-HCl, 100 mM NaCl, 
1 mM EDTA, and 1 mM DTT, pH 7.3). Next, the mixture (100 mL of 
the final volume) was shaken at 37 �C for 10 min. After incubation, 

Scheme 2. Synthesis of trifluoroacetate derivatives 6g’, 6h’, 6m’, and 6n’.

Scheme 3. Synthesis of Ac-L-Thz-Gly-2CSucc derivative (Ref1).
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Table 2. The inhibition of SARS-CoV-2 Mpro enzyme activity.

No. Structure/ Name Free binding energy kcal/mol IC50 (lM)

6a −6.0 11.84 ± 1.04

6b −5.9 16.39 ± 0.34

6c −6.3 10.66 ± 0.37

6d −6.5 14.47 ± 0.86

6e −6.8 8.52 ± 0.44

6f −6.3 10.54 ± 0.64

6g’ −6.2 21.51 ± 0.18

6h’ −6.3 14.67 ± 0.69

6i −6.0 15.55 ± 0.54

6j −6.9 18.32 ± 0.64

(continued)
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Table 2. Continued.

No. Structure/ Name Free binding energy kcal/mol IC50 (lM)

6k −6.9 20.70 ± 0.44

6 l −7.2 18.34 ± 0.84

6m’ −6.4 27.28 ± 2.57

6n’ −6.2 20.33 ± 0.31

6o −7.1 19.20 ± 0.71

6p −6.5 17.31 ± 1.06

6r −6.3 11.95 ± 0.40

6s −6.8 10.54 ± 0.62

(continued)
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20 mL of the substrate (Dabcyl-KTSAVLQSGFRKM-Glu(Edans)-NH2, 
Biosyntan, Germany) was added (final concentration − 20 mM), and 
enzymatic activity was measured in Synergy H1 Hybrid Multi- 
Mode microplate reader (BioTek, USA) at 340/490 nm (excitation/ 
emission). Each data point was replicated 3 times.

Determination of the SARS-CoV-2 Mpro inhibition type

To determine the type of inhibition, KM and Vmax of the SARS- 
CoV-2 Mpro activity were measured under different concentrations 
of compound 6e (0, 0.1, 1, 5, 10, 25, and 50 mM) and substrate (5, 
10, 20, 40, and 80 mM). Briefly, 0.15 mg of Mpro from coronavirus 
SARS-CoV-2 (Sigma-Aldrich SAE0172) was incubated with different 
concentrations of the analysed compound in the buffer. Next, the 
mixture was shaken at 37 �C for 10 min. After incubation, different 
substrate concentrations were added (final volume 100 mL), and 
enzymatic activity was measured in Synergy H1 Hybrid Multi- 
Mode microplate reader (BioTek, USA) at 340/490 nm (excitation/ 
emission). The nonlinear regression analysis (Michaelis-Menten 

enzyme kinetics) was performed using the GraphPad Prism 8.3.0 
software. Each data point was replicated 3 times.

Cell culture

Cell lines were obtained from the American Type Culture 
Collection (ATCC). A human lung fibroblast cell line (MRC-5, ATCC, 
CCL-171) was cultured in Eagle’s Minimum Essential Medium (cat 
no. P04-08058, PanBiotech, Germany) supplemented with 10% 
foetal bovine serum (FBS) and 1% of penicillin/streptomycin (P/S). 
A human epithelial kidney cell line (HEK-293, ATCC, CRL-1573) was 
cultured in Dulbecco’s Modified Eagle’s Medium (cat no. P04- 
03596, PanBiotech, Germany) supplemented with 10% FBS and 
1% of penicillin/streptomycin (P/S). All cells were cultured under 
standard conditions (37 �C in a humidified atmosphere of 5% 
CO2). Cells were maintained in a 75 cm2 tissue culture flask, and 
the medium was replaced every 48 h. When confluent cells were 
detached with a trypsin-EDTA solution and subcultured into a 
newer flask.

Table 2. Continued.

No. Structure/ Name Free binding energy kcal/mol IC50 (lM)

Ref1 – inactive in the range from  
1 to 400 mM

– 0.84 ± 0.37

Table 3. MTT cell viability assay results (human lung fibroblasts MRC-5 and human kidney epithelial cells HEK-293).

Compound no.

MRC-5 / HEK-293 cell lines

Inhibition 
at 250 lM (%)

Inhibition 
at 125 lM (%)

Inhibition 
at 62.5 lM (%)

IC50 

(lM)

6a 23 / 73 12 / 34 12 / 8 >250 / 132 ± 13
6b 24 / 72 5 / 53 6 / 0 >250 / 126 ± 15
6c 14 / 68 6 / 15 7 / 6 >250 / >150
6d 28 / 92 5 / 41 2 / 0 >250 / 120 ± 24
6e 61 / 97 20 / 62 12 / 14 >200 / 86 ± 11
6f 98 / 97 39 / 80 8 / 41 145 ± 21 / 55 ± 7
6g’ 26 / 13 18 / 7 9 / 10 >250 / >250
6h’ 10 / 72 7 / 10 4 / 3 >250 / >200
6i 15 / 62 8 / 9 5 / 12 >250 / >150
6j 7 / 43 10 / 16 7 / 12 >250 / >150
6k 32 / 70 21 / 15 17 / 7 >250 / >200
6 l 11 / 60 4 / 28 5 / 16 >250 / 139 ± 49
6m’ 10 / 12 5 / 1 4 / 5 >250 / >250
6n’ 6 / 57 3 / 11 3 / 5 >250 / >250
6o 5 / 31 4 / 2 1 / 1 >250 / >250
6p 4 / 23 1 / 7 2 / 5 >250 / >250
6r 3 / 64 1 / 8 2 / 6 >250 / >200
6s 2 / 22 2 / 1 1 / 3 >250 / >250
Ebselen 60 / 64 56 / 43 42 / 25 94 ± 8 / 137 ± 36
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MTT viability assay

MTT assay was used to determine cell viability. Cells were seeded 
in 96 plates at a density of 2� 104 cells per well for MRC-5 and 
4� 103 cells per well for HEK-293. After 24 h, the medium was 
changed to a medium not supplemented with FBS, and cells were 
treated with different concentrations of analysed compounds (0, 
31.25, 62.5, 125, 250, 500 mM resuspended in DMSO (maximal con
centration of DMSO − 0.1% for 500 mM and 0.006% for 31.25 mM). 
After 72 h incubation the media was supplemented with water-sol
uble tetrazolium salt [3–(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra
zolium bromide (final concentration 0.45 mg/mL). Next, microplates 
were incubated at 37 �C in 5% CO2 for 2 h. After incubation, the 
medium was removed, and formazan crystals were diluted in 
100 mL of DMSO. After 15 min, cell viability was assessed by measur
ing absorbance at 540 nm (reference 630 nm) using Synergy H1 
Hybrid Multi-Mode microplate reader (BioTek, USA). Viability was 
determined as a percentage of control.

Conclusion

In the present work, we described our research on molecular 
modelling, synthesis, and biological evaluation of a new series of 
potent SARS-CoV-2 Mpro inhibitors based on peptidomimetic mal
eimide derivatives. Enzymatic assay performed using recombinant 
Mpro (3CL Protease from coronavirus SARS-CoV-2) indicated that 
all of the newly synthesised inhibitors 6a-s were able to effectively 
inhibit the action of Mpro. Among them, the highest inhibitory 
activity was exhibited by compound 6e with an IC50 value of 
8.52 ± 0.44 mM. The IC50 value for Nirmatrelvir (used as a reference) 
was 0.84 ± 0.37 mM. The analysis showed that the influence of the 
length and type of the peptide scaffolds did not significantly 
affect the effectiveness of inhibition suggesting that a pharmaco
phore based on maleimide derivatives is mainly responsible for 
the potency of tested compounds. Based on the results of 
molecular docking studies and experimental data obtained for 
succinimide derivative Ref1, we postulate that newly designed 
compounds may undergo a Michael addition reaction between 
the a,b-unsaturated bond of the maleimide moiety and -SH group 
of cysteine in the catalytic site of SARS-CoV-2 Mpro suggesting 
this type of inhibition mechanism. On the other hand, the reaction 
kinetics studies performed for compound 6e and analysis of the 
Lineweaver–Burk plot indicated a mixed type of inhibition. Its 
reversibility may be related to the retro-Michael reaction when 
the Michael adduct (thiosuccinimide derivative) is regenerated 
back to maleimide moiety. In the cell line experiments using the 
human lung fibroblast (MRC-5) and human epithelial kidney (HEK- 
293) cell lines, we determined the initial safety profile of the 
obtained compounds. We found that the newly obtained malei
mide derivatives are safe, do not show any cytotoxic properties 
(IC50 values for most compounds were above 200 mM), and could 
be promising candidates for further preclinical investigations.
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