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SARS coronavirus main proteases (3CL proteases) have been
validated as pharmacological targets for the treatment of
coronavirus infections. Current inhibitors of SARS main pro-
tease, including the clinically admitted drug nirmatrelvir are
peptidomimetics with the downsides of this class of drugs
including limited oral bioavailability, cellular permeability, and
rapid metabolic degradation. Here, we investigate covalent
fragment inhibitors of SARS Mpro as potential alternatives to
peptidomimetic inhibitors in use today. Starting from inhibitors
acylating the enzyme's active site, a set of reactive fragments
was synthesized, and the inhibitory potency was correlated
with the chemical stability of the inhibitors and the kinetic

stability of the covalent enzyme-inhibitor complex. We found
that all tested acylating carboxylates, several of them published
prominently, were hydrolyzed in assay buffer and the inhibitory
acyl-enzyme complexes were rapidly degraded leading to the
irreversible inactivation of these drugs. Acylating carbonates
were found to be more stable than acylating carboxylates,
however, were inactive in infected cells. Finally, reversibly
covalent fragments were investigated as chemically stable SARS
CoV-2 inhibitors. Best was a pyridine-aldehyde fragment with
an IC50 of 1.8 μM at a molecular weight of 211 g/mol, showing
that pyridine fragments indeed are able to block the active site
of SARS-CoV-2 main protease.

Introduction

The global outbreak of the coronavirus SARS-CoV-2, the serious-
ness of the disease COVID-19, the limited efficacy of vaccines,
and the rapid formation of immune-escape mutations created
an urgent need for antiviral drugs against this disease. The viral
3C-like protease (3CLpro), also called main protease (Mpro), has
been identified as pharmacological target for the treatment of
the disease with small-molecule drugs.[1] The catalytic site of the
protease contains a catalytic dyad consisting of the negatively
charged Cys145 and the protonated His41 residues.[2] The
cleavage of the peptide bonds is performed at glutamine in P1
through the nucleophilic attack of the Cys145.[3] The main
protease of the new coronavirus has structures similar to the
previous main protease of SARS-CoV-1 with approximately 96 %
amino acid sequence identity.[4] With 3C proteases (3Cpro) from

picornaviruses such as rhinoviruses, coxsackieviruses, or other
enteroviruses, 3CL proteases share the substrate specificity for
glutamine in the P1 position and the catalytic mechanism.[5,6]

First inhibitors of SARS-CoV Mpro were peptide mimetics carrying
the glutamine side chain in P1 (Figure 1).[7] Replacement of the
native glutamine residue with pyrrolidine-2-one resulted in
more potent inhibitors. This substitution originated from 3C
protease inhibitors such as the milestone rupintrivir, which,
nevertheless, failed in advanced clinical trials.[8] Recently, the
peptidomimetic nirmatrelvir showed broad-band antiviral activ-
ity against coronaviruses and was authorized for clinical use in
the US and in the European Union against COVID-19 after
reducing hospitalization or deaths in clinical trials significantly.[9]

Another well characterized inhibitor is the dipeptide GC376, not
only being active against the main protease of SARS-CoV-2 but
also against other 3CL proteases.[10] All these peptidomimetic
inhibitors targeting the S1 pocket with amide residues
displayed high affinities to the target, however, the cellular
permeability, the oral bioavailability, or the metabolic stability
of such compounds were problematic. For example, nirmatrelvir
needs to be used in an oral drug in combination with ritonavir,
a potent inhibitor of cytochrome P450 3A4, to protect the γ-
lactam (or pyrrolidin-2one) residue from rapid oxidation.[9a,11]

For these reasons, the investigation of fragment-based protease
inhibitors targeting the S1 site can be an attractive alternative
to peptidomimetic inhibitors. In previous works, we and others
have demonstrated that peptidomimetics containing glutamine
residues or their lactam derivatives can be replaced successfully
by druglike inhibitory fragments. Typically, these fragment
inhibitors contained an aromatic amide such as benzamide or
an amino-pyrazoline fragment for targeting the S1 pocket and a
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reactive electrophile such as a Michael acceptor, epoxide, vinyl
sulfonamide, or an aromatic ketone for targeting the nucleo-
philic cysteine residue.[6b,12] Several of these fragments displayed
broad-band inhibition of 3C and 3CL proteases[12a] and some
were active in cellular virus proliferation assays, depending
critically on the binding kinetics and chemical stability of the
inhibitors.[6b] All these reported fragments, however, failed as
inhibitors of SARS Mpro. Instead, there have been several reports
indicating that pyridine fragments might be the starting point
for potent inhibitors of SARS-CoV-2 Mpro. Some 3-halopyridinyl
esters were reported as potent inhibitors of SARS-CoV-1 main
protease with IC50 values as low as 50 nM[13] and showed broad
spectrum activity against other 3C proteases[14] and recently of
SARS-CoV-2 main protease.[15] Although the reactivity of these
active esters was suspected,[16] a thorough investigation of the
chemical and biochemical stability as well as of the kinetics of
these molecules is missing so far. The same applies to thioesters
being generally more reactive than the corresponding esters
which were published as inhibitors of SARS-CoV-2 Mpro with
reported activity in viral replication and infection assays, too.[17]

On the other hand, chemically stable pyridine fragments have
found to bind to the S1 site of the SARS-CoV-2 main protease
by using protein crystallography, however, with very low
affinities.[18] Moreover, studies on pyridine-containing peptido-
mimetics identified them as inhibitors of SARS-CoV-1 and SARS-
CoV-2 Mpro with the pyridine residue binding to the S1 pocket
of the protein, providing an essential interaction with the active
site.[19]

These studies raised the question, whether pyridine-contain-
ing fragments can be potent inhibitors of SARS-CoV-2 main
protease with high activity, chemical stability, and sufficient
target residence time. In this contribution we will answer this

question. For this purpose, a collection of pyridine-electrophile
combinations was designed and synthesized to identify frag-
ments which bind to the S1 pocket and react with the
nucleophilic Cys-residue at the same time. In designing the
library, we were especially interested in varying the distances
between the pyridine fragment and the reactivity of the
electrophiles, resulting in a set of compounds with a variation
of the inhibition kinetics and, possibly, of their mode of action.
We have also investigated the chemical stability of both
inhibitors and of the protease-inhibitor complexes and will
finally draw conclusions on the future potential and use of
pyridine-containing SARS-CoV-2 main protease inhibitors.

Results and Discussion

Binding of the glutamine residue into the S1 pocket and
interactions of the cleaved backbone amide with the catalytic
site were analyzed using crystal structures of the peptide
aldehyde Ac-ESTLQ-H with SARS-CoV-1 Mpro (PDB-ID: 3SND,
Figure 2)[7f] and the peptide cleavage product SAVLQ co-crystal-
lized with the SARS-CoV-2 Mpro (PDB-ID: 7N6N, Supporting
Information Figure 1)[20] and suggested a binding mode of the
intermediate of peptide bond cleavage shown in Figure 2a. In
this the amide carbonyl of the glutamine residue interacted as
an H-bond acceptor with the NH of the imidazole of His163 at
the bottom of the S1 pocket and the amide-NH2 as an H-bond
donor to the backbone carbonyl groups of Phe140 and Glu166
(Figure 2a).[6a] These interactions positioned the cleaved amide
group in the catalytic center of the enzyme where the amide
carbonyl is presumably activated by hydrogen bonds donated
by backbone NH of Gly143 and Cys145 and attacked by the

Figure 1. 3C and 3CL protease inhibitors reported in literature.[6b,7d,8c,9a,10,12a,c,13,15a,b]
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nucleophilic thiolate residue of Cys145 yielding the tetrahedral
intermediate. Similar interactions were found in peptidomimet-
ics containing the pyrrolidin-2-one fragments instead of the
glutamine residue, using the crystal structure of nirmatrelvir
with the SARS-CoV-2 Mpro (Figure 2b, PDB-ID: 7VLP).[21] In
conclusion, a potent covalent and reversible fragment inhibitor
should provide hydrogen bonds with the S1 pocket, an electro-
phile for covalent interactions with the catalytic side, and a
carbonyl oxygen or nitrile nitrogen for interactions with the
oxyanion hole. In contrast, the covalent tetrahedral intermedi-
ate of pyridinyl-3-esters was not directly revealed from crystal-
lization of the protein-ligand complex. Instead, as shown
among others by Ghosh et al.[15b] for a 5-chloropyridinyl- indole-
2-carboxylate ester, the indole-2-carboxylate thioester with the
thiol residue of Cys145 was formed (PDB-ID: 7RBZ). The
proposed inhibition involved the catalytic dyad to form a
tetrahedral intermediate, resulting in a covalent bound Cys145
of the SARS-CoV-2 Mpro. According to the crystal structure of a
small molecular ligand with a pyridine moiety (PDB-ID: 5R83)
the S1 site provides similar interaction with the pyridine as the
natural substrate glutamine (Supporting Information Fig-
ure 1).[18] The pyridine ring nitrogen accepted a hydrogen bond
of the imidazole ring of His163. Combination of these findings
lead to the hypothesized binding mode shown in Figure 2c.
Despite of these postulated interactions the high chemical
reactivity and instability of pyridinyl esters raised the question,
whether the strong inhibitory activity of 1 was the result of an
unspecific acylation reaction or if they bind into the active
pocket of the Mpro of SARS-CoV-2 due to specific protein-ligand
interactions.

Activity and stability of 5-bromo-pyridinyl-3-ester 1

Inhibitor 1 with reported activity against the Mpro of SARS-CoV-
1[13] (Figure 1) was resynthesized in our group and tested as an
inhibitor of the main protease of SARS-CoV-2 in a fluorescence-
based assay using the FRET substrate Dabcyl-KTSAVLQSGFRKM-
E(Edans)-amide. When the inhibitor was incubated with the

enzyme for 30 s before adding the substrate, it revealed an IC50

value of 15 nM (Table 1, for all methods and analytical data see
Supporting Information). The high activity made this compound
an interesting starting point for the development of acylating
inhibitors. Next, the chemical stability of inhibitor 1 was
investigated in the assay buffer (HEPES-EDTA, pH 8) without the
target protease and DTT at room temperature (23 °C). After
30 min, degradation products were visible and after 24 h more
than 90 % of 1 was degraded according to HPLC-MS with UV
detection at 254 nm (Figure 3a–c). Interestingly, compound 1
yielded three decomposition products, namely the furan-2-
carboxylic acid 1a, the 5-bromo-pyridin-3-ol 1b and the trans-
esterification product of 1 with HEPES, compound 1c. As
expected for a non-activated aliphatic ester, 1c was stable
toward hydrolysis under the assay conditions.

Derivatives of halopyridinyl esters with increased chemical
stability

In order to improve the chemical stability of compound 1, the
pyridinyl ester moiety was replaced by more stable linkages
and the obtained derivatives were tested in the protease assay.
Replacement of the ester in lead compound 1 by an amide
resulted in compound 2 (Table 1). Compound 2 showed 33 %
inhibition of the Mpro at a concentration of 645 μM in the assay
and, as expected, was completely stable under assay conditions.
Replacement of pyridine by benzene yielded the 3-bromo-
phenyl ester 3, which displayed an IC50 value of 14 μM, almost
1000 times higher than lead compound 1. The considerably
reduced activity of 3 could result from the missing interaction
of the pyridine nitrogen with the amino acid His163 in the S1
pocket or from the lower reactivity of phenyl vs. pyridinyl ester
with nucleophiles.

In order to increase the stability of pyridinyl esters while
retain the pyridine fragment, a set of carbamates and carbo-
nates was synthesized and the respective IC50 values with SARS-
CoV-2 Mpro were determined (Table 1). The best inhibitor of this
series was the 5-bromo-pyridinyl-ethyl carbonate 4, being active

Figure 2. Postulated binding modes of a glutamine-containing peptide (a) as the natural substrate into the S1 pocket, the oxyanion hole and the covalent
binding to the catalytic site Cys145 of the main protease of SARS CoV-2 and the comparison of the interactions with pyrrolidine-2-one derived from the
crystal structure of nirmatrelvir (PDB-ID: 7VLP)[21] (b) and pyridinyl esters (c).
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in the nanomolar range (0.34 μM). The corresponding
carbamate 5 was more than 100 times less potent with an IC50

of 45 μM. Compound 6, the 5-chloro analog of 4, showed a

small decrease of inhibitory activity with an IC50 of 0.65 μM.
Increasing the size of the carbonate substituent from O-ethyl to
O-benzyl, O-isobutyl, O-isopropyl or O-tert-butyl in compounds
7–10 consistently decreased the inhibitory potency. N-Phenyl
carbamate 11 was only weakly active, while N-dimethyl
carbamate 12, thiocarbamate 13 and the 5-bromo-pyridinyl-3-
sulfonates 14 and 15 even at 645 μM showed less than 50 %
inhibition. The 5-chloro-pyridinyl-3-esters 16[15a] and 17[15b,c, 22]

were synthesized according to literature reports and showed
similar inhibition of Mpro as the lead compound 1.

In general, all synthesized compounds showed higher IC50

values compared to the original compound 1. Accordingly, we
expected lower reactivity with nucleophiles and higher stability
in buffer. Stability experiments with 4 over 24 h in HEPES-EDTA
buffer at 23 °C showed improved stability with apparently less
than 50 % degradation after the experiment. (Figure 3d, e) Due
to different UV absorption of compounds and degradation
products a quantification of remaining inhibitor was difficult for
both 1 and 4, respectively. For quantification of the degrada-
tion, representative compounds 1, 4–7, and 17, the latter
reported to be active in VeroE6 cells infected with SARS-CoV-
2,[15b] were dissolved in HEPES-EDTA buffer at pH 8. Samples
were taken at the beginning and every hour and measured
with an LC/MS-QToF system for 15 h at 24 °C. The amount of
remaining inhibitor was plotted against time in percent (Fig-
ure 3f). It was attempted to include compound 16 in this study,
however, this reported inhibitor showed low solubility resulting
in precipitation in buffer up to 10 μM.

Bromo pyridinyl ester 1 was hydrolyzed rapidly to a
remaining amount of about 20 % after 15 h. Carbonates 4 and 6
displayed a higher resistance against nucleophiles and very
similar stability with 62 % and 63 % remaining inhibitor,
respectively. Apparently, the type of halogen atom (bromine vs.
chlorine) had little impact on the stability. Carbamate 5 was less
stable in assay buffer than the corresponding O-ethyl-carbo-
nates 4 and 6 showing strong hydrolysis already after 1 h with a
residual amount of only 18 %. After 3 h, the compound was
almost completely hydrolyzed, having a poorer stability than 1.
This observation was interesting as carbamates have often been
employed in drug design in order to increase the stability of
esters.[23] The observed chemical instability of 5 could be the
reason for the lower inhibitory activity of this carbamate
compared to the carbonates 4 and 6. Apparently in carbamate
5, n-electron donation by the N-ethyl substituent does not
stabilize the carbamate through resonance, but instead accel-
erates elimination of the good leaving group 3-hydroxy-
pyridine resulting in the intermediary formation of N-ethyl
isocyanate. Subsequently, the isocyanate adds water and
decarboxylates to the primary amine or can react further with
another primary amine to deliver the N,N'-disubstituted urea as
product. In the case of the N-phenyl carbamate 11, N,N'-
diphenyl urea was indeed the main degradation product found
already during synthesis and work-up. The higher reactivity of
11 can be explained by the favorable elimination of phenyl
isocyanate. The proposed cleavage mechanism of carbamates
can also rationalize the increased stability of compounds 12
and 13, which cannot eliminate isocyanate due to N,N-

Table 1. Synthesized pyridinyl ester derivatives as inhibitors of the Mpro of
SARS-CoV-2 and their inhibitory activity.[a]

Compd Inhibition at 645 μM
[%]

IC50

[μM]

1[b] 100 0.015

2 33 –

3 100 14

4 100 0.34

5 99 45

6 100 0.64

7 100 1.1

8 100 0.89

9 100 1.9

10 83 >100

11 94 >100

12 44 –

13 8 –

14 39 –

15 31 –

16 100 0.15
(0.034)[c]

17 100
0.19
(0.25)[c]

[a] Raw data and S.D. values are in the Supporting Information. [b]
Compound 1 was already reported as an inhibitor of the Mpro of SARS-
CoV-1 with an IC50 of 50 nM.[13] [c] Reported IC50 values from literature.[15a,b]
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disubstitution. The O-benzyl carbonate 7 showed higher
stability than 1 with 39 % residual compound at the end of the
experiment but was less stable than the O-ethyl carbonates 4
and 6. The ester 17 showed comparable stability as 4 and 6
with a residue of intact inhibitor of 71 % after 15 h.

Characterization of reversibility and cellular testing

After evaluation of the chemical reactivity of our compounds,
next thing was to characterize the stability of the covalent acyl-
enzyme product. For this purpose, dilution assays were
conducted with inhibitors 1, 4, 6, 7, 16, and 17 to investigate

Figure 3. Chemical stability of protease inhibitors. a. Incubation of antiviral protease inhibitors in HEPES-EDTA buffer, pH 8 over time and their proposed
mechanism of degradation. b, c. Incubation of 1 for 30 min and 24 h shows the instability toward nucleophiles, yielding hydrolysis products 1a and 1b as well
as transesterification product 1c. d, e. Incubation of compound 4 in HEPES-EDTA buffer indicates improved stability under FRET assay conditions. f.
Quantitative determination of the degradation of compound 1, 4–7 and 17 in HEPES-EDTA buffer, pH 8 over 15 h at 24 °C.
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the kinetic stability of the covalent enzyme-inhibitor complex
and the hydrolysis of the thioester bond to Cys145, respectively
(Figure 4a). Inhibitors were tested in the FRET assay at 10-fold
IC50 concentration showing the complete inhibition of SARS-
CoV-2 Mpro under these conditions for all compounds but for
inhibitor 1, for which even at 10-fold IC50 concentration, the
enzyme activity was restored gradually. In the dilution assay,
the same inhibitors were first incubated with the enzyme at a
10-fold IC50 concentration. Subsequently, the samples were
diluted by the factor of 100 to a concentration of 0.1 × IC50 and
measured in the FRET assay. In the case of reversible inhibitors,
the protease activity will be restored after dilution, while
irreversible inhibitors will show complete inhibition before and
after dilution. For compounds 1 and 16, the activity was
completely and immediately restored, whereas 4, 6, 7 and 17
displayed the instantaneous but only partial recovery of the
enzyme activity after dilution. These results suggest a reversible
effect for all 6 compounds, but different stabilities of the acyl-
enzyme intermediates. The carbonate inhibitors 4, 6, and 7
showed the lowest recovery of enzyme activity of less than
30 % indicating the higher stability of protein thiocarbonate
esters compared to protein thioester products derived from
inhibitors 1 and 16, and 17.

In order to rationalize the binding modes of the most
promising inhibitors 4 and 7, we docked both compounds into
the prepared X-ray crystal structure of Mpro (PDB-ID: 6Z2E)[6a] as
described in the Methods section. Both inhibitors establish the
crucial hydrogen bond to the imidazole of His163 in the S1
pocket of the protease[18] via the pyridine moiety. Both

inhibitors 4 and 7 establish lipophilic contacts between the
pyridine moiety and bromide rest and side chains of the
residues Phe140, Leu141, and Glu166 (Figure 5). The carbonyl
group in both inhibitors shows two hydrogen bonds each to
the NH group in the backbone of residues Gly143 and Cys145
placed in the oxyanion hole. These interactions might ensure a
favorable geometry for the covalent binding to the closely
placed sulfur atom of Cys145.[18] The ethyl group in 4 and
benzyl group in 7 establish lipophilic contacts to residues Thr25
and Leu27. The obtained favorable binding geometries for
compounds 4 and 7 support the experimentally found building
of stable covalent products.

As these improved stabilities of the inhibitors and their
covalent enzyme products appeared to be very promising,
investigation of the antiviral activity of 4 and 7 in infected Calu-
3 cells with SARS-CoV-2 was performed. Both compounds were
nontoxic toward human A549 cells up to 100 μM (Figure 4b, SI).
Unfortunately, the infection assay showed no inhibition of viral
replication at 10 or 50 μM with the compounds 4 and 7
(Figure 4c). One possible explanation could be still the lacking
stability of the halopyridinyl carbonates.

Optimizing the pyridine- electrophile distance in SARS-CoV-2
Mpro inhibitors

Due to the rapid hydrolysis of pyridinyl esters and their protein
acylation products, covalent reversible electrophiles were
investigated in pyridine-electrophile combinations. In the first

Figure 4. Stability of the enzyme-inhibitor complex and cellular testing. a. Dilution assays of 1, 4, 6, 7, 16 and 17 with the Mpro of SARS-CoV-2 from 10x IC50 to
0.1x IC50 revealed reversibility for all six inhibitors. Incomplete regeneration of protease activity with 4, 6, 7 and 17 might suggest higher stability of the acyl-
enzyme products of these compounds. b. Compounds 4 and 7 displayed no cytotoxicity toward A549 cells up to 100 μM. c. Infection assays of 4 and 7 with
SARS-CoV-2 in Calu-3 cells showed no inhibition of viral replication at 10 and 50 μM.
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place, pyridine-aldehyde combinations 18–21 were obtained
and tested in order to scrutinize various pyridine electrophile
distances for inhibition (Table 2).

Nicotinaldehyde 18 showed partial inhibition of 27 % at
1.6 mM concentration. The docking of 18 revealed that the
carbonyl group of the inhibitor can reach the oxyanion hole
and establish a covalent bond with Cys145 (Figure 6b). In
additions, compound 18 displayed binding to the S1 pocket via
the pyridine moiety and interacted with the imidazole residue
of His163 as a hydrogen bond acceptor (Figure 6b). As a
surrogate parameter for the strength of this hydrogen bond, we
measured the angle between the nitrogen lone pair of the
pyridine moiety in 18 and the imidazole N� H bond in His163 of
ca. 140°. This value compared to a favorable range of 150°–
180°[24] suggested a weak hydrogen bond between 18 and
His163 supporting the experimentally determined weak inhib-
itory activity. The homolog of 18, 2-(pyridine-3-yl)-acetaldehyde
19 was predicted to bind to the imidazole of His163 via a
hydrogen bond also with an H-bond angle of 140°, placing the
carbonyl carbon of 19 closely to the thiol nucleophile of Cys145

and enabling H-bonding of the carbonyl oxygen with the side
chain OH group of Ser144. Thus, the obtained docking pose
suggested the subsequent formation of a covalent hemithioa-
cetal intermediate (Figure 6c). Aldehyde 19 was prepared in 2
steps starting with a Grignard reaction of pyridine-3-yl
magnesium bromide with allyl acetate yielding 3-allyl-pyridine
19a.[25] (see Supporting Information Figure 2) The allyl inter-
mediate 19a was bis-hydroxylated with ruthenium dioxide and
cleaved in-situ using sodium periodate.[26] Isolation of aldehyde
19 in pure form, however, was difficult due to the instability
and high reactivity of this compound. Careful evaporation of
solvents yielded compound 19 in monomeric form as indicated
by LC–MS (see Supporting Information Figure 23). The crude
product was tested directly after the synthesis for inhibitory
activity against the Mpro yielding 63 % inhibition at 1.6 mM
indicating an IC50 value in the low mM range. Investigation of
the stability revealed the clean oxidative degradation of 19 to
the aldehyde 18 as proven by NMR. The further homologated
3-(pyridinyl-3)-propanal 20 was synthesized via an oxidation
starting of the primary alcohol precursor and led to virtually

Figure 5. Binding hypotheses of inhibitors 4 and 7 in their noncovalent state before the addition-elimination reaction with the catalytic Cys145 of the Mpro

(grey and green ribbon). a. The global view on the Mpro dimer and the substrate-binding site. Predicted binding modes of inhibitors 4 (b.) and 7 (c.). Color
code: white spheres and grey sticks- carbon atoms, red spheres and sticks- oxygen atoms, blue spheres and sticks- nitrogen atoms, yellow sticks- sulfur atoms.
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complete inhibition of SARS-CoV-2 Mpro at 1.6 mM yielding an
IC50 value of 117 μM. The improved inhibitory activity of 20
compared to the compounds 18 and 19 correlated well with
the docking experiment and suggesting that the electrophile in
a meta-C3 position was superior to meta-C2 and meta-C1
positions. The obtained binding mode of 20 showed a hydro-
gen bond between the pyridine nitrogen of the inhibitor and
the imidazole group of His163 in the S1 pocket (Figure 6d). The
measured angular deviation of the N atom of pyridine moiety in
20 from the imidazole N� H plane in His163 of 170° was
negligible indicating the formation of an energetically favorable

hydrogen bond. The oxygen atom of 20 establishes a hydrogen
bond to the backbone amide NH group of Cys145 in the
oxyanion hole, enabling the reversible formation of a covalent
hemithioacetal intermediate (Figure 6d). The electrophilicity of
the meta-C3 position was further increased by introducing an
olefinic double bond in the side chain providing the more rigid
3-(pyridinyl-3)-prop-2-enal 21. A Wittig reaction starting from
nicotinaldehyde 18 furnished compound 21 with an E/Z ratio of
9 : 1, displaying a significantly improved IC50 of 25 μM (Table 2).
Introduction of the 5-bromo substituent in compound 22
further increased the inhibitory activity to an IC50 value of
1.8 μM. The unsaturated aldehydes 21 and 22 were chemically
stable other than the reactive aliphatic aldehyde 19. According
to modelling, compounds 21 and 22 docked into the S1 pocket
enabling the attack of Cys145 at the olefinic C1 position,
placing the aldehyde carbonyl into the oxyanion hole.

Next, we wanted to investigate, whether these activity-
enhancing effects could be transferred to other C-electrophiles
besides aldehydes. Nicotinonitrile 23 (with meta-C1 substitu-
tion) and 2-(pyridin-3-yl)-acetonitrile 24 (with meta-C2 substitu-
tion) showed only 13 % and 20 % inhibition at 1.6 mM, while
homologation to meta-C3 substitution and desaturation to 3-
(pyridin-3-yl)-acrylonitrile 25 increased inhibitory activity to
50 %. As the nitrile residue was expectedly less electrophilic
than an aldehyde residue, introduction of a second electron-
withdrawing substituent was conducted to increase electro-
philicity. As a result, 2-(pyridin-3-yl-methylene)-malononitrile 26
– the Knoevenagel product of 18 and malononitrile – was
obtained improving the inhibitory potency strongly to an IC50

value of 81 μM. Addition of another electron withdrawing
group in compound 27, the 5-bromo substituent, increased the
inhibitory activity further to an IC50 value of 22 μM. As seen
before for the aldehydes 21 and 22, the activities of nitriles 25–
27 were increased by introduction of the electrophilic olefinic
double bond enabling Michael addition of Cys145. Replacement
of the nitrile substituent by the less electron-withdrawing and
less electrophilic ethyl carboxylate in ethyl (E)-3-(pyridin-3-yl)-
acrylate 28 displayed weaker inhibition with only 33 % at
1.6 mM. The proposed mechanism of inhibition included the
nucleophilic attack of the cysteine to the olefinic double bond
instead of the ester carbonyl. However, additional modified
analogues of this compound were not synthesized and
investigated due to the poor inhibitory activity of 28. Instead,
further substituted acrylonitriles 29–35 were synthesized from
pyridinyl-aldehydes 18–22 with CH acidic fragments using
Knoevenagel condensation reactions, to create Michael accept-
ors with the same mechanism of inhibition as compound 28. In
all tested compounds the combination of the pyridine fragment
with the acrylonitrile as electrophile led to inhibition of SARS-
CoV-2 Mpro. Inhibitors 29, 32, and 33 with 2-cyano-acrylamides
as electrophilic head group displayed 83 %, 71 %, and 96 %
inhibition at 1.6 mM, respectively. Stronger inhibition was
observed for the cyano-ketones 30 and 34. These structures
were pyridine-3-yl-substituted 2-(4-methoxy-benzoyl)-acryloni-
triles with IC50 values of 117 and 80 μM, respectively. Introduc-
tion of 5-bromo substituent in both compounds led to 31 and
35 with IC50 values of 94 μM and 86 μM (Table 2). Comparison

Table 2. Tested pyridinyl fragments with different electrophiles and their
inhibitory activity against the Mpro of SARS-CoV-2.[a]

Compd Inhibition at 1.6 mM
[%]

IC50

[μM]

18 27 –

19 62[b] –

20 95 117

21 100 25

22 100 1.8

23 13 –

24 20 –

25 50 –

26 89 81

27 87 22

28 33 –

29 83 >400

30 93 117

31 96 94

32 71 >500

33 96 155

34 84 80

35 99 86

[a] Raw data and S.D. are in the Supporting Information. [b] Tested from
crude product.
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of the IC50 values of all tested compounds reveal that aldehydes
are superior to nitriles as electrophiles and electron with-
drawing groups, which are more effective than keto- and amide
substituents, preferably in meta-3C position to the pyridine
fragment.

Conclusions

In this study we investigated the suitability of covalent,
fragment-based inhibitors of the SARS-CoV-2 main protease
containing the pyridine residue. In the first part, acylating
inhibitors were investigated, including the 5-halo-pyridinyl-3-
carboxylates 1, 16, and 17, as well as the newly synthesized 5-
halo-pyridinyl-carbonates 4 and 6–10 and the carbamate 5.
Several of these active esters and carbonates showed potent

inhibition of SARS-CoV-2 main protease in protein-based assays
in the lower nanomolar range. A detailed investigation revealed
that several of the inhibitors, especially active ester 1 and
carbamate 5 hydrolyzed rapidly in physiological assay buffer,
while carbonates 4, 6 and 7 and the indole-carboxylate ester 17
were more stable. Even more relevantly, a kinetic dilution assay
revealed that the acyl-enzyme intermediates formed during
inhibition hydrolyzed rapidly under physiological assay con-
ditions resulting in the irreversible deactivation of the inhibitors.
Considering the numerous articles on acylating inhibitors of
SARS CoV-2 main protease, we find this observation note-
worthy. The new carbonates 4, 6 and 7 displayed a higher
stability against nucleophiles as well as a higher stability of the
covalent protease-inhibitor complexes than the previously
reported inhibitors 1, 16, and 17. However, despite of their
higher chemical and biochemical stability, the best pyridine-3-

Figure 6. Binding hypotheses of inhibitors 18, 19, and 20 in their covalent state after the addition reaction with the catalytic Cys145 of the main protease
(grey and green ribbon). a. The global view on the Mpro dimer and the substrate-binding site. Predicted binding modes of inhibitors 18 (b.), 19 (c.), and 20 (d.).
Color code: white spheres and grey sticks- carbon atoms, red spheres and sticks- oxygen atoms, blue spheres and sticks- nitrogen atoms, yellow sticks- sulfur
atoms.
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carbonate esters 4, 6 and 7 did not inhibit the proliferation of
SARS-CoV-2 in virus-infected Calu-3 cells.

As a consequence, the development of covalent reversible
pyridine-containing fragments with distinct binding affinity to
the S1 pocket of the SARS-CoV-2 main protease was inves-
tigated as a starting point for chemically stable fragment-based
inhibitors. A systematic variation of electrophiles with various
distances to the pyridine fragment revealed the meta-3-position
as being most effective for the simultaneous binding of the
pyridine fragment to the S1 pocket of the enzyme, the
nucleophilic attack of the Cys145 at the electrophile and the H-
bonding of the latter to the oxyanion hole of the catalytic site.
Aldehydes were found to be superior electrophiles to nitriles,
ketones, and amide residues. The highest inhibitory activity was
obtained for compound 22 with an IC50 value of 1.8 μM,
indicating high ligand efficiency of this small fragment with a
molecular weight of 211 g/mol and constituting a powerful
starting point for further drug development. These results
confirm the possibility to develop covalent and reversible
fragment inhibitors of SARS-CoV-2 main protease with pyridine
binding to the active site, which might overcome the limitations
of the acylating inhibitors reported before.

Experimental Section
Additional protocols and reaction schemes for the chemical
synthesis of compounds 1–35 as well as other methodological
information are reported in the Supporting Information. Identity
and purity (>95 %) of all compounds were determined by
chromatography (silica or RP-18 HPLC), by fully assigned 1H- and
13C-NMR spectra, by high-resolution mass spectra.

5-Bromopyridin-3-yl ethyl carbonate (4)

5-Bromopyridin-3-ol (201.6 mg, 1.16 mmol) was dissolved in DCM
(4 ml). Diethyl dicarbonate (330 μl, 2.3 mmol) and scandium(III)
trifluoromethanesulfonate (54.2 mg, 0.12 mmol) were added and
the mixture was stirred at 40 °C for 23 h. After evaporation of the
solvent, the residue was purified via MPLC (hexane/ ethyl acetate)
yielding 5-bromopyridin-3-yl ethyl carbonate as a light yellow liquid
(159.9 mg, 56 %).[27] 1H NMR (600 MHz, DMSO-d6): δ [ppm]=8.66 (d,
J=2.0 Hz, 1H), 8.58 (d, J=2.1 Hz, 1H), 8.19 (t, J=2.2 Hz, 1H), 4.29 (q,
J=7.1 Hz, 2H), 1.30 (t, J=7.1 Hz, 3H). 13C NMR (151 MHz, DMSO-d6):
δ [ppm]= 152.28, 147.97, 147.58, 141.86, 132.33, 119.39, 65.40,
13.90. ESI-HRMS: [M+ H+] calculated for C8H9BrNO3

+ : 245.9760 Da,
found: 245.9775 Da. Rf: 0.82 (hexane/ ethyl acetate, 50/50).

5-Bromopyridin-3-yl ethylcarbamate (5)

A Schlenk flask was heated and flushed with argon. 5-Bromopyr-
idin-3-ol (200.1 mg, 1.15 mmol) was added and dissolved in dry
DCM (4 ml). After cooling to 0 °C, triethylamine (30 μl, 0.23 mmol)
and ethyl isocyanate were added dropwise via syringe. The mixture
was stirred for 30 min at rt. After completion, the solvent was
evaporated. The crude product was purified with MPLC (hexane/
ethyl acetate) and HPLC (water/acetonitrile with 0.1 % TFA).
Lyophilization in water/ acetonitrile yielded 5-bromopyridin-3-yl
ethylcarbamate as a white solid (40.7 mg, 17 %).[28] 1H NMR
(500 MHz, DMSO-d6): δ [ppm] =8.56 (dd, J= 2.0, 0.4 Hz, 1H), 8.42
(dd, J =2.4, 0.5 Hz, 1H), 8.04–8.01 (m, 1H), 8.00 (t, J= 2.2 Hz, 1H),

3.11 (m, J= 7.2, 5.6 Hz, 2H), 1.09 (t, J=7.2 Hz, 3H). 13C NMR
(126 MHz, DMSO-d6): δ [ppm] =153.16, 147.94, 146.67, 142.19,
132.43, 119.25, 35.47, 14.68. ESI-HRMS: [M+ H+] calculated for
C8H10BrN2O2

+ : 244.9920 Da, found: 244.9927 Da. Rf: 0.29 (hexane/
ethyl acetate, 70/30).

Benzyl (5-bromopyridin-3-yl) carbonate (7)

A Schlenk flask was heated and flushed with argon. 5-Bromopyr-
idin-3-ol (203.5 mg, 1.17 mmol) was dissolved in dry DCM (4 ml).
The mixture was cooled to 0 °C and benzyl chloroformate (22 μl,
1.40 mmol) was added dropwise. After stirring for 2 h at rt, the
reaction was diluted with DCM and washed with saturated sodium
bicarbonate solution and water. Purification with MPLC (hexane/
ethyl acetate) of the crude product yielded benzyl (5-bromopyridin-
3-yl) carbonate as a white yellow solid (270.9 mg, 75 %).[29] 1H NMR
(500 MHz, DMSO-d6): δ [ppm] =8.67 (dd, J= 2.0, 0.5 Hz, 1H), 8.60
(dd, J =2.3, 0.5 Hz, 1H), 8.23 (t, J=2.2 Hz, 1H), 7.51–7.35 (m, 5H),
5.31 (s, 2H). 13C NMR (126 MHz, DMSO-d6): δ [ppm] =152.27,
148.07, 147.59, 141.83, 134.61, 132.31, 128.71, 128.60, 128.48,
119.41, 70.50. ESI-HRMS: [M+H+] calculated for C13H11BrNO3

+ :
307.9917 Da, found: 307.9933 Da. Rf: 0.64 (hexane/ ethyl acetate,
70/30).

3-Allylpyridine (19a)

A Schlenk flask filled with Mg turnings (730.7 mg, 30 mmol), LiCl
(1063.8 mg, 25 mmol) and a stirring bar was heated three times
with a heat gun and flushed with argon after cooling down to
room temperature. Dry THF (35 ml) was added followed by
DIBAL� H (500 μl, 0.5 mmol). After 10 min of stirring at room
temperature, 3-bromopyridine (1950 μl, 20 mmol) was added slowly
to the mixture and stirred for 1 h. FeCl3 (83.3 mg, 0.5 mmol) and
allyl acetate (1101.3 mg, 10 mmol) were added and the mixture was
stirred for another 15 min at room temperature before heating to
40 °C. The reaction was quenched after 30 min of heating with
saturated sodium bicarbonate solution. The resulting mixture was
extracted three times with ethyl acetate. The combined organic
layers were washed with saturated sodium bicarbonate and dried
with sodium sulfate. The brown liquid was purified with MPLC
(DCM/ methanol). Careful removal of the solvent yielded 3-
allylpyridine as a slightly yellow oil (472.5 mg, 36 %).[25] 1H NMR
(500 MHz, CDCl3): δ [ppm] =8.46 (dt, J=3.1, 1.6 Hz, 2H), 7.50 (dqd,
J=7.8, 1.6, 0.9 Hz, 1H), 7.25 – 7.18 (m, 1H), 5.94 (ddtd, J=16.7, 10.1,
6.6, 1.4 Hz, 1H), 5.17 – 5.03 (m, 2H), 3.39 (dd, J =6.7, 1.6 Hz, 2H). 13C
NMR (151 MHz, CDCl3): δ [ppm] =150.22, 147.79, 136.29, 136.21,
135.40, 123.46, 116.92, 37.34. ESI-MS: [M+ H+] calculated for
C8H10N

+ : 120.08 Da, found: 120.0. Rf: 0.76 (DCM/ methanol, 90/10).

2-(Pyridin-3-yl)-acetaldehyde (19)

Sodium periodate (769.4 mg, 3.6 mmol) was dissolved in water
(7 ml) and the pH was adjusted to 3–4 with 1 M HCl. 3-Allylpyridine
(99.8 mg, 0.84 mmol), dissolved in DCM (7 ml) was added to the
previous mixture. After cooling to 0 °C, ruthenium(IV) oxide
(13.8 mg, 0.1 mmol) was added to the reaction and stirred for 2 h.
The reaction was quenched with isopropanol (1 ml) and saturated
sodium bicarbonate solution to adjust a pH of 8–9. The mixture was
filtrated over Celite and extracted three times with DCM. The
combined organic layers were washed with saturated sodium
bicarbonate solution and dried over sodium sulfate. The solvent
was evaporated carefully without heating and yielded 2-(pyridin-3-
yl)-acetaldehyde 19 as yellow brown oil with impurities of aldehyde
18. The crude product was tested immediately without further
purification.[26] As the compound was found to be very unstable, its
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identity could only be confirmed by mass spectrometry. ESI-MS: [M
+H+] calculated for C7H8NO+ : 122.06 Da, found: 122.0 Da. Crude
product 19 was quantitatively degraded oxidatively yielding a clean
NMR spectrum of aldehyde 18 after 14 h.

3-(Pyridin-3-yl)-propanal (20)

In an oven dried Schlenk flask flushed with argon, DMP (769.0 mg,
1.81 mmol) was dissolved in dry DCM (4 ml) under argon atmos-
phere. After cooling to 0 °C, 3-(pyridine-3-yl) propan-1-ol (128.0 mg,
0.93 mmol) was added. The reaction was allowed to warm to room
temperature and stirred for 4 h. The reaction was quenched with
saturated sodium bicarbonate solution. The resulting mixture was
extracted three times with ethyl acetate. After combining, the
organic layers were washed with saturated sodium bicarbonate
solution and dried with MgSO4. Purification of the crude product
with HPLC (water/ acetonitrile with 0.1 % TFA) yielded 3-(pyridin-3-
yl)-propanal as a yellow oil (44.8 mg, 36 %).[30] 1H NMR (500 MHz,
CDCl3): δ [ppm] =9.70 (d, J =0.9 Hz, 1H), 8.87 – 8.64 (m, 2H), 8.25 (d,
J=8.0 Hz, 1H), 7.82 (s, 1H), 2.99 (dd, J= 7.8, 5.3 Hz, 2H), 2.95 – 2.90
(m, 2H). 13C NMR (151 MHz, CDCl3): δ [ppm]=202.21, 144.14,
142.80, 142.16, 43.22, 24.49. ESI-HRMS: [M+ H+] calculated for
C8H10NO+ : 136.0757 Da, found: 136.0765 Da.

(E)/ (Z)-3-(Pyridin-3-yl)-acrylaldehyde (21)

(Triphenylphosphoranylidene)-acetaldehyde (1339.7 mg, 4.4 mmol)
was dissolved in dry toluene (27 ml) in an oven-dried Schlenk flask
under argon atmosphere and 3-pyridinecarboxaldehyde (375 μl,
4 mmol) was added to the solution. The reaction was stirred for
24 h at 80 °C. After removal of the solvent, the residue was diluted
with cold diethyl ether. The precipitate was filtered off and washed
with cold diethyl ether. The filtrate was evaporated and purified
with MPLC (hexane/ ethyl acetate) yielding (E)/ (Z)-3-(pyridin-3-yl)-
acrylaldehyde 9 : 1 as a yellow solid (393.8 mg, 74 %).[31] 1H NMR
(600 MHz, DMSO-d6): δ [ppm]= 9.71 (d, J=7.7 Hz, 1H), 9.62 (d,
0.1H), 8.91 (d, J= 2.3 Hz, 1H), 8.79 (d, 0.1 H), 8.64 (dd, J=4.8, 1.6 Hz,
1H), 8.53 (dd, 0.1 H), 8.21 (dt, J =7.9, 1.9 Hz, 1H), 8.06 (dt, 0.1 H),
7.79 (d, J=16.1 Hz, 1H), 7.53 (d, 0.1H), 7.51- 7.48 (m, 1H), 7.45- 7.43
(m, 0.1H), 7.03- 6.99 (dd, J=16.1, 7.7 Hz, 1H), 6.33- 6.29 (dd, 0.1H).
13C NMR (151 MHz, DMSO-d6): δ [ppm]=194.35, 194.20, 152.07,
151.63, 150.08, 150.00, 149.61, 149.15, 138.35, 135.07, 133.76,
132.20, 131.47, 130.10, 129.94, 128.66, 124.10, 123.97. ESI-HRMS: [M
+H+] calculated for C8H7NO+ : 133.0528 Da, found: 133.0521 Da. Rf:
0.25 (hexane/ ethyl acetate, 50/50).

(E)-3-(5-Bromopyridin-3-yl)-acrylaldehyde (22)

5-Bromopyridine-3-carbaldehyde (745.7 mg, 4.0 mmol) and (triphe-
nylphosphoranylidene)-acetaldehyde (1340.3 mg, 4.4 mmol) were
dissolved in an oven dried Schlenk flask under argon atmosphere in
dry toluene (24 ml). The reaction was stirred for 24 h at 80 °C. After
removal of the solvent, the residue was diluted with cold diethyl
ether. The precipitate was filtered off and washed with cold diethyl
ether. The filtrate was evaporated and purified with MPLC (DCM/
methanol) yielding (E)-3-(5-bromopyridin-3-yl)-acrylaldehyde as a
beige solid (322.9 mg, 38 %).[31] 1H NMR (600 MHz, DMSO-d6): δ
[ppm] =9.70 (d, J= 7.6 Hz, 1H), 8.90 (d, J= 1.9 Hz, 1H), 8.76 (d, J=

2.2 Hz, 1H), 8.54 (t, J=2.1 Hz, 1H), 7.74 (d, J=16.1 Hz, 1H), 7.09 (dd,
J=16.1, 7.6 Hz, 1H). 13C NMR (151 MHz, DMSO-d6): δ [ppm]=

194.28, 151.96, 148.48, 147.75, 137.29, 131.95, 131.38, 120.77. ESI-
HRMS: [M+H+] calculated for C8H7BrNO+ : 211.9706 Da, found:
211.9710 Da. Rf: 0.80 (DCM/ methanol, 90/10).

Stability testing of 1and 4

For the stability testing of 1 and 4 inhibitor solution (10 μl, 20 mM
in DMSO) were mixed with buffer (300 μl, 100 mM HEPES, 1 mM
EDTA, pH 8) and shaken for 24 h at room temperature (22 °C).
Samples were taken at 30 min and after 24 h and measured with an
1100 LCMS system with an UV detector at 254 nm. HPLC
parameters: injection volume: 5 μl, column: Luna C18(2) (3 μM,
100 Å, 100 × 4.6 mm) from phenomenex, mobile phase: water (A),
acetonitrile (B) with 0.1 % formic acid, respectively, flow rate: 1 ml/
min, gradient: 0–5.5 min from 95/5 (A/B) to 1/99 (A/B), 5.5–10 min
1/99 (A/B), 10–12 min from 1/99 (A/B) to 95/5 (A/B).

Quantitative monitoring of degradation

For the quantitative determination of the degradation of com-
pound 1, 4–7 and 17 inhibitor solutions (5 μl, 20 mM in DMSO)
were mixed with buffer (995 μl, 100 mM HEPES, 1 mM EDTA, pH 8)
and measured over time for 15 h at 24 °C with an Agilent 6550
iFunnel Qtof coupled with an Agilent 1290 Infinity II UHPLC.
Samples were taken at the beginning and after every hour until the
end of the experiment. The evaluation was performed with Mass-
hunter QTOF-Quantification Software of Agilent. HPLC parameters:
injection volume: 10 μl, column: Zorbax Eclipse plus C18 RRHD
(1.8 μM, 95 Å, 2.1 × 50 mm) from Agilent, mobile phase: water (A),
acetonitrile (B) with 0.1 % formic acid, respectively, flow rate: 0.5 ml/
min, gradient: 0–8 min from 95/5 (A/B) to 5/95 (A/B), 8–9 min 5/95
(A/B), 9–10 min from 5/95 (A/B) to 95/5 (A/B), 0–1 min and 6–
10 min waste. QtoF parameters: positive mode, gas temperature
200 °C, gas flow 11 l/min, nebulizer 35 psig, sheath gas temperature
375 °C, sheath gas flow 11 l/min, octopole RF peak 750, fragmentor
175 V, nozzle voltage 500 V, Vcap 3500 V. Plotting of the percent-
age inhibitor concentration against the time and non-linear
regression was performed with GraphPad Prism.

Dilution assays

All dilution assays were performed using the procedure adapted
from Tauber et al.[6b] A solution of SARS-CoV-2 Mpro (9 μl, 10 μM)
was mixed with inhibitor stock solutions in DMSO (1 μl, 1: 2 μM, 4:
35 μM, 6: 65 μM, 7: 100 μM, 16: 15 μM, 17: 20 μM). The inhibitor
concentrations were chosen according to their IC50 values resulting
in total inhibition of the protease before dilution (10x IC50). The
mixture was shaken for 5 min and diluted afterwards with buffer
(650 μl, 100 mM HEPES, 1 mM EDTA, 100 μM DTT, pH 8). To 20 μl of
the diluted solution a FRET substrate solution (10 μl, 10 μM in
buffer, 0.5 % DMSO) was added and measured under FRET assay
conditions. The resulting inhibitor concentration equated to 0.1
times the IC50 value of the inhibitors. For controls SARS-CoV-2 Mpro

(9 μl, 10 μM) was mixed with DMSO (1 μl), 1 (1 μl, 200 μM), 4 (1 μl,
3.5 mM), 6 (1 μl, 6.5 μM), 7 (1 μl, 10 mM), 16 (1 μl, 1.5 mM) or 17
(1 μl, 2 mM) and treated in the same way. The resulting inhibitor
concentrations are 10 times higher than the IC50 values.

Molecular docking

In order to rationalize the binding modes of the carbonate- (4, 7)
and aldehyde-containing inhibitors (18, 19, 20), the inhibitors were
docked into the first-published X-ray crystal structure of the major
protease (Mpro) from the severe acute respiratory syndrome
coronavirus type 2 (SARS-CoV-2) with an atomistic resolution
containing a substrate-mimetic inhibitor (PDB-ID: 6Z2E)[6a] using
GOLD (version 5.2; Genetic Optimisation for Ligand Docking, The
Cambridge Crystallographic Data Centre, UK).[32] The protein
structure was prepared as a dimer that is the catalytically
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competitive form.[33] The water molecules, salt ions, and the co-
crystallized ligand molecule were removed. The protein was
protonated at pH of 7 and temperature of 300 K using
Protonate3D[34] algorithm included in MOE (version 2020.09,
Molecular Operating Environment, Chemical Computing Group
ULC, Montreal, Canada). The 3D conformations of compounds 4, 7,
18, 19, and 20 were prepared using Corina (version 3.0, Molecular
Networks GmbH Computerchemie, Erlangen, Germany). Inhibitors 4
and 7 were docked into the prepared Mpro structure by performing
ten genetic algorithm runs with 100 % search efficiency. The ASP[35]

function was used for scoring and ChemScore[36] for rescoring. The
binding site was defined as a sphere with a radius of 12 Å around
the sulfur atom in residue Cys145. The obtained docking con-
formations were minimized in the protein environment using the
Merck molecular force field 94 s (MMFF94s)[37] implemented in
LigandScout4.3.[38] The final binding hypothesis for each compound
was selected based on the ability to establish crucial hydrogen
bonds[18] to i) the NH group in the imidazole ring of His163 in the
S1 binding pocket and ii) the backbone NH group of Cys145 in the
oxyanion hole as detected by LigandScout.

The inhibitors 18, 19, and 20 were covalently docked into the
prepared Mpro structure using the same settings as for the inhibitors
4 and 7 described above. The sulfur atom in the catalytic residue
Cys145[18] in chain A was indicated as the covalently linking atom.
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