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A B S T R A C T   

Since end of 2019, the global and unprecedented outbreak caused by the coronavirus SARS-CoV-2 led to dra
matic numbers of infections and deaths worldwide. SARS-CoV-2 produces two large viral polyproteins which are 
cleaved by two cysteine proteases encoded by the virus, the 3CL protease (3CLpro) and the papain-like protease, 
to generate non-structural proteins essential for the virus life cycle. Both proteases are recognized as promising 
drug targets for the development of anti-coronavirus chemotherapy. Aiming at identifying broad spectrum agents 
for the treatment of COVID-19 but also to fight emergent coronaviruses, we focused on 3CLpro that is well 
conserved within this viral family. Here we present a high-throughput screening of more than 89,000 small 
molecules that led to the identification of a new chemotype, potent inhibitor of the SARS-CoV-2 3CLpro. The 
mechanism of inhibition, the interaction with the protease using NMR and X-Ray, the specificity against host 
cysteine proteases and promising antiviral properties in cells are reported.   

1. Introduction 

The outbreak of severe acute respiratory syndrome (SARS) [1] in 
2002, as well as the Middle-East respiratory syndrome (MERS) [2] in 
2012 and COVID-19 [3] since 2019 demonstrates the potential of 
coronaviruses to cross boundaries between species and highlights the 
importance of urgently developing efficient antiviral compounds with 
broad spectrum activity against this virus family. 

The newly emerged coronavirus SARS-CoV-2 is the seventh reported 
coronavirus having the potential to infect human. It is an enveloped, 
positive single-stranded RNA virus that can infect both humans and 

animals. Coronaviruses contain the largest known RNA genome encod
ing, in addition to the structural and accessory proteins, two large viral 
polyproteins, pp1a and pp1ab. These polyproteins are processed by two 
viral proteases, the papain-like protease (PLP) and the 3C-like protease 
(3CLpro, also known as the main protease Mpro) to generate a series of 
functional non-structural proteins essential for virus replication and 
transcription. 

The viral main protease (3CLpro), a 33.8 kDa cysteine protease with a 
non-classical Cys-His dyad (Cys145-His41) is active as a homodimer. As 
an essential component for the formation of the coronavirus replication 
complex, this protease is an attractive target for the development of anti- 
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coronavirus therapeutics. Moreover, the remarkable degree of conser
vation of this protease among the viruses of this family (96% sequence 
identity between the SARS-CoV-2 and SARS-CoV) is a strong asset to 
design pan-anti-coronavirus drugs to tackle not only the current SARS- 
CoV-2 but also potential future outbreaks of emergent human corona
viruses [4,5]. Interestingly, 3CLpro cleaves the polyprotein 1 ab at 11 
cleavage sites with a common cleavage sequence LQ↓(S/A/G) that is 
unusual for human proteases [6,7]. This may allow for identifying drug 
candidates with high specificity for the viral protease reducing un
wanted polypharmacology and potential side effects. 

Several 3CLpro inhibitors are currently in preclinical and clinical 
development for the treatment of COVID-19 [8–15]. Amongst the most 
potent compounds, GC-376, a peptidomimetic broad-spectrum antiviral 
agent developed for feline coronavirus infections, inhibits the replica
tion of noroviruses, picornaviruses, and coronaviruses [16]. Recently 
two other peptidomimetic broad-spectrum coronavirus 3CLpro inhibitors 
with high selectivity over human proteases; PF-07304814, a phosphate 
prodrug metabolized in vivo to the active moiety PF-00835231 was 
developed [17] and PF-7321332 (nirmatrelvir), a covalent inhibitor 
specifically designed to be administered orally, is currently approved 
[18]. However, the promising clinical results reported by Pfizer for 
nirmatrelvir are dependent upon coadministration with ritonavir as a 
pharmacokinetic (PK) enhancer. In addition to peptidomimetic in
hibitors that can be challenging in terms of selectivity and PK profile, 
novel non peptidomimetic small molecule pan-inhibitors of 3CLpro are 
also highly desirable to fight COVID-19 and potential emerging 
coronaviruses. 

Here we report the high-throughput screening of a large library of 
more than 89,000 small compounds on the 3CLpro of SARS-CoV-2 and 
the identification of a novel class of non-peptidomimetic small inhibitors 

with promising anti-coronavirus activity. 

2. Results and discussion 

2.1. Development of the enzymatic assay and high-throughput screening 

2.1.1. SARS-CoV-2 3CLpro expression 
It has been shown that extra amino-acid residues or affinity tags at 

either the N-terminus or C-terminus significantly decrease 3CLpro 

enzymatic activity via disturbing its dimerization and/or active site 
conformation. The native SARS-CoV-2 3CLpro was thus recombinantly 
expressed in Escherichia coli with a cleavable tag and purified to ho
mogeneity. The N-terminal 6 × His-SUMO tag that was later cleaved 
using SENP2 protease (His-tagged) to release the native SARS-CoV-2 
3CLpro without any extra residue at its extremities. The high yield for 
expression and purification (~100 mg/L culture) allowed us to work 
with a single batch of the protease leading to a high reproducibility of 
our enzymatic high-throughput screening. 

2.1.2. Enzyme characterization, assay development, validation of the assay 
with known inhibitors 

Aiming at rapidly developing a Förster Resonance Energy Transfer 
(FRET)-based assay and on the basis of the strong identity between 
SARS-CoV and SARS-CoV-2 main proteases, we have turned to a fluo
rogenic substrate previously reported to monitor the catalytic activity of 
the SARS-CoV 3CLpro [19]. The Dabcyl-KTSAVLQ/SGFRKME(Edans) 
substrate bearing the sequence between polypeptide nsp4-nsp5 junc
tion of SARS-CoV-2 was selected. The fluorescence resulting from the 
cleavage of this substrate by the protease was measured with a Victor 3V 
instrument (Perkin-Elmer) using excitation and emission wavelengths of 

Fig. 1. SARS-CoV-2 3CLpro expression and characterization. (a) SDS-PAGE of 3CLpro; the calculated molecular weight of the 3CLpro is 33,796 Da. (b) Michaelis- 
Menten plot of 15 nM 3CLpro with various concentrations of FRET substrate (c) Initial velocity plot of enzyme reaction with various concentrations of 3CLpro. (d) 
Principle of the enzymatic FRET-based assay used to monitor 3CLpro activity. Once the fluorogenic substrate is cleaved by the enzyme, the fluorophore (Edans) and 
the fluorescence quencher (Dabcyl) are spatially separated, resulting in an increase in fluorescence which is proportional to the enzyme activity. (e) SARS-CoV-2 
3CLpro inhibition by reference compounds. 3CLpro was pre-incubated 30 min with various concentration of GC-376 or boceprevir before FRET substrate addition 
and initial velocity measurement. Data are shown as mean ± SD of duplicates from representative experiments. 
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340(25) nm and 535(25) nm (Fig. 1d). Using this fluorogenic substrate, 
proteolytic activity of the 3CLpro was evaluated in a pH 7.4 buffer con
taining 50 mM HEPES, 0.1 mg/mL BSA, 0.01% Triton X-100 and 2 mM 
GSH. Due to the presence of a catalytic cysteine in the 3CLpro active site, 
glutathione (GSH) was added in the assay buffer to both maintain the 
catalytic cysteine in its active state and discard highly electrophilic 
compounds from the hit list ([GSH] = 100000 × [3CLpro]). Triton X-100 
has also been added to avoid non-specific inhibitory binding of the 
compounds with the protease by forming aggregate. We characterized 
the enzymatic activity of the recombinant SARS-CoV-2 3CLpro by 
determining the Michaelis-Menten constant (Km) value. Fluorogenic 
substrate concentrations ranging from 6 to 400 μM were used in this 
kinetic study with a fixed enzyme concentration of 15 nM. The initial 
velocity was measured and plotted against substrate concentration. 
Curve fitting with Michaelis-Menten equation gave the best-fit values of 
Km as 54 μM (Fig. 1b). Previously we had checked that the enzymatic 
reaction was linear for enzyme concentration between 3.1 nM and 25 
nM (Fig. 1c). 

As a too high substrate concentration could be detrimental for the 
purposes of identification of inhibitors that usually compete with sub
strate for the enzyme active site, we selected the lowest enzyme (15 nM) 
and substrate concentration (10 μM; 0.2 × Km) that yielded a strong, 
reliable and reproducible signal in the 384-well plate screening format 
(0.8 < Z’ < 0.9). Finally, tolerance to DMSO was evaluated and a final 
maximal DMSO concentration of 1% was used. To validate the enzyme 
assay, two known inhibitors of the SARS-CoV-2 3CLpro; GC-376 and 
boceprevir [16] were evaluated in the screening assay. Both compounds 
dose-dependently inhibited the enzyme activity with IC50 values of 4 
μM for boceprevir and 0.02 μM for GC-376, in line with the values re
ported in the literature (Fig. 1e). 

2.1.3. Primary high-throughput screening 
A library of 89,193 compounds, selected from commercial vendors or 

prepared by our chemists using state-of-the-art selection and design 
criteria, in terms of diversity and “drug/lead-likeness” properties, was 
screened at 30 μM against the SARS-CoV-2 3CL protease by enzymatic 
end-point fluorescence intensity assay in 384-well microplate format on 
a semi-automated system (Fig. 2). To allow detection of slow/tight 
enzyme binders, a 30-min pre-incubation of the compounds with the 
enzyme was applied before starting the reaction with the substrate. The 
fluorescence was measured after 30 min. Boceprevir at 4 μM (IC50 value) 
and 40 μM (10 x IC50) was used as a positive reference compound in each 
plate. The HTS demonstrated robust performance with an average Z’ 
factor of 0.85. 

The cut-off to select hits was set to 50% inhibition of the enzyme 
activity in order to focus on the most potent inhibitors. 213 compounds 

were thus cherry-picked from our inventories or repurchased. They were 
retested in the same assay in dose–response experiments to determine 
their IC50 values. In parallel the compounds were tested at the highest 
concentration (100 μM) without enzyme in order to test for fluorescence 
signal interference. Following the enzyme omission test, 20 compounds 
were retested in a continuous kinetic assay that allows rate calculation, 
for confirmation. The DMSO stock solutions of the 176 compounds were 
controlled for purity and identity by LCMS. From these 176 compounds, 
35 were then selected and repurchased based on chemical structures, 
synthetic access and IP criteria. Finally, 42 confirmed hits were selected 
using a cut-off of maximal inhibition greater than 50% and IC50 less than 
10 μM (Fig. 2). 

We report here the identification and characterization of a dithio
carbamate 3CLpro inhibitor that represents a novel chemical series with 
promising anti-coronavirus activity (compound 1, Fig. 3). 

2.2. Hit compound 1 characterization 

2.2.1. Slow binding inhibitor 
Compound 1 was retested with or without a 60-min pre-incubation 

step before substrate addition. As can be seen in the concentration- 
effect curve (Fig. 4a), the IC50 is lower when the compound is pre- 
incubated suggesting that the kon is significantly lower than the diffu
sion rate. 

2.2.2. Effect of reducing agents on inhibitory potency 
Enzymatic assays for the SARS-CoV-2 3CLpro inhibition were per

formed with different reducing conditions classically used with cysteine 
protease (Fig. 4b). We obtained highly decreased potencies for com
pound 1 in reducing conditions (IC50 = 0.008 μM without reducing 
agent, 1.75 μM with 2 mM GSH and 1.94 μM with 2 mM THP (Fig. 4b)). 
To know if the loss of potency was due to a degradation of the compound 
by the reducing agents, compound 1 was incubated at 100 μM in the 
enzymatic assay buffer in presence of 2 mM of GSH. After 1.5 h incu
bation, the very low disappearance of the compound in both conditions 
(less than 10%) cannot explain the 2-log decrease in potency observed 

Fig. 2. Left. Overview of the screening. SARS-CoV-2 3CLpro inhibition was reported (%) for each incubate. Green dots: tested compounds at 30 μM, Red dots: positive 
controls (incubations with vehicle), Blue dots: negative controls (incubations w/o enzyme), Orange dots: reference compound Boceprevir at 40 μM, Light orange dots: 
Boceprevir at 4 μM. Right. Workflow of the screening campaign. 

Cpd 1

Fig. 3. Structure of hit compound 1.  
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with the reducing agents suggesting an impact of the reducing condition 
on the enzyme and rather than on the compound. Others reported this 
effect but failed to bring mechanistic description [20]. 

2.2.3. Reversibility of inhibition 
To elucidate the binding mode of compound 1 with the 3CLpro, the 

reversibility of inhibition was evaluated. Jump dilution assay is 
commonly used to evaluate the reversibility of inhibition. To that aim, 
the compound was pre-incubated at 10 times its IC50 with 3CLpro in 
presence of GSH (2 mM) as reducing agent. Then, incubates were 
quickly diluted to 1/100 with substrate solution before measuring the 
fluorescence kinetics. Inhibition is compared to control standard in
cubations at 10 × IC50 and 0.1 × IC50 final concentrations of compounds 
(Fig. 5). Final enzyme and substrate concentrations are 15 nM and 10 
μM, respectively. As can be seen in Fig. 5, during the first 10 min after 
jump dilution, the enzyme was inhibited at around 80%, a value similar 
to the 10 × IC50 control value, that is consistent with the presence of an 
electrophilic center (dithiocarbamate function) that may form covalent 
bond with the nucleophilic Cys145 of the catalytic site. Enzyme activity 
was progressively recovered and no more inhibition was observed after 
2 h. 

2.2.4. Thermal Shift Assay (TSA) 
The direct binding of compound 1 to the 3CL protease was evaluated 

in the TSA assay. The melting temperature of SARS-CoV-2 3CLpro was 

shifted by 14.17 ◦C upon binding of compound 1 supporting the direct 
binding of compound 1 with the 3CLpro (Fig. 6). In agreement with 
values reported in the literature, Boceprevir and GC-376 shifted the 
melting curve of 3CLpro by 3.82 and 19.36 ◦C respectively upon binding 
[16]. Moreover, the binding of compound 1 to the 3CL protease is 
maintained when adding GSH 2 mM in the buffer (ΔTm = 11.33 ◦C). 

2.2.5. Structural data 
The direct binding of compound 1 to the 3CLpro was also investigated 

using solution NMR spectroscopy. Using a 2H,15N-labelled 3CLpro we 
compared the 2D 1H,15N-TROSY-HSQC NMR spectra of the 3CLpro ac
quired in the absence or the presence of an excess of molecule [21]. 
Spectral perturbations (chemical shift perturbations and/or signal 
broadening) were observed on the 3CLpro spectrum upon addition of 
compound 1 (Fig. 7). These chemical shift perturbations (CSP) show the 
direct binding of this compound in the 3CLpro active site, for which the 
highest CSP are observed. 

To get additional structural data on the binding mode of compound 
1, we solved the crystal structure of the 3CLpro: compound 1 complex. 
We crystallized the native 3CLpro and obtained the complex with com
pound 1 using a soaking procedure. The 3CLpro crystals were soaked for 
1 h in the crystallization solution containing 10 mM of the molecule 
(10% DMSO), and then briefly soaked into a cryoprotective solution 
containing 10% glycerol before flash-freezing in liquid nitrogen. The 
structure of the complex, solved at 1.49 Å resolution, reveals that the 
sulfur of active site cysteine 145 undergoes a transthiocarbamoylation 
by reacting with the electrophilic carbon of the dithiocarbamate func
tion of compound 1, triggering the loss of (5-methylimidazo[1,2-a] 
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Fig. 4. (a) SARS-CoV-2 3CLpro inhibition by hit compounds 1. 3CLpro was pre-incubated 60 min or not with various concentration of compound before FRET 
substrate addition and initial velocity measurement. Inhibitions (%) are shown as duplicate from a representative experiment. (b) SARS-CoV-2 3CLpro inhibition by 
hit compounds in buffer containing (2 mM) or not GSH and THP. 3CLpro was pre-incubated 60 min with various concentration of compound before FRET substrate 
addition and initial velocity measurement. Inhibitions (%) are shown as duplicate from a representative experiment. 

Fig. 5. Assessment of the irreversible/reversible mechanism of inhibition with 
compound 1. SARS-CoV-2 3CLpro was incubated with compound 1 in a jump 
dilution assay. Initial rates are measured just after the compound dilution with 
substrate and enzymatic inhibitions (%) are calculated as mean ± SD of trip
licate. Data are representative of three other experiments. 

Fig. 6. Evaluation of thermal stabilization of SARS-CoV-2 3CLpro by Thermal 
Shift Assay (TSA) in presence of Boceprevir, GC-376 or Cpd 1 (40 μM). Thermal 
shift (ΔTm) was calculated by subtracting reference melting temperature of the 
protease from the Tm in presence of the compound. Values presented are the 
means of ΔTm ± SD of the eight independent TSA experiments. 
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pyridin-2-yl)methanethiol (Fig. 8a). This binding mode is fully consis
tent with our NMR data where the highest CSP were observed for resi
dues surrounding the S1 pocket. The pyridine ring of the newly formed 
dithiocarbamate adduct occupies the S1 pocket that usually binds the P1 
residue of the substrate. The 3CLpro S1 pocket is defined by the residues 
Phe140, Leu141, Asn142, Gly143, Ser144, His163, Met165, Glu166, 
His172. The ligand establishes two hydrogen bonds with the protease, 
one with His163 and one with Asn142 through a water molecule, as well 
as many hydrophobic contacts with the surrounding 3CLpro residues 
(Fig. 8b). The pyridinyl substituent also present in ML188 and calpain 
inhibitor XII forms the same hydrogen bond with the H163 imidazole in 
S1 pocket as for compound 1 [22,23]. The His163 residue at the S1 
pocket was described as a binding hot spot for 3CLpro inhibitors and the 
pyridinyl substituent appears as a suitable scaffold to finely fit into the 

S1 pocket. The 3CLpro S1 pocket is occupied by a cyclobutyl or a 
glutamine surrogate γ-lactam ring of boceprevir and GC-376 respec
tively [16,24]. Upon binding of compound 1 the loops (Glu166-His172 
and Phe185-Ala194) and the helical segment (Val42-Pro52), forming 
the walls of the enzymatic cleft, were slightly displaced compared to the 
structure of the apo-3CLpro, making the cleft slightly wider. These ob
servations are consistent with the location of the observed NMR chem
ical shift perturbations. In addition, we also observed NMR CSPs for 
residues that are outside of the active site (Gly2, Phe3, Ser10, Gly11, 
Ala116, Cys117, Ser121, Ala124, Glu166, Gln299, Ser301, Gly303, 
Val303 and Phe305) (Fig. 7). This NMR data show that compound 1 
while binding at the active site induces structural and/or dynamical 
perturbations up to the dimerization interface of 3CLpro, where both the 
N-terminus and C-terminus of the protease, including Ser10, Gly11, 

Fig. 7. Interaction of SARS-CoV-2 3CLpro with compound 1 assessed by NMR spectroscopy. a) The variations in NMR resonance intensities (top) and chemical shift 
perturbations (CSP) (bottom) induced upon cpd 1 addition are displayed along the main protease sequence. b) The CSPs, shown in (a, bottom), have been color coded 
(from light yellow to red) and are displayed on the structure of the dimeric 3CLpro, with the two protomers shown in dark grey and white, respectively. The side 
chains of both catalytic His41 and Cys145 are shown in green. c) Overlaid 2D 1H,15N-TROSY-HSQC spectra acquired on 2H,15N-labelled 3CLpro (100 μM) in the 
absence (in blue) or in the presence (in red) of cpd 1 (target concentration of 2 mM). The final DMSO‑d6 concentration was 3%. The spectra were acquired at 305 K on 
a 900 MHz NMR spectrometer. 

Fig. 8. Crystallographic structure of the SARS-CoV-2 3CLpro bound to the N-(pyridin-3-ylmethyl)thioformamide moiety (in pink) from the compound 1 (PDB ID: 
7NTQ) (a). The 2Fo-Fc electron-density map, contoured at 1.5 σ, is shown as light grey mesh. (b) Interaction of the ligand (cpd 1 after Cys145 binding) with the 
3CLpro S1 pocket. The analysis of the interaction was made using LigPlot+ (v2.2.4). 3CLpro and ligand bonds are shown in brown and purple, respectively. Water 
molecules are displayed as cyan spheres. Dashed green lines and dashed red lines represent hydrogen bonds and hydrophobic interactions, respectively. The 3CLpro 

residues that are involved in hydrogen bonds have their name displayed in green whereas the residues making hydrophobic contact(s) are indicated with their name 
surrounded by red spikes. Atoms involved in hydrophobic contact(s) are surrounded by red spikes. 
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R298, have been shown to be essential for its dimerization [25,26]. This 
path, highlighted by NMR CSPs, clearly shows an allosteric regulation 
pathway in 3CLpro. The later one could correspond to the conserved 
communication network (His163, Ser147, Leu115 and Ser10) that have 
been recently proposed in 3CLpro based on mutational and functional 
analyses [26]. The formation of the dithiocarbamate function with the 
Cys145 also confirms the reversible covalent inhibition observed in the 
jump dilution assay for this compound. Indeed, as the new dithiocar
bamate remains electrophilic and hydrolysable, upon dilution, the 
enzyme recovers slowly its catalytic activity. We have previously 
observed the ability of compound 1 to react with thiols like GSH de
rivatives but in the case of 3CLpro, this reactivity is greatly improved as 1 
yields complete reaction with 3CLpro and only a low reaction conversion 
with GSH was observed after 90 min (<10%) despite high GSH con
centration (2 mM). 

2.3. Analogs synthesis of compound 1 and enzymatic activity on 3CLpro 

To gain molecular insight into the binding properties of the 
dithiocarbamate-based inhibitor 1 within the catalytic site, four analogs 
were synthesized. In compound 1A, the electrophilic warhead dithio
carbamate was replaced by a thiourea moiety. After covalent binding of 
compound 1 with the catalytic Cys145 of the 3CLpro, only the pyridyl 
part remains in the catalytic site. To evaluate the importance of the 
leaving moiety (5-methylimidazo[1,2-a]pyridin-2-yl)methanethiol for 
the binding of 1, this part was replaced by either an ethyl (1B) or a 
benzyl (1C) moiety while keeping the dithiocarbamate warhead. 
Finally, the dithiocarbamate in 1C was replaced by a thiocarbamate in 
1D (Fig. 9). 

2.3.1. Chemistry 
Hit compound 1 was resynthesized in three steps described in 

Scheme 1. 3-(aminomethyl)pyridine was reacted with carbon disulfide 
in presence of potassium hydroxide to obtain intermediate 1x. 1,3- 
dichloroacetone and 2-amino-6-methylpyridine were refluxed in 
ethanol to lead to chlorine intermediate 1y. Finally, compound 1 was 
obtained by nucleophilic substitution between 1x and 1y. 

1A-1D were obtained from isothiocyanate 1i (Scheme 2) and 
different nucleophiles (amine, thiol and alcohol). 1i was prepared ac
cording a reported procedure using 3-picolylamine and bis(2- 
pyridyloxy)methanethione (DPT) [27]. 

2.3.2. SARS-CoV-2 3CLpro inhibition 
Enzymatic assays for the SARS-CoV-2 3CLpro inhibition were per

formed with and without the reducing agent GSH. The activities pre
sented in Table 1 show that the dithiocarbamate function present in 1, 
1B and 1C is essential for the inhibitory effect as replacement by thio
urea (1A) or thiocarbamate (1D) led to inactive compounds. The 

replacement of the 5-methylimidazo[1,2-a]pyridin-2-yl moiety of com
pound 1 by a phenyl in compound 1C led to a similar inhibitory activity 
while the replacement by an ethyl group in 1B resulted in 8-fold lower 
potency. Interestingly, the potassium dithiocarbamate intermediate 1x 
devoid of thiol leaving group is as potent as compound 1. Salts of 
dithiocarbamate as ditiocarb, the sodium salt of diethyldithiocarbamate, 
are known to be powerful metal chelating agent. As zinc complexes are 
known to inhibit 3CLpro [28], we hypothesized that compound 1x could 
inhibit the 3CLpro as a zinc complex. The compound was thus tested in 
presence of the zinc chelator EDTA (500 μM) but 1x revealed as potent 
in presence or in absence of EDTA in contrast to zinc acetate that 
completely loose its inhibitory activity in presence of EDTA. To get 
insight into the binding mode of compound 1x, we solved the crystal 
structure of the 3CLpro: compound 1x complex. As previously for com
pound 1, we crystallized the native 3CLpro and obtained the complex 
with compound 1x using a soaking procedure. The structure of the 
complex reveals that the active site cysteine 145 makes a covalent bound 
with the electrophilic carbon of the dithiocarbamate function of com
pound 1x leading to the same fragment bound to the protease as with 
compound 1 (Fig. S1a). The superimposition of the structures of the 
SARS-CoV-2 3CLpro bound to the compound 1 and to the compound 1x 
(Fig. S2b) shows that the N-(pyridin-3-ylmethyl)thioformamide moiety 
bound to the protease has the same binding mode (Fig. S1b). 

2.3.3. Inhibition of the 3CL protease of different human coronaviruses 
Since the catalytic sites of 3CL proteases are highly conserved among 

coronaviruses family, we hypothesized that compound 1 could act as a 
pan-inhibitor of coronaviruses 3CL proteases. Consistent with this hy
pothesis, compound 1 was shown to be inhibitor of the 3CL protease of 
coronaviruses of alpha (HCoV-229E) and beta (SARS-CoV-2, SARS-CoV, 
MERS-CoV) groups of Coronaviridae (Table 2) and could represent a 
good starting point to develop a broad-spectrum anti-coronavirus 
compound to fight emerging coronaviruses. A weaker potency has been 
obtained for all tested compounds on the 3CLpro of MERS-CoV. More
over, an increase in enzymatic activity was observed in the presence of 
low concentrations of compounds while inhibition of enzymatic activity 
was observed at higher inhibitor concentrations (Fig. S2). The activation 
of MERS-CoV 3CLpro by ligands at low concentration was previously 
described as a result of dimerization induced upon partial occupation of 
the substrate binding pocket. Indeed, MERS-CoV 3CLpro is a weakly 
associated dimer requiring ligand binding for dimer formation and 
enzymatic activity [29]. 

2.3.4. Selectivity against human cysteine proteases (Human Calpain 1, 
Cathepsin L) 

Compound 1 and 1x were tested on two host-cell proteases, the 
human cysteine proteases calpain 1 and cathepsin L. Both compounds 
showed no inhibitory activity against Calpain 1 (IC50 > 300 μM) and an 

Cpd 1xHit Cpd 1

Cpd 1A Cpd 1B Cpd 1C Cpd 1D

Fig. 9. Structures of analogs 1x and 1A-1D of hit compound 1.  

L. Brier et al.                                                                                                                                                                                                                                     



European Journal of Medicinal Chemistry 250 (2023) 115186

7

80 and 30-fold decrease of potency on Cathepsin L compared to SARS- 
CoV-2 3CLpro was obtained respectively for compound 1 and 1x, sug
gesting promising selectivity for coronavirus 3CL proteases. In contrast, 
GC-376 is highly potent on SARS-CoV-2 3CLpro, human Calpain 1 and 
Cathepsin L (Table 3). 

2.3.5. Antiviral activity of 3CLpro inhibitor 1 in SARS-CoV-2 live virus 
assay 

To evaluate the antiviral activity of our 3CLpro inhibitors against 
SARS-CoV-2, compounds 1 and 1x were tested in a cellular assay in 
Vero-81 cells stably expressing a fluorescent reporter probe to detect 
SARS-CoV-2 infection (F1G cells) [30]. As Vero cells are known to ex
press high levels of the efflux transporter P-glycoprotein (P-gp), the 
assay was performed in presence of the P-gp inhibitor CP-100356 (0.5 
μM) that had no antiviral or cytotoxic activity at the concentration used. 
As can be seen in Fig. 10, compound 1 demonstrated promising antiviral 
with micromolar potency (IC50 = 1.06 μM) without cytoxicity at the 
active doses. For compound 1x, it was unfortunately toxic at the doses 
that gave antiviral activity. 

2.3.6. Antiviral activity of 3CLpro inhibitor 1 in HCoV-229E live virus assay 
As compound 1 is a potent inhibitor of the 3CLpro of the human 

coronavirus 229E, its antiviral activity in cellulo on this coronavirus was 
also evaluated. Compound toxicity was first evaluated in a high-content 
screening apoptosis assay to determine the range of concentrations 
devoid of toxicity. This assay allows the rapid detection and quantifi
cation of apoptotic Huh-7 cells by detection of Caspase-3/7 activity in 
real-time imaging using NucView™ 488 substrate containing peptide 
sequence DEVD attached to a nucleic acid dye (data not shown). Then, in 
cellulo (Huh-7 cells) antiviral activity on the human coronavirus 229E 
was assessed using recombinant HCoV-229E expressing the Renilla 
luciferase (Rluc) reporter gene. Rluc activity was measured using the 
Renilla-Glo luciferase assay system (Promega). As can be seen in Fig. 11 

1

1x

1y

Scheme 1. Synthetic Route to hit compound 1. Reagents and conditions: (a) CS2, KOH, MeOH, 2 h, 0 ◦C, 43% (b) EtOH, reflux, overnight, 30% (c) NEt3, MeOH, 3 
h, room temp., 85%. 

1A

1B, 1C

1D1i

Scheme 2. Synthetic Routes to 1A-1D. Reagents and conditions: (a) NaH 
(60% dispersion in mineral oil) in dry THF, 0 ◦C, 1 h then bis(2-pyridyloxy) 
methanethione, room temp., overnight, 67% (b) (8-methylimidazo[1,2-a]pyr
idin-2-yl)methanamine dihydrochloride, NEt3, DCM, 1 h, room temp., 96% (c) 
Ethanethiol or benzylthiol, NEt3, DCM, 1 h, room temp., 90–96% (d) Benzyl 
alcohol, NaH (60% dispersion in mineral oil), dry THF, 0 ◦C then 1i, room 
temp., 1 h, 85%. 

Table 1 
SARS-CoV-2 3CLpro inhibition of hit compound 1 and analogs 1A-D, 1x.  

Cpd Assay without GSH Assay with GSH 

IC50 (μM) pIC50 ± SD IC50 (μM) pIC50 ± SD 

1 0.021 7.67 ± 0.30 1.46 5.85 ± 0.05 
1A 35.000 4.46 ± 0.19 >100 <4 
1B 0.178 6.75 ± 0.63 22.40 4.65 ± 0.07 
1C 0.023 7.65 ± 0.32 9.36 5.03 ± 0.10 
1D >100 <4 >100 <4 
1x 0.027 7.57 ± 0.22 1.36 5.87 ± 0.04 

Enzymatic assays were performed with or without GSH 2 mM in the buffer. The 
enzyme was pre-incubated for 1 hour with compound at increasing concentra
tions before starting the reaction with the substrate. Initial rates were recorded 
to calculate % inhibition and IC50 were obtained from concentration-response 
curves by a nonlinear regression analysis of the data. IC50 values are averages 
of three independent experiments. 

Table 2 
Activity of compounds against 3CLpro of different human coronaviruses.  

Cpd hCoV-229E (Alpha-CoV) 3CLpro IC50 μM 
(pIC50 ± SD) 

SARS-CoV-2 (Beta-CoV) 3CLpro IC50 μM 
(pIC50 ± SD) 

SARS-CoV (Beta-CoV) 3CLpro IC50 μM 
(pIC50 ± SD) 

MERS-CoV (Beta-CoV) 3CLpro IC50 μM 
(pIC50 ± SD) 

1 0.016 (7.79 ± 0.14) 0.021 (7.67 ± 0.30) 0.383 (6.42 ± 0.18) 2.00 (5.70 ± 0.10) 
1x 0.019 (7.73 ± 0.10) 0.027 (7.57 ± 0.22) 0.165 (6.78 ± 0.32) 1.36 (5.87 ± 0.21) 
GC- 

376 
0.028 (7.56 ± 0.09) 0.012 (7.92 ± 0.02) 0.161a (6.79 ± 0.43) 0.43 (6.37 ± 0.06) 

Enzymatic assays were performed without GSH in the buffer. The enzymes were pre-incubated for 1 h with compound at increasing concentrations before starting the 
reaction with the substrate. Initial rates were used to calculate % inhibitions and IC50 were obtained from concentration-response curves by a nonlinear regression 
analysis of the data. IC50 values are averages of at least three independent experiments. 

a n = 2. 
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Table 3 
Selectivity profile of compounds against human cysteine proteases.  

Cpd 3CLpro SARS-CoV-2 IC50 μM (pIC50 ± SD)a Human Calpain 1 IC50 μM (pIC50 ± SD)b Cathepsin L IC50 μM (pIC50 ± SD)b 

1 1.46 (5.85 ± 0.05) >300 (>3.52) 122 (3.91 ± 0.19) 
1x 1.36 (5.87 ± 0.04) >300 (>3.52) 42.8 (4.37 ± 0.10) 
GC-376 0.02 (7.64 ± 0.27) 0.016 (7.79 ± 0.05) 0.0007 (9.16 ± 0.11) 

Enzymatic assays were performed with GSH (2 mM) as reducing agent. The enzymes were pre-incubated with compound at increasing concentrations before starting 
the reaction with the substrate. Initial rates were used to calculate % inhibitions and IC50 were obtained from concentration-response curves by a nonlinear regression 
analysis of the data. 

a IC50 values are averages of three independent experiments; enzyme and compound pre-incubation of 60 min. 
b IC50 values are averages of two independent experiments; enzyme and compound pre-incubation of 30 min. 

Fig. 10. F1G cells were infected with SARS-CoV-2 in presence of P-gp inhibitor (CP-100356) and increasing concentrations of compound 1 (top) or GC-376 (bottom). 
16 h later, cells were fixed in presence of Hoechst 33342. Infected cells (GFP positive nuclei) and the total number of cells (number of nuclei, Hoechst staining) were 
determined. Results are presented as the percentage of the control and are the average of four independent experiments. Error bars represent the SEM. 

Fig. 11. Antiviral activity on the human coronavirus 229E assessed using recombinant HCoV-229E expressing the Renilla luciferase (Rluc) reporter gene for 
compounds 1 (left) and GC-376 (right). Results are the mean from at least 3 independent experiments. Error bars represent the SEM. 
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compound 1 inhibits viral replication of this coronavirus with a micro
molar potency showing that compound 1 is a good starting point to 
develop a new broad spectrum anti-coronavirus candidate. 

3. Conclusion 

Compound 1 bearing a dithiocarbamate warhead represents a novel 
class of covalent, 3CLpro inhibitor with potency in the nanomolar range 
on the 3CLpro of SARS-CoV-2 (IC50 = 21 nM). This compound also 
inhibited the 3CL protease of three other coronaviruses; HCoV-229E 
(Alpha-CoV), MERS-CoV and SARS-CoV (Beta-CoV). The selectivity 
over host proteases, often challenging with electrophilic covalent in
hibitors, was evaluated on two human cysteine proteases and revealed a 
more than 80-fold selectivity. We also showed that inhibition of the 
enzyme, performed through the formation of a labile dithiocarbamate 
with the sulfur atom of the catalytic cysteine, is reversible within 2 h, a 
blockade time likely sufficient to cover the protein turnover time in 
infected cells. Indeed, a robust cellular antiviral activity in the low 
micromolar range on both SARS-CoV-2 and HCoV-229E was obtained. 
Therefore, these results collectively support compound 1, a selective 
3CL protease inhibitor with antiviral activity, as a promising starting 
point for further development of this series as broad-spectrum anti- 
coronavirus agents. 

4. Experimental section 

4.1. Biology 

3CLpro substrate {Dabcyl}-KTSAVLQSGFRKM-{Glu(Edans)} was 
purchased from LifeTein (purity >95%). Boceprevir was purchased from 
MedChemExpress, GC-376 from Carbosynth (BG167367), compound 1 
from enamine (T5466440). SARS-CoV 3CL protease was purchased from 
Boston Biochem. 

4.1.1. Expression and purification of the 3CLpro of SARS-CoV-2, MERS- 
CoV and hCoV-229E 

The gene coding for the SARS-CoV-2 main protease (3CLpro) was 
synthesized, with codon optimization, and inserted into an in-house 
modified pET24a plasmid in order to produce the 3CLpro fused to a N- 
terminal 6 × His-SUMO tag in Escherichia coli BL21(DE3) (pHis-SUMO- 
3CLpro). The bacteria were grown at 37 ◦C in Luria-Bertani (LB) medium 
supplemented with Kanamycin (25 μg/mL). When A600nm reached ~0.9, 
the temperature was lowered to 21 ◦C and induction was carried out 
with 0.3 mM isopropyl-β-D-galactopyranoside for 12 h. Harvested cells 
were lysed using homogenizer (Emulsiflex C-3) in lysis buffer (50 mM 
Tris.Cl pH 8.0, 300 mM NaCl) supplemented with both DNAseI and 
RNAseA. The fusion protein was first purified using a HisTrap HP col
umn (Cytiva) and eluted with an elution buffer containing 400 mM 
imidazole. The 6xHis-SUMO-3CLpro fractions were selected from SDS- 
PAGE analysis, then pooled and dialyzed (cut-off 6–8 kDa) 2 h at 4 ◦C 
against 2 L of cleavage buffer (40 mM Tris-Cl pH 7.5, 100 mM NaCl, 5 
mM β-mercaptoethanol). The 6xHis-SUMO tag was cleaved by adding 
SENP2 protease (His tagged) into the dialysis bag and by dialyzing the 
sample over-night at 4 ◦C against 2 L of fresh cleavage buffer. The 
sample was then passed through a HisTrap HP column (Cytiva) to 
eliminate the SENP2 protease and the 6xHis-SUMO tag. The flow- 
through containing the native 3CLpro was dialyzed (cut-off 6–8 kDa) at 
4 ◦C against 2 times 3 L of storage buffer (50 mM Tris-Cl pH 7.5, 20 mM 
NaCl, 1 mM EDTA, 1 mM DTT). The 3CLpro was concentrated using a 
stirred cell with (Amicon) a 10 kDa membrane. A 15.8 mg/mL batch was 
kept at 4 ◦C whereas a 12.6 mg/ml batch containing 20% glycerol was 
flash frozen in liquid nitrogen and then stored at − 80 ◦C until used. The 
final yield was about 100 mg per L of culture. The native sequence of the 
purified 3CLpro was checked by MALDI-tof analysis (Axima Assurance, 
Shimadzu). 

The expression of native main protease from both 229E and MERS- 

CoV was performed following the same strategy as above. The pro
teins were stored at − 80 ◦C, in storage buffer (20 mM Tris-Cl pH 7.5, 50 
mM NaCl, 1 mM EDTA, 2 mM DTT) at 6 mg/mL and 12.6 mg/mL, 
respectively. The final yields were about 80 mg and 35 mg per L of 
culture, respectively. 

4.1.2. SARS-CoV-2 3CLpro enzymatic assays 
For HTS, the FRET-based assay was optimized and miniaturized in 

Corning 384-wells plates (dark, low-binding, low volume). The assay 
was conducted at room temperature using a reaction volume of 20 μL 
and a buffer containing 50 mM HEPES, 0.1 mg/mL BSA, 0.01% Triton 
and 2 mM GSH at pH 7.5. Compounds stored as 10 mM stock solutions in 
DMSO were dispensed by acoustic nanodispensing with an Echo Liquid 
Handler (Labcyte). 10 μL 3CLpro was added to the tested compounds and 
preincubated for 30 min before addition of 10 μL FRET-based substrate 
{Dabcyl}-KTSAVLQSGFRKM-{Glu(Edans)}. Final concentrations were 
15 nM, 10 μM and 30 μM, for enzyme, substrate and compound library 
respectively. Final concentration of DMSO did not exceed 1%. After 30 
min, the fluorescence intensity was monitored with a Victor 3V instru
ment (Perkin-Elmer) using excitation and emission wavelengths of 340 
(25) nm and 535(25) nm. Boceprevir was used as a positive reference 
compound at 4 μM (close to the IC50 value) and 40 μM. Minimal and 
maximal fluorescence values were obtained in each test plates by 
incubating the substrate alone (negative control) or with the 3CLpro 

enzyme (positive control), respectively. Data were normalized intra- 
plate with these controls: the average of the negative control values 
was subtracted from all raw data and percentages of inhibition were 
calculated by the following equation: 

Inhibition(%)= 100 −

(
X ∗ 100

positiveControlMean

)

Z’ factors were calculated according to Zhang et al. [31] using mean 
and standard deviations from positive and negative controls. Plates were 
validated if their respective Z’ factors were ≥0.5 and if enzyme inhibi
tion with 40 μM or 4 μM boceprevir were ≥80% and ≥40%, respectively. 

For determination of Km or compound IC50, the reaction progress was 
monitored for 30 min to measure the initial velocities used in calcula
tions. Km was obtained by curve fitting with Michaelis-Menton equation 
using GraphPad Prism 7. IC50 values were obtained from concentration- 
response curves by a nonlinear regression analysis of the data using an 
equation at four parameters (using XL fit™ 5.2.0.0. from IDBS (Guilford, 
United Kingdom) or GraphPad Prism 7 (San Diego, USA). 

y=A +
B − A

1 +
(

10C

x

)D 

A, minimum y value; B, maximum y value; C, LogIC50 value; D, slope 
factor. 

A jump dilution assay was used to evaluate inhibition reversibility. 
Compounds are pre-incubated for 1 h at 10 times their IC50 with 3CLpro 
(100X). Then, the incubates are quickly diluted to 100-fold with sub
strate solution before measuring the fluorescence kinetics. Final con
centrations after dilution are 0.1 × IC50, 15 nM and 10 μM for 
compound, enzyme and substrate, respectively. In the same experiment, 
control pre-incubations of 3CLpro with compounds are performed (60 
min) with just, as usual, a two-fold dilution with the substrate to obtain 
10 × IC50 and 0.1 × IC50 final concentrations of compounds. Enzyme 
and substrate are at 15 nM and 10 μM respectively. All incubates are 
performed in triplicate. 

4.1.3. hCov-229E and MERS-CoV 3CLpro Enzymatic assays 
Incubations are performed similarly to the SARS-CoV-2 3CLpro assay, 

using the same substrate and the same buffer. Enzyme is at 15 nM, 400 
nM and 50 nM for hCov-229E, MERS-CoV and SARS-CoV 3CLpro assay, 
respectively. Substrate is at 30 μM (0.2 × Km), 60 μM (0.2 × Km) and 20 
μM (0.2 × Km), for hCoV-229E, MERS-CoV and SARS-CoV 3CLpro assay, 
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respectively. The reaction progress was monitored for 30 min to mea
sure the initial velocities and inhibition data expressed as % inhibition, 
in the same way that for the SARS-CoV-2 3CLpro enzymatic assay. 

4.1.4. Expression and purification of 2H,15N labelled SARS-CoV-2 3CLpro 

The protocol is similar to the one for unlabeled 3CLpro (see above) 
but with the following modifications. Bacteria were grown in a M9- 
based semi-rich medium (M9 medium supplemented with 15NH4Cl (1 
g/L), D-glucose-C-d7 (3 g/L), Isogro N,D-powder growth medium (0.5 g/ 
L; Sigma-Aldrich), and kanamycin (25 μg/mL). The final storage buffer 
was (50 mM NaPi pH 6.8, 40 mM NaCl, 0.2 mM EDTA, 3 mM THP). The 
2H,15N-labelled 3CLpro was concentrated up to 8.37 mg/mL, flash frozen 
in liquid nitrogen and then stored at − 80 ◦C until used. 

4.1.5. NMR analysis of SARS-CoV-2 3CLpro with ligands 
All NMR experiments were performed at 305 K using Bruker Neo 

900 MHz NMR spectrometer equipped with a cryogenic triple resonance 
probe (Bruker, Karlsruhe, Germany). The proton chemical shifts were 
referenced using the methyl signal of TMSP (sodium 3-trimethylsillyl- 
[2,2,3,3-d4]-propionate) at 0 ppm. Spectra were processed with the 
Bruker TopSpin software package 4.0.6. Data analysis was done with 
Sparky software [32]. 

NMR data were acquired on 200 μL samples in 3 mm tubes con
taining 100 μM of 2H,15N-doubly labelled 3CLpro sample in NMR buffer 
(50 mM NaPi pH 6.8, 40 mM NaCl, 3 mM THP, 3% DMSO‑d6, 5% D2O) 
and 2 mM of the ligands. 2D 1H,15N-TROSY-HSQC spectra were acquired 
with 64 scans and 2048 and 128 complex points in the 1H and 15N di
mensions respectively. 

4.1.6. Crystallization of SARS-CoV-2 3CLpro 

A 3CLpro sample at 5 mg/mL in storage buffer (50 mM Tris-Cl pH 7.5, 
20 mM NaCl, 1 mM EDTA, 1 mM DTT) was used for crystallogenesis. 
Crystals with flower-shape were obtained in 0.2 M sodium formate, 20% 
PEG 3350 at room temperature. These crystals were crushed with a 
micro-tool to make a seed stock and new crystals were grown in the same 
condition using the microseeding technique with a cat whisker. 

For the complexes with compounds 1 and 1x, the 3CLpro crystals 
were soaked for 1 h in a solution containing 10 mM compound 1, 10% 
DMSO, 0.2 M sodium formate, 20% PEG 3350 and then briefly soaked 
into 0.2 M sodium formate, 20% PEG 3350, 10% glycerol before 
freezing. 

4.1.7. X-ray data collection and processing 
X-Ray data were collected on the Proxima1 or Proxima2a beamlines 

[33] of the SOLEIL synchrotron facility (Paris, France). The data 
collection was done remotely using the MXCuBE2 [34] software and the 
crystals were handled by a Staubli sample changer. The data were 
collected at 100 K using an Eiger-X 16 M or 9 M (Dectris) detector. The 
data were processed with XDS [35] (xdsme scripts from the synchrotron 
facility, https://github.com/legrandp/xdsme). The molecular replace
ment (using the PDB entry 7K3T, https://doi.org/10.2210/pdb7K3T/pd 
b) and the refinement steps were done using the CCP4i2 interface [36] of 
the CCP4 program suite [37]. The statistics for data collection and 
refinement are summarized in the Table 1 in supporting Information. 

The final models and the structure factors corresponding to the 
3CLpro bound to N-(pyridin-3-ylmethyl)thioformamide from compounds 
1 and 1x have been deposited in the Protein Data Bank as entries 7NTQ 
and 8AEB respectively. 

The Fig. 8a has been generated using Pymol (The PyMOL Molecular 
Graphics System, Version 2.0 Schrödinger, LLC. 

4.1.8. Thermal Shift Assay 
Fluorescent dye SYPRO® Orange Protein Gel Stain was produced by 

Sigma-aldrich (S692-500UL). Two compounds have been used as posi
tive shifter of the 3CLpro melting temperature protein: Boceprevir (HY- 
10237, Medchemexpress), GC-376 (BG167367, Biosynth Carbosynth®). 

The assay was performed in 50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 2 
mM MgCl2 and 1% DMSO in LightCycler® 480 white Multiwell Plate 96 
(Roche, 04729692001). First, 5 μL of reference and compound 1 have 
been transferred in assay microplates. Then, 10 μL of a 3CLpro of SARS- 
Cov2 and Sypro Orange Dye mix were loaded to achieve final concen
trations of 40 or 100 μM for tested and reference compounds, 5X for 
Sypro orange dye and 2.5 μM for 3CLpro. After 30 min of incubation at 
room temperature, assay microplate was launched in LightCycler480 
device (Roche) for thermal denaturation of the protein under a tem
perature gradient range from 37 to 95 ◦C with 0.05 ◦C/s incremental 
step. The melting temperature (Tm) was calculated as the mid log of the 
transition phase from the native to the unfolded protein using a Boltz
mann model in LightCycler_Thermal_Shif_Analysis software v2.0. ΔTm 
was obtained by subtracting reference Tm of proteins in the presence of 
DMSO from the Tm in the presence of compounds. 

4.1.9. Calpain assay 
Effect on human Calpain 1 activity was measured using the Inno

Zyme™ Calpain 1/2 Activity kit purchased by Calbiochem®. Assay was 
performed in Corning 96-wells plates according to the kit instructions 
with 1/400 diluted enzyme and 0.5 mM (DABCYL)-TPLKSPPPSPR- 
(EDANS) substrate in the presence of calcium ions and reducing agent 
(GSH 2 mM). Compounds were pre-incubated for 30 min at room tem
perature with Calpain 1. The fluorescence (excitation at 320 nm and 
emission at 480 nm) was measured for 30 min at room temperature with 
a Victor 3V (Perkin-Elmer) and initial velocities used for inhibition (%) 
calculations. 

4.1.10. Cathepsin assay 
Effect on human Cathepsin L activity was measured using the Sen

soLyte® 520 Cathepsin L Assay Kit purchased by Anaspec®. Assay was 
performed in 96-wells plates according to the kit instructions with 1/ 
1000 diluted enzyme and QXL™ 520/HiLyte Fluor™ 488 substrate. GSH 
(2 mM) was used as reducing agent. Compounds were pre-incubated for 
60 min at room temperature with Cathepsin L. The fluorescence (exci
tation at 490 nm and emission at 520 nm) was measured for 30 min at 
room temperature with a Victor 3V (Perkin-Elmer) and initial velocities 
used for inhibition (%) calculations. 

4.1.11. Cellular antiviral activity 
Cells and viruses. Vero-81 cells stably expressing a fluorescent re

porter probe to detect SARS-CoV-2 infection (F1G cells) and Huh-7 cells 
were grown at 37 ◦C with 5% CO2 in Dulbecco’s modified eagle medium 
(DMEM, Gibco) containing Glutamax and supplemented with 10% FBS 
(Life technologies). 

SARS-CoV-2 virus (hCoV-19_IPL_France strain; NCBI MW575140) 
was propagated on Vero-81 cells expressing TMPRSS2 at 37 ◦C and re
combinant HCoV-229E expressing the Renilla luciferase (kindly pro
vided by Dr Volker Thiel, University of Bern, Switzerland) was 
propagated on Huh-7 cells at 32 ◦C. After complete lysis of the cells, 
supernatants containing the viruses were centrifuged, aliquoted and 
stored at − 80 ◦C. 

Dose-response Experiments. For SARS-CoV-2 infection assay, F1G cells 
were plated on coverslips in 24 well-plates. The next day, cells were 
infected at an MOI of 0.1 in presence of 0.5 μM CP-100356 and 
increasing concentrations of GC376 or compound 1. Sixteen hours later, 
cells were fixed with 4% PFA for 30 min containing 10 μg/ml Hoechst 
33342 (life technologies). Cells were rinsed with PBS and mounted on 
glass slides in Mowiol 4–88 containing medium. Images acquisitions 
were performed with an EVOS M5000 imaging system (Thermo Fischer 
Scientific) equipped with a 10X objective and light cubes for DAPI and 
GFP. The total number of cells was determined by counting the number 
of nuclei and the number of infected cells was determined by counting 
the number of GFP positive nuclei. The experiment was performed four 
times. 

For HCoV-229E infection assays, Huh-7 cells were plated in 96-well 
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plates and infected 24 h later in presence of increasing concentration of 
GC376 or compound 1. Cells were incubated for 6h and lysed. Luciferase 
activity was measured by using the renilla luciferase assay system 
(Promega) and a Berthold luminometer. 

4.2. Chemistry 

All commercial reagents and solvents were used without further 
purification. Flash chromatography was performed using a Puri
flash®430 with prepacked silica columns. UV detection was used to 
collect the desired product. 

NMR spectra were recorded on a Bruker DRX-300 spectrometer. The 
assignments were made using one-dimensional (1D) 1H and 13C spectra 
and two-dimensional (2D) HSQC, HMBC and COSY spectra. Chemical 
shifts are in parts per million (ppm). 

LC-MS Waters system was equipped with a 2747 sample manager, a 
2695 separations module, a 2996 photodiode array detector (200–400 
nm) and a Micromass ZQ2000 detector. XBridge C18 column (50 mm ×
4.6 mm, 3.5 mm, Waters) was used. The injection volume was 20 μL. A 
mixture of water and acetonitrile was used as mobile phase in gradient- 
elution. The pH of the mobile phase was adjusted with HCOOH and 
NH4OH to form a buffer solution at pH 3.8. The analysis time was 5 min 
(at a flow rate at 2 mL/min). Purity (%) was determined by reversed 
phase HPLC using UV detection (215 nm), and all isolated compounds 
showed purity greater than 95%. HRMS analysis was performed on a LC- 
MS system equipped with a LCT Premier XE mass spectrometer (Waters), 
using a XBridge C18 column (50 mm_ 4.6 mm, 3.5 mm,Waters). A 
gradient starting from 98% H2O 5 mM Ammonium Formate pH 3.8 and 
reaching 100% CH3CN 5 mM Ammonium Formate pH 3.8 within 3 min 
at a flow rate of 1 mL/min was used. 

4.2.1. Potassium 3-pyridylmethylimino(thioxo)methanethiolate (1x) 
To a solution of 3-(aminomethyl) pyridine (400 mg, 3.70 mmol) in 

methanol (15 ml) was added CS2 (1.55 ml, 25.09 mmol, 7.0 equiv) and 
KOH (137 mg, 3.70 mmol, 1.0 equiv) at 0 ◦C. The reaction mixture was 
stirred for 2 h at 0 ◦C. Then the reaction mixture was concentrated under 
reduced pressure and recrystallized in ethanol to afford the desired 
compound as white amorphous solid (350 mg, 43%). HRMS (ESI): 
[M+H]+ C7H9N2S2: calcd. 185.0207 found 185.0192. 1H NMR (300 
MHz, CD3OD): δ (ppm) 8.55–8.51 (m, 1H), 8.41–8.36 (m, 1H), 
7.88–7.82 (m, 1H), 7.37 (ddd, 1H, J = 0.6, 4.8, 7.8 Hz), 4.88 (s, 2H). 13C 
NMR (75 MHz, CD3OD): δ (ppm) 216.3, 149.4, 148.3, 137.6, 137.0, 
125.0, 49.1. 

4.2.2. 2-(chloromethyl)-5-methylimidazo[1,2-a]pyridine (1y) 
A solution of 1,3-dichloroacetone (593 mg, 4.67 mmol) and 2-amino- 

6- methylpyridine (500 mg, 4.62 mmol) in ethanol (5.0 mL) was heated 
to reflux overnight. Then, the reaction mixture was cooled to room 
temperature and concentrated under reduced pressure. The residue was 
diluted with aqueous saturated solution of NaHCO3 (5.0 mL) and 
extracted with ethyl acetate (3 x 5.0 mL). The combined organic layers 
were dried over MgSO4 and concentrated under reduced pressure. The 
crude product was purified on silica gel column chromatography eluting 
by (Hexane/EtOAc 5/5) to give 2- (chloromethyl)-5-methylimidazo[1,2- 
a]pyridine (250 mg, 30%). LC-MS: tR = 1.75 min. MS (ESI): [M+H]+

181.00. 1H NMR (300 MHz, CDCl3): δ (ppm) 7.53–7.47 (m, 2H), 7.16 
(dd, 1H, J = 6.9, 9.0 Hz), 6.66–6.60 (m, 1H), 4.81–4.78 (m, 2H), 2.57 (s, 
3H). 13C NMR (75 MHz, CDCl3): δ (ppm) 145.9, 143.1, 134.8, 125.5, 
115.2, 111.9, 108.2, 39.9, 18.8. 

4.2.3. (5-methylimidazo[1,2-a]pyridin-2-yl)methyl (pyridin-3-ylmethyl) 
carbamodithioate (1) 

To a solution of potassium N-(3-pyridylmethyl)carbamodithioate 
(100 mg, 0.45 mmol, 1.0 equiv) and 2-(chloromethyl)-5-methyl-imidazo 
[1,2-a]pyridine (81 mg, 0.45 mmol, 1.0 equiv) in MeOH (2.0 mL) was 
added Et3N (0.01 mL, 0.67 mmol, 1.5 equiv). The reaction was stirred at 

room temperature for 3 h. Then, the solvent was evaporated under 
reduced pressure and the residue was diluted with saturated solution of 
NaHCO3 and EtOAc. The organic layer was separated and the aqueous 
layer was extracted for 3 times with EtOAc. The combined organic layers 
were dried over MgSO4 and concentrated under reduced pressure to give 
the crude product which was purified though column chromatography 
eluting by (EtOAc/MeOH 100/0 to 100/10) to give the desired product 
as yellow solid which upon washing with Et2O gave white solid (130 mg, 
85%). LC-MS: tR = 2.08 min. MS (ESI) m/z = 329.02 [M+H]+. HRMS 
(ESI): [M+H]+ C16H17N4S2: calcd. 329.0895 found 329.0896. 1H NMR 
(300 MHz, CDCl3): δ (ppm) 11.82 (br, 1H). 8.66 (d, J = 1.7 Hz, 1H), 8.49 
(dd, 1H, J = 1.5, 4.8 Hz), 7.78–7.72 (m, 1H), 7.33 (s, 1H), 7.22 (dd, 1H, 
J = 4.8, 13 Hz), 7.13–7.06 (m, 1H), 7.04–7.98 (m, 1H), 6.61–6.56 (m, 
1H), 4.97 (d, 2H, J = 4.8 Hz), 4.27 (s, 2H), 2.50 (s, 3H). 13C NMR (75 
MHz, CDCl3): δ (ppm) 197.0, 149.8, 148.9, 144.8, 142.8, 136.4, 134.8, 
132.4, 126.0, 123.5, 113.8, 112.1, 107.1, 48.3, 33.3, 18.7. 

4.2.4. 3-(isothiocyanatomethyl)pyridine (1i) 
To a suspension of NaH (60% dispersion in mineral oil) (163 mg, 

4.07 mmol, 1.1 equiv.) in dry THF (10.0 mL), 3-Picolylamine (400 mg, 
3.70 mmol) dissolved in dry THF (15 mL) was added dropwise at 0 ◦C. 
After 1 h, bis(2-pyridyloxy)methanethione (DPT) (868 mg, 3.74 mmol, 
1.0 equiv.) was added and the mixture gradually allowed to reach to 
room temperature and stirred overnight. Then, the reaction was 
quenched with drops of water and the volatiles were removed under 
reduced pressure. The residue was diluted with EtOAc and washed with 
water for 3 times. The combined organic layers were dried over MgSO4 
and concentrated under reduced pressure to give dark yellow crude 
product. The crude product was purified through column chromatog
raphy eluting by (Hexane/EtOAc 50/50) to give the desired product as 
pale-yellow oil (370 mg, 67%). LC-MS: tR = 2.22 min. MS (ESI+): m/z =
151 [M+ H]+. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.56 (dd, 1H, J = 1.3, 
4.8 Hz), 8.53 (d, 1H, J = 1.8 Hz), 7.68–7.61 (m, 1H), 7.30 (dd, 1H, J =
4.8, 7.8 Hz), 4.71 (s, 2H). 13C NMR (75 MHz, CDCl3): δ (ppm) 149.8, 
148.3, 134.6, 134.0, 130.2, 123.8, 46.4. 

4.2.5. General procedure A for the synthesis of 1A-1C 
To a solution of 3-(isothiocyanatomethyl)pyridine 1i and thiol or 

primary amine (1.10 equiv.) in DCM was added Et3N (1.2 equiv.). The 
reaction mixture was stirred at room temperature for 1 h. Then, the 
volatiles were removed under reduced pressure and the residue was 
diluted by saturated solution of NaHCO3 and EtOAc. The organic layer 
was separated and the aqueous layer was extracted with EtOAc for more 
3 times. The combined organic layers were dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified 
through column chromatography. 

4.2.5.1. 1-((5-methylimidazo[1,2-a]pyridin-2-yl)methyl)-3-(pyridin-3- 
ylmethyl)thiourea (1A). The titled compound was synthesized according 
to the general procedure A using 3-(isothiocyanatomethyl)pyridine (70 
mg, 0.46 mmol), (8-methylimidazo[1,2-a]pyridin-2-yl)methanamine 
dihydrochloride (120 mg, 0.51 mmol, 1.10 equiv.) and Et3N (156 mg, 
1.54 mmol, 3.30 equiv.) in DCM (5.0 mL). The crude product was pu
rified through column chromatography eluting by (DCM/MeOH 95/5) 
to give 1A as a white solid (140 mg, 96%). LC-MS: tR = 1.70 min. HRMS 
(ESI): [M+H]+ C16H18N5S: calcd. 312.1283 found 312.1294. 1H NMR 
(300 MHz, CDCl3): δ (ppm) 8.45 (s, 1H), 8.38 (d, 1H, J = 4.2 Hz), 
7.63–7.55 (m, 1H), 7.39 (s, 1H), 7.21–7.14 (m, 1H), 7.13–7.02 (m, 2H), 
6.58 (d, 1H, J = 6.9 Hz), 4.89–4.67 (m, 4H), 3.10 (br, 2H), 2.49 (s, 3H). 
13C NMR (75 MHz, CDCl3): δ (ppm) 183.7, 149.2, 148.4, 145.2, 142.8, 
135.8, 135.0, 134.0, 125.8, 123.4, 113.7, 112.1, 107.8, 46.1, 42.1, 18.8. 

4.2.5.2. Ethyl (pyridin-3-ylmethyl)carbamodithioate (1B). The titled 
compound was synthesized according the general procedure A using 3- 
(isothiocyanatomethyl)pyridine (70 mg, 0.46 mmol), ethanethiol (31.9 
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mg, 0.513 mmol, 1.10 equiv.) and Et3N (56.6 mg, 0.55 mmol, 1.20 
equiv.) in DCM (5.0 mL) then. The crude product was purified through 
column chromatography eluting by (EtOAc 100%) to give the 1B as a 
white solid (95 mg, 96%). LC-MS: tR = 2.28 min. HRMS (ESI): [M+H]+

C9H13N2S2: calcd. 213.0520 found 213.0516. 1H NMR (300 MHz, 
CDCl3): δ (ppm) 8.50 (d, 2H, J = 1.6 Hz), 8.42 (dd, 1H, J = 1.5, 4.9 Hz), 
7.84–7.77 (m, 1H), 7.38 (dd, 1H, J = 4.9, 7.7 Hz), 4.93 (s, 2H), 3.23 (q, 
2H, J = 12.0 Hz), 1.29 (t, 3H, J = 12.5 Hz). 13C NMR (75 MHz, CDCl3): δ 
(ppm) 200.5, 149.6, 148.8, 137.9, 135.6, 125.1, 48.0, 30.0, 14.8. 

4.2.5.3. Benzyl (pyridin-3-ylmethyl)carbamodithioate (1C). The titled 
compound was synthesized according the general procedure A using 3- 
(isothiocyanatomethyl)pyridine (70 mg, 0.46 mmol), benzylthiol (63.7 
mg, 0.513 mmol, 1.10 equiv.) and Et3N (56.6 mg, 0.55 mmol, 1.20 
equiv.) in DCM (5.0 mL). The crude product was purified through col
umn chromatography eluting by (EtOAc 100%) to give 1C as a white 
solid (115 mg, 90%). LC-MS: tR = 2.73 min. HRMS (ESI): [M+H]+

C14H15N2S2: calcd. 275.0677 found 275.0667. 1H NMR (300 MHz, 
CD3OD): δ (ppm) 8.50 (d, 1H, J = 1.6 Hz), 8.41 (dd, 1H, J = 1.5, 4.9 Hz), 
7.80–7.74 (m, 1H), 7.40–7.31 (m, 3H), 7.30–7.17 (m, 3H), 4.93 (s, 2H), 
4.54 (s, 2H). 13C NMR (75 MHz, CD3OD): δ (ppm) 199.9, 149.6, 148.4, 
138.4, 137.9, 135.4, 130.1, 129.5, 128.3, 125.1, 48.3, 40.3. 

4.2.6. O-benzyl(pyridin-3-ylmethyl)carbamothioate (1D) 
To a suspension of NaH (60% dispersion in mineral oil) (15.9 mg, 

0.41 mmol, 1.25equiv.) in dry THF (2.0 mL), benzyl alcohol (39.6 mg, 
0.36 mmol, 1.10 equiv.) dissolved in dry THF (1.0 mL) was added 
dropwise at 0 ◦C. Then, 3-(isothiocyanatomethyl)pyridine (50 mg, 0.33 
mmol) was added and the mixture gradually allowed to reach to room 
temperature and stirred for further 1 h. The reaction was quenched with 
drops of water and the volatiles were removed under reduced pressure. 
The residue was diluted by saturated solution of NaHCO3 and EtOAc. 
The organic layer was separated and the aqueous layer was extracted 
with EtOAc for more 3 times. The combined organic layers were dried 
over MgSO4 and concentrated under reduced pressure. The crude 
product was purified through column chromatography eluting by 
(Hexane/EtOAc 50/50) to give 1D as a white solid (73 mg, 85%). LC-MS: 
tR = 2.60 min. HRMS (ESI): [M+H]+ C14H15N2OS: calcd. 259.0905 
found 259.0898. 1H NMR (300 MHz, CDCl3): δ (ppm) 8.53–8.38 (m, 
2H), 7.88–7.67 (m, 1H), 7.57–7.47 (m, 1H), 7.41–7.17 (m, 6H), 
5.55–5.48 (m, 2H), 4.80–4.37 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 
(ppm) 190.8, 189.7, 149.1, 149.0, 148.9, 136.0, 135.7, 135.5, 135.2, 
132.9, 132.5, 128.6, 128.5, 128.4, 123.7, 73.5, 72.4, 46.6, 44.6 (mixture 
of rotamers). 
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DCM dichloromethane 
DMSO dimethylsulfoxide; 
DPT bis(2-pyridyloxy)methanethione 
MERS Middle East respiratory syndrome 
SARS severe acute respiratory Syndrome 
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THF tetrahydrofuran 
3CLpro chymotrypsin-like cysteine protease 
Mpro main protease 
HPLC high performance liquid chromatography 
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