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ARTICLE INFO ABSTRACT

Keywords: Effective drugs against SARS-CoV-2 are urgently needed to treat severe cases of infection and for prophylactic

SARS-CoV-2 use. The main viral protease (nsp5 or 3CLpro) represents an attractive and possibly broad-spectrum target for

2231‘5 drug development as it is essential to the virus life cycle and highly conserved among betacoronaviruses. Sen-
pro

sitive and efficient high-throughput screening methods are key for drug discovery. Here we report the devel-
opment of a gain-of-signal, highly sensitive cell-based luciferase assay to monitor SARS-CoV-2 nsp5 activity and
show that it is suitable for the screening of compounds in a 384-well format. A benefit of miniaturisation and
automation is that screening can be performed in parallel on a wild-type and a catalytically inactive nsp5, which
improves the selectivity of the assay. We performed molecular docking-based screening on a set of 14,468
compounds from an in-house chemical database, selected 359 candidate nsp5 inhibitors and tested them
experimentally. We identified two molecules which show anti-nsp5 activity, both in our cell-based assay and in
vitro on purified nsp5 protein, and inhibit SARS-CoV-2 replication in A549-ACE2 cells with ECs¢ values in the
4-8 uM range. The here described high-throughput-compatible assay will allow the screening of large-scale
compound libraries for SARS-CoV-2 nsp5 inhibitors. Moreover, we provide evidence that this assay can be
adapted to other coronaviruses and viruses which rely on a viral protease.

Small molecule inhibitors
High-throughput screening
Cell-based assay

1. Introduction until complete vaccine coverage will be reached and with the emergence

of variants of concern, there is a critical need for prophylactic and

In January 2020, a novel human coronavirus named severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) was identified as the
causative agent of the COVID-19 disease. SARS-CoV-2 has spread glob-
ally, causing a pandemic that is still on-going and has to date infected
over 450 million people and caused over 6 million deaths worldwide
(John Hopkins University & Medicine, 2022). Vaccines started to be
deployed early 2021 and more than 10 billion doses have been admin-
istered to date (John Hopkins University & Medicine, 2022). However,

therapeutic antiviral drugs. Despite huge efforts, only few treatments
have been approved or authorized under emergency use authorization
until december 2021 (US Food and Drug Administration, 2022), among
which the glucocorticoid dexamethasone (Group et al., 2021) and the
IL6 receptor blocker tocilizumab (Rosas et al., 2021), which show a
benefit in severe COVID-19 cases. Other authorized treatments during
that period include the REGEN-COV antibody cocktail (O’Brien et al.,
2021a), whose high cost precludes large-scale administration and whose
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efficacy was reduced against the Omicron variant (Planas et al., 2021),
and the ribonucleotide analog remdesivir whose efficacy is limited
(Beigel et al., 2020). In December 2021, two antivirals were authorized
for clinical use: molnupiravir and PF-07321332, that target the RNA
polymerase and the main protease of SARS-CoV-2, respectively (Fischer
etal., 2022; Hammond et al., 2022; Owen et al., 2021; Zhao et al., 2021).

SARS-CoV-2 is an enveloped virus with a positive-, single-stranded
RNA genome. It belongs to the Coronaviridae family, which includes
other zoonotic coronaviruses (SARS-CoV-1 and the Middle-East Respi-
ratory Syndrome Coronavirus or MERS-CoV) as well as human seasonal
coronaviruses that cause common colds. The large open reading frame
ORF1lab at the 5’ end of the SARS-CoV-2 genome is translated into two
viral polyproteins that are cleaved by two viral proteases into at least 16
non-structural proteins (nsps) (V'Kovski et al., 2021). The main protease
is a chymotrypsin-like cysteine-dependent protease called nsp5 (or
3CLpro or Mpro), and the second protease is a papain-like protease
domain within nsp3 called PLpro (for a review see Ullrich and Nitsche,
2020). Both proteases represent attractive targets for drug development
as they are essential to the progression of the viral life cycle, and their
active sites are highly conserved among betacoronaviruses. Nsp5 is a
dimer composed of two identical monomers of 306 residues, while the
PLpro region of nsp3 is 317 residues long and composed of 4 sub-
domains, including an ubiquitin-like domain. Nsp5 is considered to be a
particularly attractive target because it cleaves the viral replicase pol-
yprotein 1 ab at 11 major cleavage sites and is required to produce the
RNA-dependent RNA polymerase complex (nspl2-nsp7-nsp8), and
because its cleavage specificity is distinct from human proteases. To
date, there are more than 250 structures available in the Protein Data
Bank (PDB, Berman et al., 2000) database for the SARS-CoV-2 nsp5,
including complexes with small molecules, which facilitates
structure-based design of new antivirals (Dai et al., 2020; Gunther et al.,
2021; Jin et al., 2020; Khan et al., 2020; Wang et al., 2020; Zhang et al.,
2020). Early on, the lopinavir/ritonavir protease inhibitor cocktail that
prevents HIV replication was proposed as an antiviral agent against
SARS-CoV-2, however clinical trials did not demonstrate benefits in
patients with severe COVID-19 (Cao et al., 2020). Boceprivir, a protease
inhibitor used to treat patients with Hepatitis C virus (genotype 1)
chronic infection, showed only a moderate activity against SARS-CoV-2
nsp5 (Hu et al., 2021; Ma et al., 2020, 2021) and was not tested in
COVID-19 clinical trials. The covalent peptidomimetics PF-00835231
initially developed by the Pfizer company against SARS-CoV-1 and
MERS-CoV and its prodrug PF-07304814 turned out to be active against
SARS-CoV-2 (Boras et al., 2021). Pfizer announced in November 2021
that its novel oral antiviral Paxlovid, a combination of PF-07321332 and
ritonavir, reduced the risk of hospitalization or death by nearly 90%
compared to placebo in interim analysis of a Phase 2/3 trial in high-risk
adults with COVID-19 (Hammond et al., 2022; Owen et al., 2021). Only
a few other candidate protease inhibitors, notably Masitinib (Drayman
et al., 2021) and S-217622 (Shionogi, 2022) are currently being evalu-
ated in clinical trials.

Paxlovid has been authorized for use by the FDA in December 2021
and by the EMA in January 2022, which represents a major advance for
pandemic management. Although the structure of the active site of nsp5
is highly conserved among coronaviruses, and its sequence shows very
few variations among the >1.9 millions SARS-CoV-2 full-genome
available to date (Gao et al., 2021), the emergence of viruses with
drug-resistant mutations cannot be excluded. The identification of other
anti-SARS-CoV-2 drugs therefore remains a high priority. Sensitive and
efficient high-throughput screening methods are key for the discovery of
additional novel protease inhibitors. In vitro biochemical assays, which
assess the protease activity of purified SARS-CoV-2 nsp5 are available
(Fu et al., 2020; Hung et al., 2020; Jin et al., 2020; Rathnayake et al.,
2020; Zhang et al., 2020; Zhu et al., 2020). However, in vitro assays need
to be complemented with cell-based assays as they do not take into ac-
count compound membrane permeability, toxicity and bioavailability in
cells. Cell-based reporter assays that can be performed in a Biosafety
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Level 1 (BSL1) setting have been developed (Froggatt et al., 2020;
O’Brien et al., 2021b; Rawson et al., 2021; Resnick et al., 2021; Rothan
and Teoh, 2021) but their suitability for high-throughput screening has
not been demonstrated. Here we report the development of a rapid and
highly sensitive cell-based luciferase assay to monitor SARS-CoV-2 nsp5
activity. We provide evidence that the reporter assay is suitable for
high-throughput automated screening of large libraries of compounds
and report the identification of two lead compounds that inhibit prote-
ase activity in our cell-based assay and in vitro on purified nsp5 protein,
and inhibit SARS-CoV-2 replication in cell culture.

2. Material and methods

Antibodies and Virtual screening for anti-nsp5 compounds are
described in the Supplementary Methods.

2.1. Cells and virus

HEK-293T cells (designated as HEK-293T/17 from ATCC, # CRL-
11268) and A549 cells stably expressing the human ACE2 receptor
(A549-ACE2, kindly provided by O. Schwartz, Institut Pasteur) were
grown in complete Dulbecco’s modified Eagle’s medium (Gibco) sup-
plemented with 10% fetal bovine serum (FBS). Blasticidin was added to
the A549-ACE2 medium at a concentration of 10 ug/mL to maintain the
expression of ACE2. The BetaCoV/France/IDF0372/2020 virus was
kindly provided by S. van der Werf (Institut Pasteur).

2.2. Plasmids

The pcDNA3.1 expression vectors for a SARS-CoV-2 polyprotein
corresponding to the non-structural proteins 4, 5 and the N-terminal part
of nsp6 (designated CoV-2-nsp4-5-6 WT), and its catalytically inactive
counterpart in which cysteine 145 (with numbering starting at the first
residue of nsp5) was changed to alanine (designated CoV-2-nsp4-5-6
C145A) are described in (O’Brien et al., 2021b). The mutated cleavage
site between nsp5 and 6 was changed to the wild-type sequence by
site-directed mutagenesis. These plasmids were used as templates to
amplify the sequence encoding nsp5 (WT or C145A), and the resulting
amplicons were subcloned into the pcDNA3.1 plasmid. The pLEX
expression vectors for SARS-CoV-2, IBV and hCoV-229E nsp5 are
described in (Froggatt et al., 2020) and were kindly provided by N.
Heaton (Duke University). The pGEX-6P-1 plasmid used to produce the
recombinant nsp5 was kindly provided by R. Hilgenfeld (University of
Luebeck) (Zhang et al., 2020). The Hepatitis C Virus (HCV) NS3/4A
expression vector was generated by subcloning a synthetic gene which
was codon optimized for expression in human cells (Genscript) into the
pCI plasmid. Site-directed mutagenesis was performed to generate a
catalytically inactive mutant in which S139 (with numbering starting at
the first residue of NS3) was changed to alanine (designated
HCV-NS3/4A S139A). To generate the Reverse-Nanoluciferase reporter
plasmid Rev-Nluc-CoV, a synthetic codon-optimized nucleotide
sequence encoding a permuted Nanoluciferase with the NGSVRLQSSLK
linker between the N- and the C-terminal domains was cloned into the
pLV-CMV-eGFP lentiviral vector (Duke vector core, Duke University) in
place of the eGFP insert. The other Rev-Nluc reporter plasmids were
produced in two steps. First, a synthetic codon-optimized nucleotide
sequence encoding a permuted Nanoluciferase with two BsmBI sites
between the N- and the C-terminal domain was cloned into
pLV-CMV-eGFP. Second, double-stranded oligonucleotides encoding
alternative nsp5, Tobacco Etch Virus (TEV) or HCV-NS3/4A protease
cleavage sites were cloned in frame using the BsmBI sites. All constructs
were verified by sequencing. Primers used for cloning and mutagenesis
are available upon request.
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2.3. Viral protease activity assays

HEK-293T cells were seeded in 96-well white opaque plates (Greiner
Bio-One, 3 x 10* cells per well) one day before being transfected with 5
ng of the Rev-Nluc-CoV reporter plasmid and 95 ng of the pcDNA3.1-
nsp4-5-6 WT, pcDNA-3.1-nsp4-5-6 C145A, pLEX-nspS or an empty
control pCI plasmid, using polyethyleneimine (PEI-max, #24765-1
Polysciences Inc). To measure NS3/4A activity, 5 ng of the Rev-Nluc-
HCV reporter plasmid was co-transfected with 145 ng of the pCI-NS3/
4A WT or pCI-NS3/4A S139A, using the same protocol. Nanoluciferase
activity was measured at 24 or 48 h post-transfection (hpt) using the
Nano-Glo® Luciferase Assay System (#1120, Promega) and a Berthold
Centro XS3 luminometer (integration time 1s/well using the Mikro-
Win® software). When indicated, cells were treated at 8 hpt with
increasing concentrations of the inhibitors GC376 (Sigma-Aldrich),
Calpain Inhibitor XII (Cayman Chemicals), Mpro 13b (Bio-Techne),
Boceprevir (Sigma-Aldrich) and PF-07321332 (MedChem Express) with
a constant DMSO concentration of 0.1%, for ~14 h. Nanoluciferase
activity was measured at 24 hpt.

In the 384-well plate setting, ~107 HEK-293T cells were transfected
in 50 cm? dishes with 1 pg of the Rev-Nluc-CoV plasmid and 15 pg of the
nsp4-5-6 WT or nsp4-5-6 C145A expression plasmids. Increasing
amounts of the tested compounds, corresponding to final concentrations
of 0.1-50 pM with a constant DMSO concentration of 0.5% were
distributed in 384-well white opaque plates using an Echo 555 Liquid
Handler (Labcyte). Transfected HEK-293T cells were trypsinized at 6 hpt
and distributed in the 384-well plates (2 x 10* cells per well in 50 pL).
The luciferase activity was measured at 24 hpt as described above. A
Tecan-Fluent robotic workstation was used to dispense cells and lucif-
erase substrate. Each 384-well plate included 14 negative control wells
(mean DMSO-treated signal = DMSO) and 14 positive-control wells
(mean GC376 at 50 pM signal = GC). The ICs( values were determined
using the CDD Vault software (Collaborative Drug Discovery) and
normalization of compound-treated signals (C) as follows: (C - DMSO)/
(GC — DMSO) x 100 in nsp4-5-6 WT expressing cells, and (C/DMSO) x
100 in nsp4-5-6 C145A expressing cells. The z’ factor calculated for each
plate using the CDD software (2" = 1- [3 x (6, + 64)/|p - Pin|]1, Where op
and o, are the standard deviation of the positive and negative controls,
respectively, and i, and i, are the mean of the positive and the negative
controls, respectively) was around 0.8.

Additional information about tested compounds (MolPort Com-
pound number, supplier, purity) is provided in the Supplemental
Methods section.

2.4. Nsp5 protein purification and in vitro activity assay

The nsp5 protein was produced in E. coli as previously described
(Zhang et al., 2020). Briefly, the pGEX-6P-1 plasmid was transformed in
E coli BL21 DE3 gold, and the nsp5 protein was produced overnight at
17 °Cupon IPTG induction (250 pM). Bacterial pellets were resuspended
in lysis buffer (50 mM Tris pH 8, 300 mM NaCl, 5 mM MgSO4, 10%
Glycerol, 0.1%Triton X-100, supplemented with 0.25 mg/mL Lysosyme,
1 mM PMSF, and 10 pg/mL DNAse I). After 3 cycles of sonication and
clarification, the 6xHis-tagged protein was purified by NTA affinity on
cobalt beads, and the nsp5 protein was eluted in lysis buffer supple-
mented with 250 mM imidazole. The nsp5 protein was then concen-
trated on Vivaspin 20 centrifugal concentrators 10 kDa MWCO (GE
Healthcare #VS2001), dialysed against the elution buffer in the absence
of imidazole, and stored at —80 °C upon addition of 50% glycerol.

The fluorescence resonance energy transfer (FRET)-based in vitro
activity assays were performed in black 384-well HiBase non-binding
plates (Greiner Bio One #784900). Briefly, serial dilution of the in-
hibitors were incubated with purified nsp5 protein (80 nM) and 5 pM of
a florescent synthetic peptide (Dabcyl-KTSAVLQ|SGFRKM-Edans-NH2,
purchased from Genscript) in HEPES buffer (20 mM, pH 6.5) containing
120 mM NacCl, 0.4 mM EDTA, 4 mM DTT and 10% glycerol. The DMSO
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final concentration was adjusted at 0.5%. Cleavage of the synthetic
peptide by nsp5 separates the Edans/Dabcyl fluorophore-quencher pair.
The time courses of the enzymatic reaction were followed during 40 mn
by monitoring the increase of fluorescence emission at 493 nM (exci-
tation 335 nM) using a Tecan Saphir 2 fluorimeter during 40 mn. The
enzymatic activities were estimated by taking the slope of the linear part
of the reaction curve, and were normalized with respect to the activity
measured in the absence of inhibitor. The ICsg values were determined
by plotting the % of activity as a function of the inhibitor concentration
and by fitting the curves with Prism (GraphPad) using the following
equation: Y = 100/(1+((X/ICs0)"Hill slope).

2.5. Antiviral activity and cell viability assays

A549-ACE2 cells seeded in 384-well plates (1.5 x 103 cells per well)
were incubated with the compound of interest at the indicated con-
centration in DMEM-2% FBS for 2 h prior to infection. The media was
replaced with the SARS-CoV-2 inoculum (MOI = 0.1 Particle Forming
Unit per cell) and incubated for 1 h at 37 °C. The inoculum was removed
and replaced with drug-containing media. At 72 h post infection (hpi),
the cell culture supernatant was collected, heat inactivated at 80 °C for
20 min, and used for RT-qPCR analysis. The Luna Universal One-Step
RT-qPCR Kit (New England Biolabs) was used, with SARS-CoV-2 spe-
cific primers targeting the N gene region (5'-TAATCAGA-
CAAGGAACTGATTA-3' and 5'-CGAAGGTGTGACTTCCATG-3') and with
the following cycling conditions: 55 °C for 10 min, 95 °C for 1 min, for 1
cycle, followed by 95 °C for 10 s, 60 °C for 1 min, for 40 cycles in an
Applied Biosystems QuantStudio 6 thermocycler. The percentage of
viral growth inhibition was calculated as the ratio of the sample mean Ct
to the positive control (remdesivir 1 pM) mean Ct, after subtracting the
negative control (DMSO 0.5%) mean Ct. Cell viability assays were per-
formed in drug-treated cells using the CellTiter-Glo assay according to
the manufacturer’s instructions (Promega) and a Berthold Centro XS
LB960 luminometer. The percentage of cytotoxicity was calculated
relative to untreated cells (0% cytotoxicity) and cells treated with 20 pM
camptothecin (100% cytotoxicity).

3. Results

3.1. Development of a Reverse-Nanoluciferase (Rev-Nluc) reporter to
monitor nsp5 activity

To develop a Nanoluciferase-based reporter for SARS-CoV-2 nsp5
activity, we built on our experience in engineering a split Nanoluciferase
for protein complementation assays (Choi et al., 2019). We designed a
Reverse-Nanoluciferase (Rev-Nluc-CoV, Fig. 1A) in which the two in-
dependent structural Nanoluciferase domains corresponding to amino
acids 2-66 and 66-171 are permuted and separated by a flexible loop
including the coronavirus nsp5 consensus cleavage site VRLQ/S
(Kilianski et al., 2013). As a control, a TEV protease cleavage site or a
sequence corresponding to two BsmBI restriction sites was inserted into
the Rev-Nluc (Rev-Nluc-TEV and Rev-Nluc-control, respectively). To
determine the efficiency of nsp5-mediated Rev-Nluc cleavage, the
Rev-Nluc-CoV plasmid was co-transfected with a plasmid encoding
nsp4, nsp5 and the amino-terminal part of nsp6 (O’Brien et al., 2021b).
Previous studies have shown that nsp5 is released upon autocatalytic
processing of the coronavirus nsp4-5-6 polyprotein (Kilianski et al.,
2013; Muramatsu et al., 2016; O’Brien et al., 2021b). As a control, a
catalytically inactive nsp5 mutant (C145A) was used (Muramatsu et al.,
2016).

A luciferase signal was measured in cells co-transfected with the Rev-
Nluc-CoV and a control empty plasmid, demonstrating that the
permuted Nanoluciferase domains form an active enzyme. Compared to
the empty vector control, cells co-transfected with the SARS-CoV-2
nsp4-5-6 WT plasmid showed a ~30-fold reduction in luciferase signal
at 48 hpt, whereas Nanoluciferase signals in cells co-transfected with the
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Fig. 1. Development of a Nanoluciferase-based reporter to monitor nsp5 activity. A. Schematic representation of the Rev-Nluc-CoV based assay for nsp5/
3CLpro activity. The Rev-Nluc-CoV reporter was designed so that the N-terminal and C-terminal domains of the Nanoluciferase are permuted and separated by a
flexible loop including the coronavirus nsp5 consensus cleavage site (VRLQ/S). Reporter cleavage by nsp5 reduces Nanoluciferase activity. Inhibition of nsp5 in-
creases Nanoluciferase activity B. Luciferase signals measured at 48 hpt in HEK-293T cells transfected with a Rev-Nluc reporter (CoV cleavage site, TEV cleavage site
or a control linker sequence) and nsp4-5-6 (WT or C145A) or nsp5 (WT or C145A). The graph shows the Relative Light Unit (RLU) fold reduction compared to cells
transfected with an empty control plasmid instead of the nsp4-5-6 or nsp5 plasmid (mean + SD of four independent experiments performed in technical triplicates).
C. Luciferase signals measured at 24 hpt in HEK-293T cells transfected with a Rev-Nluc reporter (with different nsp5 cleavage sites or a control linker sequence), and
nsp4-5-6 (WT or C145A). The graph shows the RLU fold reduction compared to cells transfected with an empty control plasmid instead of the nsp4-5-6 plasmid (mean
+ SD of four independent experiments performed in technical triplicates). D-F. The inhibition of SARS-CoV-2 nsp5 by GC376 (D), Calpain Inhibitor XII (E) and
Boceprevir (F) was assessed using the Rev-Nluc-based assay. The assay was performed as described in the Methods section. The RLU are shown as the mean + SD of

three independent experiments performed in technical triplicates. Open symbols: nsp4-5-6 WT; closed symbols: nsp4-5-6 C145A.

SARS-CoV-2 nsp4-5-6 C145A remained unchanged (Fig. 1B, white bars,
and Supplemental Fig. 1). When the Rev-Nluc-TEV and Rev-Nluc-control
plasmids were used instead of the Rev-Nluc-CoV reporter plasmid, cells
co-transfected with nsp4-5-6 WT showed a ~5-fold decrease in lucif-
erase signal (Fig. 1B, light and dark grey bars, respectively). These data
indicate that upon autocatalytic processing of the SARS-CoV-2 nsp4-5-6
polyprotein, the released nsp5 restricts the production of an active
Nanoluciferase, and it does so through two distinct mechanisms: 1)
cleavage of the canonical nsp5 site VRLQ/S in the Rev-Nluc and 2)
reduction of Nanoluciferase activity independent of the canonical
cleavage site, possibly caused by nsp5-mediated cleavage of Rev-Nluc at
other sites or indirectly by cleavage of cellular proteins. The cleavage of
the reporter is strictly dependent on the protease activity of nsp5, as
demonstrated by the nsp5 C145A mutant. When nsp5 was expressed
alone instead of the nsp4-5-6 polyprotein, the observed fold-changes
were lower (Fig. 1B).

An orthogonal assay was used to confirm that the reduction in
luciferase signal was due to nsp5-mediated cleavage of the reporter. The
Rev-Nluc-CoV reporter was fused to the 3xFLAG tag at its N-terminal
end and cleavage was assessed by western-blot using an anti-FLAG
antibody. As shown in Supplemental Fig. 2, the full-length Rev-Nluc-
CoV protein could no longer be detected upon co-expression of the
SARS-CoV-2 nsp4-5-6 WT, while its levels remained unchanged upon
expression of the C145A mutant. Notably, the FLAG-tagged cleavage
product with an expected size of 19 kD (compared to 30 kD for the

uncleaved Rev-Nluc) could not be detected either, suggesting that it is
degraded upon cleavage.

3.1.1. Comparison of Rev-Nluc reporters with different nsp5 cleavage sites
In an attempt to optimize the Rev-Nluc reporter, we replaced the
initial coronavirus nsp5 consensus VRLQ/S cleavage site by the VARLQ/
SG sequence that was identified as an optimal SARS-CoV nsp5 cleavage
site (Chuck et al.,, 2011), or by three nsp5 cleavage sites in the
SARS-CoV-2 ORF1a at the nsp4-5 (SAVLQ/SG), nsp5-6 (GVTFQ/SA) and
nsp9-10 (TVRLQ/AG) junctions. With all reporter plasmids, a decrease
in luciferase signal was measured in cells expressing SARS-CoV-2
nsp4-5-6 WT (Fig. 1C, white bars) compared to the empty vector, but
not in cells expressing the mutant SARS-CoV-2 nsp4-5-6 C145A (Fig. 1C,
dark grey bars). The highest fold change was observed with the
Rev-Nluc-CoV plasmid (VRLQ/S), which was used in the following ex-
periments in combination with SARS-CoV-2 nsp4-5-6 WT or C145A.

3.1.2. Effect of nsp5 inhibition on Rev-Nluc activity

The fold-change in Nanoluciferase signal measured between the WT
and C145A mutant is dependent on nsp5 enzymatic activity and can
therefore be used as a proxy for in vivo nsp5 activity. To investigate
whether the Rev-Nluc reporter could be used to screen for inhibitors of
nsp5, we tested the commercially available GC376 compound that was
reported to inhibit SARS-CoV-2 nsp5 activity in vitro (Fu et al., 2020; Ma
etal., 2021) as well as in cell-based assays (Froggatt et al., 2020; Rawson
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et al., 2021) and to inhibit SARS-CoV-2 replication in Vero cells (Hung
et al., 2020). GC376 dose-dependently reduced nsp5 activity, as seen by
a gradual increase of Nanoluciferase activity measured in the presence
of SARS-CoV-2 nsp4-5-6 WT (Fig. 1D, open symbols), while the lucif-
erase signal measured in the presence of catalytically inactive mutant
remained unchanged (Fig. 1D, closed symbols). Full inhibition of nsp5
was achieved at 10 pM GC376 and the estimated ICso was in the
micromolar range, in agreement with previous findings in cell-based
assays (Froggatt et al., 2020; Iketani et al., 2021; Vuong et al., 2020).
The inhibitory effects of Calpain Inhibitor XII and Boceprevir as deter-
mined by the Rev-Nluc assay were lower compared to GC376 (Fig. 1E
and F), consistent with the reported in vitro ICsg values (0.45 and 4.13
pM respectively, compared to 0.03 pM for GC376 in Ma et al., 2021).

3.1.3. Extended use of the Rev-Nluc assay

We asked whether the Rev-Nluc-CoV reporter can be used to monitor
the activity of nsp5 proteins from distantly related coronaviruses. To this
end, the Rev-Nluc-CoV plasmid was co-transfected with nsp5 expression
vectors derived from SARS-CoV-2 (Betacoronavirus), the human seasonal
coronavirus 229E (hCoV-229E, Alphacoronavirus) or the avian infectious
bronchitis virus (IBV, Gammacoronavirus). Compared to the empty vec-
tor control, a 50- to 100-fold reduction was observed in the presence of
SARS-CoV-2, hCoV-229E and IBV nsp5 (Fig. 2A). These findings are
consistent with data obtained with a FlipGFP nsp5 reporter (Froggatt
et al., 2020), and show that the Rev-Nluc assay can be adapted to other
coronaviruses.
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Next, we asked whether the Rev-Nluc reporter could be used to
monitor the activity of a distinct class of proteases, the hepatitis C virus
(HCV) NS3/4A serine protease. The Rev-Nluc-HCV reporter plasmid, in
which the two Nanoluciferase subdomains are linked by the NS5A/5B
cleavage site EDVVCCSMSY, was co-transfected with an expression
vector for NS3/4A protease. Cells co-transfected with the NS3/4A
plasmid showed a ~20-fold reduction in luciferase signal at 48 hpt,
whereas luciferase signals in cells co-transfected with the catalytically
inactive S139A mutant (Bartenschlager et al., 1993) showed no change
(Fig. 2B, grey bars, and Supplemental Fig. 3). In the presence of two
potent NS3/4A protease inhibitors (BI-1230 and BI-1388, Boehringer
Ingelheim), a dose-dependent increase of the Nanoluciferase signal was
observed in the presence of NS3/4A WT (open symbols) while the
luciferase signal measured in the presence of NS3/4A S139A remained
unchanged (closed symbols) (Fig. 2C-D). The estimated ICsy as
measured by the Rev-Nluc assay was 0.02 pM, in the same range as
previously reported (https://opnme.com/).

3.1.4. Implementation of an automated 384-well Rev-Nluc-assay pipeline
To allow the screening of large compound libraries with potential
anti-nsp5 activity, we adapted the Rev-Nluc assay to the 384-well format
in an automated pipeline as described in detail in the Methods section. In
brief, HEK-293T cells are transfected in bulk, harvested at 6 hpt and
distributed homogeneously in 384-well plates which contain pre-
distributed compounds (Fig. 3A). This reduces transfection efficiency
variations between wells and increases time- and cost-effectiveness. In a
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Fig. 2. Extended use of the Rev-Nluc assay. A. Luciferase signal measured at 48 hpt in HEK-293T cells co-transfected with a Rev-Nluc reporter (with a CoV or
control linker sequence) and nsp5 (derived from SARS-CoV-2, hCoV-229E, or IBV). The graph shows the RLU fold-reduction compared to cells transfected with an
empty control plasmid (mean + SD of three independent experiments performed in technical triplicates). The amino acid sequence identity compared to SARS-CoV-2
nsp5 is indicated below the graph. B. Luciferase signal measured at 48 hpt in HEK-293T cells co-transfected with a Rev-Nluc reporter (with an HCV-NS5A/5B, a CoV
cleavage site, or a control linker sequence) and HCV-NS3/4A protease (WT or S139A) or SARS-CoV-2 nsp4-5-6. The graph shows the RLU fold-reduction compared to
cells transfected with an empty control plasmid instead of an NS3/4A or nsp4-5-6 plasmid (mean + SD of three independent experiments performed in technical
triplicates). C-D. The inhibition of HCV-NS3/4A protease by BI-1230 (C) and BI-1388 (D) at concentrations from 10 to 0.0004 pM was assessed using the Rev-Nluc-
based assay. The RLU are shown as the mean + SD of two independent experiments performed in technical triplicates. Open symbols: NS3/4A WT; closed symbols:

NS3/4A-S139A.
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Fig. 3. Upscaling of the Rev-Nluc-based assay to the 384-well format. A. Schematic representation of the automated high-throughput pipeline to perform the
Rev-Nluc assay in a 384-well format. The initial point of the timeline (hours post-transfection) is indicated as TO. B. The inhibition of SARS-CoV-2 nsp5 by GC376,
Mpro13b, Calpain Inhibitor XII, Boceprevir and PF-07321332 was assessed using the Rev-Nluc-based assay in a 384-well plate setting. Cells were transfected either
with SARS-CoV-2 nsp4-5-6 WT (open symbols) or C145A (black symbols). Experiments with Boceprevir, Mpro 13b and Calpain Inhibitor XII were done with a
different batch of cells than experiments with GC376 and PF-07321332. The inhibitor concentrations correspond to 3-fold serial-dilutions from 50 to 0.02 pM. The
graphs show Relative Light Units (RLU) measured as described in the Methods section and expressed as the mean + SD of two independent experiments, each

performed in technical triplicates.

preliminary experiment, we assessed the reproducibility of the lucif-
erase signal across ten 384-well plates with GC376 at final concentra-
tions of 10, 1 or 0.1 pM. The luciferase signal distribution and relative
nsp5-inhibition by GC376 remained stable throughout the series (Sup-
plemental Fig. 4). The robustness of the assay was also demonstrated by
a z’-factor of 0.8, which taken together with its miniaturisation and
rapidity, makes it compatible with high-throughput use. When the same
conditions were used to perform dose-response curves with GC376,
Calpain Inhibitor XII, Boceprevir, the alpha-ketoamide inhibitor Mpro
13b, and the recently approved oral inhibitor PF-07321332, the relative
levels of nsp5 inhibition and estimated ICsq values were consistent with
previous reported in vitro activities (Hung et al., 2020; Ma et al., 2021;
Owen et al., 2021; Rawson et al., 2021; Zhang et al., 2020) (Fig. 3B).
Overall, our data demonstrate that the Rev-Nluc-based is scalable to the
384-well format and can be reliably used to screen large libraries for
small molecule inhibitors of SARS-CoV-2 nsp5.

3.2. In silico-based selection of potential anti-nsp5 compounds

We used the available structural information on ligand-bound nsp5

proteins (98 covalent and 40 non-covalent crystallographic complexes)
to derive a pharmacophore (Supplemental Methods section and Sup-
plemental Fig. 5). Among the non-covalent complexes, 38 were bearing
proper ligands to perform crossdocking experiments and were used as
candidates to select for the most suitable docking protocol/schemes. The
docking of an in-house library of 14,468 compounds was performed on
the PDB entries 7JU7, 5R7Z and 5RH8 with the Smina software (Koes
et al., 2013) and on PDB 5RH8 with the FlexX software (Rarey et al.,
1996), as the combination of these four docking schemes gave the best
results for crossdocking on the non-covalent crystallographic complexes
(Supplemental Methods section). Molecules which could not be docked
because they had unusual atoms, had too many rotatable bonds, or could
not fit for other reasons were discarded. Out of the 14,468 compounds,
13,781 could be docked at least once for one of their ~60,000 tauto-
mers/conformers. With up to 10 poses recorded, this led to ~2,400,000
poses. For each docking pose, a pharmacophoric score (named
PHARMscore) was calculated as described in the Supplemental Methods
section. Noticeably, comparison of the docking poses of FlexX and Smina
on PDB 5RH8 showed better PHARMscore for FlexX. Correlations be-
tween the PHARM scores and rescoring values were significant for the
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selected molecules (from 0 to 58%) (“Whole selection” in the Supple-
mental Table 1). The correlation was higher for the best rescored poses
than for the best PHARM poses, suggesting that the rescoring considers
the molecular contacts used to calculate the PHARMSscores and is more
exhaustive.

For each molecule and each docking scheme, the pose with the top
score upon docking and the pose with the top PHARMscore were
selected and were used for the selection/prioritization of molecules as
described in the Supplemental Methods section. This led to 393, 381,
376, 310 unique poses (or 371, 307, 319 and 371 unique molecules) for
5R7Z-Smina-HYDE, 5RH8-FlexX, 5RH8-Smina-AD4 and 7JU7-Smina-
AD4, respectively, representing a total of 1460 unique poses (or 933
unique molecules) that were further analysed (Supplemental Fig. 6).
Noticeably, the following molecular interactions were observed most
frequently (frequency in brackets): HBond:GLU166 (75%), Cation-m:
HIS41 (46%), n-m:HIS41 (37%), HBond:GLY143 (30%), Tstack:HIS41
(27%), HBond:HIS163 (23%), SaltBridge:GLU166 (21%). In compari-
son, the most frequent interactions observed in the crystal complexes
were HBond:GLU166 (37%), HBond:HIS163 (26%), Tstack:HIS41
(17%), HBond:GLY143 (8%). After visual inspection, 46, 121, 107 and

Table 1
Primary and secondary screen of candidate nsp5 inhibitors.
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84 poses were selected from the 5R7Z-Smina-HYDE, 5RH8-FlexX, SRHS8-
Smina-AD4 and 7JU7-Smina-AD4 docking models respectively, repre-
senting a list of 316 unique candidate molecules. An additional 23
molecules were selected because of their chemical similarity to control
compounds (GC376, Calpain Inhibitor XII, Boceprevir and Masitinib),
bringing to 339 the number of selected molecules (named in silico Se-
lection #1 below, in the Supplemental Table 1 and Table 1). A second
filtering of the ~2,400,000 poses was performed based on features
frequently observed both in available crystallographic complexes (Dai
et al., 2020; Fu et al., 2020; Gunther et al., 2021; Jin et al., 2020;
Lockbaum et al., 2021; Ma et al., 2020; Sacco et al., 2020; Su et al., 2020;
Zhang et al., 2020) and in the poses of the in silico Selection #1 (namely
hydrogen bonds to residues 163 and 166 and pyridine, acetamide/urea
moieties) and geometric/positional similarity to crystal complexes. The
1354 filtered poses, representing 1142 unique molecules, were visually
inspected to select 20 additional molecules (named in silico Selection #2).
In total, 359 molecules (Selection #1 and #2) were selected for experi-
mental testing.

Compound name Compound # Predicted solubility Primary screen Secondary screen

Source Docking nsp5-WT nsp5-WT nsp5-CA

Scheme RLU (%) * RLU (%) * RLU (%) "
Target Mol UNC2881 1 29.5 18.2+ 0.5 295.3 +15.8
Target Mol dBET6 2 17.3 15.2 + 1.0 233.3 £ 6.6
Target Mol Lacidipine 3 10.2 8.9 +0.7 121.2 + 7.4
In Silico #1 5R8H-FlexX Volasertib (BI6727) 4 83.9 114.5 + 8.9 >250
In Silico #1 5R7Z-Smina Merimepodib 5 46.1 38.6 +1.6 110.4 +10.8
In Silico #1 5R8H-FlexX Fedratinib (SAR302503) 6 32.7 57.6 + 8.6 >250
In Silico #1 5R8H-FlexX OTX015 7 Low 31.8 31.5 +11.0 >250
In Silico #1 5R8H-FlexX TG101209 8 30.0 349+ 4.0 >250
In silico #1 7JU7-Smina Pacritinib (SB1518) 9 Low 28.2 153+ 1.3 98.3 + 4.0
In silico #1 7JU7-Smina AT9283 10 24.0 14.7 £ 0.8 71.3 +8.3
In silico #1 5RH8-Smina Fr-PPIchem-33-E11_10265 11 22.8 140 £ 1.7 110.3 £ 9.1
In silico #1 7JU7-Smina CP 673451 12 19.4 13.9 £ 0.9 144.6 + 10.3
In silico #1 5RH8-Smina Fr-PPIchem-18-N22_05720 13 18.8 19.2+1.4 270.7 + 1.7
In silico #1 5R8H-FlexX Fr-PPIchem-05-G10_01408 14 Low 17.7 19.2+1.0 148.3 + 18.6
In silico #1 5R7Z-Smina Fr-PPIchem-29-J4_09142 15 16.8 100+ 1.4 168.3 + 2.9
In silico #1 5R8H-FlexX BMS-833923 (XL139) 16 Low 16.4 16.2 + 2.1 256.0 + 74.0
In silico #1 5RH8-Smina SNS-032 (BMS-387032) 17 15.7 10.7 £ 1.1 66.6 + 3.4
In silico #1 5R8H-FlexX Fr-PPIchem-33-E19_.10269 18 15.3 10.6 £ 2.4 207.0 + 8.0
In silico #1 5R8H-FlexX Fr-PPIchem-24-G17_07495 19 14.6 11.8 +1.3 72.0 + 2.3
In silico #1 5RH8-Smina Rociletinib (CO-1686. AVL-301) 20 Low 13.3 9.7 +1.9 181.9 + 10.4
In silico #1 5R8H-FlexX Dasatinib (BMS-354825) 21 11.6 10.7 £ 1.7 249.1 +£19.9
In silico #1 5R8H-FlexX Fr-PPIchem-08-N15_02513 22 Low 10.8 8.4 +0.7 107.0 + 3.0
In silico #1 5RH8-Smina Osimertinib (AZD9291) 23 10.1 8.3+23 43.2+6.7
In silico #1 5R8H-FlexX Fr-PPIchem-27-018_08616 24 Low 9.8 9.0+ 0.5 116.0 £ 5.6
In silico #2 5R8H-FlexX Fr-PPIchem-33-M5_10302 25 nd 1.5+ 0.4 110.3 +£ 6.7
In silico #2 5R8H-FlexX Fr-PPIchem-28-C12_08690 26 nd 1.2+0.4 97.7 £ 3.6
In silico #2 5R8H-FlexX Fr-PPIchem-25-K5_07883 27 nd 1.1 £0.6 94.9 + 3.2
In silico #2 5R8H-FlexX Fr-PPIchem-25-H16_07834 28 nd 28+14 103.1 £9.9
In silico #2 5R8H-FlexX Fr-PPIchem-25-H14_07832 29 nd 0.7 £1.0 98.3 +£ 3.0
In silico #2 7JU7-Smina Fr-PPIchem-24-K10_07568 30 Low nd 51+0.8 129.3 £ 3.5
In silico #2 5R8H-Smina Fr-PPIchem-24-J10_07548 31 nd 1.2 +£0.2 96.9 + 6.6
In silico #2 5R8H-FlexX Fr-PPIchem-23-J19_07237 32 nd 1.2+0.8 89.6 +£ 0.6
In silico #2 5R8H-FlexX Fr-PPIchem-23-E18_07136 33 Low nd 3.0+ 0.6 110.0 £ 7.0
In silico #2 5R8H-FlexX Fr-PPIchem-20-F19_06197 34 Low nd 1.6 £0.3 110.7 £ 8.1
In silico #2 5R8H-FlexX Fr-PPIchem-20-D4_06142 35 Low nd 49.9 +£ 0.2 113.3 +£ 4.7
In silico #2 5R8H-FlexX Fr-PPIchem-17-B10_05148 36 nd 0.4+04 97.5 £ 6.1
In silico #2 5R8H-FlexX Fr-PPIchem-10-014_03172 37 Low nd 24+09 104.1 £+ 8.0
In silico #2 5R8H-FlexX Fr-PPIchem-09-G14_02692 38 Low nd 9.7 +1.3 1343+ 7.0
In silico #2 5R8H-Smina Fr-PPIchem-08-H7_02385 39 Low nd 7.9+27 106.3 + 10.7
In silico #2 5R8H-Smina Fr-PPIchem-05-K6_01484 40 Low nd 28 +1.7 107.0 +£ 6.0
In silico #2 5R8H-Smina Fr-PPIchem-03-022_00940 41 nd 0.9+ 0.4 923+ 7.6
In silico #2 5R8H-Smina Fr-PPIchem-03-H4_00782 42 nd 0.6 £ 0.5 84.3 +£3.7
In silico #2 5R8H-FlexX Rebamipide 43 nd -1.5+0.5 71.6 £ 6.5
In silico #2 5R8H-FlexX Metyrapone 44 nd -1.4+£0.2 77.7 £ 2.4

@ percent of [GC376 50 pM].
b percent of [DMSO 0.5%].
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3.3. Screening of candidate nsp5 inhibitors

We applied the 384-well Rev-Nluc-assay pipeline to test the 339
candidate nsp5 inhibitors corresponding to the in silico Selection #1. In
parallel, we also tested a commercial (TargetMol) library of 161 small
molecules with potential anti-nsp5 activity as predicted by molecular
docking. In a primary screen, the compounds were distributed into 384-
well plates at final concentrations of 10 pM. The luciferase signals were
background subtracted and expressed as percentages of the mean signal
of cells treated with the control compound GC376 (50 pM). Nsp5 inhi-
bition of the 500 tested compounds was ranked by their potency from
left to right, and the compounds showing a luciferase signal >10% of the
signal measured in the presence of 50 pM GC376 are represented in blue
(Fig. 4A). Among those, 3 belong to the TargetMol library and 21 to the
in silico Selection #1 (Table 1, compounds #1 to #24).

To assess the specificity of nsp5 inhibition and potential cell toxicity,
the 24 primary hit compounds were tested at a final concentration of 10
pM in cells transfected with either SARS-CoV-2 nsp4-5-6 WT or C145A.
Compounds that led to an increased (>120%) or decreased (<80%)
luciferase signal in SARS-CoV-2 nsp4-5-6 C145A-transfected cells were
discarded. The 5 remaining compounds (# 5, 9, 11, 22 and 24, Table 1)
induced a moderate to strong increase in luciferase signal with nsp5-WT,
consistent with the primary screening data. The strongest increase (39%
compared to the 50 pM GC376 control) was observed with compound
#5. The twenty in silico Selection #2 compounds were tested in the same
conditions as the 24 primary hits and assessed using the same criteria,
which led to the selection of two additional compounds (#35 and #39 in
Table 1).

Dose-response curves were generated for the 7 secondary hit com-
pounds on cells expressing either nsp5 WT or the nsp5 C145A mutant.
Compound #9 (Pacritinib) showed a dose-response curve with an
irregular pattern (Supp Fig. 7A) and was not further considered. The ICsq
was estimated >50 pM for compounds #11 (Fr-PPIChem-33-
E11_.10265) and #22 (Fr-PPIChem-08-N15_02513) (Supp Fig. 7B-C, left
panels), and <50 pM for compounds #5 (Merimepodib), #24 (Fr-PPI-
Chem-27-018_08616), #35 (Fr-PPIChem-20-D4_06142) and #39 (Fr-
PPIChem-08-H7_02385) (Fig. 4B-E, left panels). Some compounds
became toxic at 50 pM, as indicated by a sharp decrease of the luciferase
signal both on the WT and mutant nsp5 (Fig. 4B, D and E, open and close
symbols, respectively). Dose-response curves were then generated using
an in vitro assay with the purified SARS-CoV-2 nsp5 protein, and con-
centration of compounds ranging from 0.5 to 600 pM. Because differ-
ences in the cell permeability and toxicity of compounds will have an
impact in the cell-based but no the in vitro assay, a strong correlation
between the activities observed in these two assays is not necessarily
expected. Notably however, among the four most promising hits in the
cell based assay, two compounds showed the lowest ICs in vitro (#24
and #39, 74 + 22 and 18 + 4 pM, respectively) (Fig. 4C and E, right
panels). Three compounds (#11, #22 and #35) showed ICs( values in
the 140-150 pM range (Supp Fig. 7B and C and Fig. 4D, right panels),
while compound #5 had an estimated ICso > 600 pM (Fig. 4B, right
panel). The high proportion of active compounds in vitro (5 out of 6
confirmed cellular hits) provides strong evidence that our cell-based
assay can reliably identify bona fide nsp5 inhibitors. Possible explana-
tions for the low in vitro activity of compound #5 are discussed below.

3.4. Antiviral activity of candidate nsp5 inhibitors

The ability of compounds #5, #24, #35 and #39 (whose structure is
shown in Fig. 5A) to inhibit SARS-CoV-2 replication was evaluated in a
multicycle replication assay on A549-ACE2 cells, followed by RT-qPCR
quantification of the viral genomic RNA in the supernatant collected
at 72 hpi (Fig. 5B, open symbols). Cytotoxicity of the compounds was
assessed in parallel using the same concentrations ranging from 0.02 to
50 pM, and an assay based on ATP quantification (Fig. 5B, closed sym-
bols). For the positive control GC376 we determined an ECsg of 14.7 pM
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and a ECsg to CCs ratio (selectivity index or SI) > 3. Merimepodib (#5)
showed an ECsg of 21 pM and a low SI of 1.5. Compounds #35, #24 and
#39 showed ECs¢s of 12.4, 7.2 and 4.7 pM, respectively, in line with the
ICsp values determined in the in vitro protease activity assay (140, 74
and 18 pM, respectively). The lower ECsgs values in the cellular antiviral
assay can possibly result from intracellular hydrolysis of these com-
pounds into more active derivatives, or from a dual inhibition of nsp5
together with other viral or cellular protein(s). In summary, the
screening of 520 candidate SARS-CoV-2 nsp5 inhibitors by the here
described assay led to the identification of 2 potential lead compounds
(#24, #39) with low cell toxicity up to 50 pM (SI > 7 and > 10,
respectively) and a higher antiviral activity against SARS-CoV-2 repli-
cation as compared to the reference compound GC376, which demon-
strates the potential of the Rev-Nluc assay for the identification of novel
SARS-CoV-2 nsp5 inhibitors.

4. Discussion

We developed and validated a sensitive, high-throughput cell-based
assay to monitor SARS-CoV-2 nsp5 proteolytic activity. We used this
cell-based assay to screen a total of 520 candidate molecules for their
ability to inhibit SARS-CoV-2 nsp5 activity, and identified two novel
lead compounds. This was achieved by engineering a Reverse-
Nanoluciferase (Rev-Nluc) reporter in which two Nanoluciferase do-
mains are permuted and linked together by an nsp5 cleavage site. Co-
expression with the SARS-CoV-2 nsp4-5-6 polyprotein results in cleav-
age of the reporter and thereby a significant reduction in luciferase ac-
tivity. The addition of a specific nsp5 inhibitor results in a dose-
dependent restoration in luciferase activity. A ~30-fold increase in
luciferase activity is observed in the presence of 50 pM GC376, similar to
the level of luciferase activity observed when a control inactive nsp4-5-6
polyprotein is co-expressed with the reporter instead of the wild-type
nsp4-5-6. The strengths of the Rev-Nluc-based assay lie in the
following: i) it is a gain-of-signal assay and therefore excludes com-
pounds that are cytotoxic or interfere negatively with the Nanoluciferase
read-out; ii) it is rapid and convenient due to the glow-type signal of the
Nanoluciferase; iii) it is amenable to miniaturisation due to the very
bright luminescence signal produced by the Nanoluciferase; and iv) as a
consequence of its rapidity and miniaturisation it can be run in parallel
on a wild-type and a catalytically inactive nsp5, which allows for the
identification of compounds that restore the luciferase activity in both
conditions and to discard them as false-positives. Unlike previously
described SARS-CoV-2 nsp5 reporter assays, we provide evidence that
our Rev-Nluc-based assay is scalable for high-throughput screens in a
384-well format.

The first cell-based assays for SARS-CoV-2 nsp5 to be described were
loss-of-signal assays based on a Flip-GFP (Froggatt et al., 2020) or a
Flip-Firefly (O’Brien et al., 2021b) reporter. They are less scalable for
high-throughput application than the Rev-Nluc-based assay because of
the low intensity and narrow dynamic range of fluorescence signals, or
the flash-type signal of the Firefly luciferase. To date, two gain-of-signal
assays were described. The first assay uses crystal violet staining as a
read-out to monitor cytotoxicity upon nsp5 overexpression and is
therefore not specific for nsp5 protease inhibition, as reduced cytotox-
icity may result from off-target effects of the compounds (Resnick et al.,
2021). More recently Rawson et al. described a gain-of-signal assay
(Rawson et al., 2021), which differs from ours in that it is based on the
NanoBiT system (Dixon et al., 2016). The two Nanoluciferase-derived
domains which are linked together by an nsp5 cleavage site are more
unbalanced in size (156 and 13 amino acids, compared to 105 and 61 for
Rev-Nluc) and together they show 15 amino acid substitutions
compared to the Rev-Nluc sequence. The ability of the NanoBiT-based
assay to identify nsp5 inhibitors was demonstrated in a 96-well
format, however its performance in terms of stability and scalability
for a high-throughput screens was not investigated (Rawson et al.,
2021).
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Fig. 4. Identification of nsp5 inhibitors using the cell-based
Rev-Nluc assay and the in vitro FRET-based assay. A. Rev-
Nluc-based primary screening of 500 putative nsp5 inhibitors.
The 339 compounds from the in silico Selection #1 and 161 com-
pounds from the TargetMol nsp5-targeted library were distributed
into 384-well plates to achieve final concentrations of 10 pM upon
addition of cells transfected with SARS-CoV-2 nsp4-5-6-WT. The
graphs show Relative Light Units (RLU) normalized as described in
the methods section. Compounds are ranked according to the
observed increase in luciferase signal from left to right, and the
primary hits (>10% luciferase signal compared to 50 pM GC376)
are indicated in blue color. B-F. Analysis of secondary hits. Com-
pounds #5 (B), #24 (C), #35 (D) and #39 (E) were tested at
various concentrations in the Rev-Nluc assay and in the FRET-
based in vitro assay using purified nsp5 protein. The GC376 com-
pound was used as a control (F). For the cell-based assay (left
panels), compounds were distributed into 384-well plates to ach-
ieve final concentrations of 50 to 0.02 pM upon addition of cells
expressing either SARS-CoV-2 nsp4-5-6 WT (open symbols) or
C145A (black symbols). The graphs show RLU measured as
described in the methods section (mean + SD of two independent
experiments, each performed in technical triplicates). For the
FRET-based in vitro assay (right panels), 2-fold serial dilutions of
the compounds from 600 to 1.2 pM were tested as described in the
Methods section. The graphs show percent velocity compared to
the DMSO control (mean + SD of three (B, F) or five (C, D and E)
independent experiments).
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Fig. 5. Antiviral activity and cytotoxicity of nsp5 inhibitor candidates. A. The structure of the four secondary hit compounds (#5, #24, #35 and #39) is shown
and their tertiary amide component is circled. GC376 was used as a control. B. The ability of compounds #5, #24, #35 and #39 to inhibit SARS-CoV-2 replication
was evaluated at concentrations corresponding to 3-fold serial-dilutions from 50 to 0.02 pM in a multicycle replication assay on A549-ACE2 cells, followed by RT-
qPCR quantification of the viral genomic RNA in the supernatant collected at 72 hpi. In parallel the indicated compounds were tested on A549-ACE2 cells for cell
cytotoxicity with the CellTiter-Glo assay. The percent of viral inhibition (open symbols, mean + SD of technical triplicates) and percent of cytotoxicity (closed
symbols, mean + SD of technical triplicates) were determined as described in the Methods section. One experiment representative of two independent experiments

is shown.

We scaled-up the Rev-Nluc assay to an automated 384-well format,
and used these conditions to assess the inhibition of SARS-CoV-2 nsp5 by
a set of reference compounds: GC376, Boceprevir and Calpain Inhibitor
XII, which have been shown to inhibit nsp5 and to impair viral repli-
cation (e.g. Fu et al., 2020; Hung et al., 2020; Ma et al., 2021; Sacco
et al., 2020; Vuong et al., 2020), the alpha-ketoamide inhibitor 13b
(Zhang et al., 2020), and the recently approved oral inhibitor
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PF-07321332 (Hammond et al., 2022; Owen et al., 2021). Our findings
and ICsp estimations (Fig. 3B) were consistent with reported in vitro
activities (Ma et al., 2021; Owen et al., 2021; Rawson et al., 2021; Zhang
et al., 2020), therefore validating our assay.

We screened a total of 520 molecules with potential anti-nsp5 ac-
tivity as predicted by molecular docking: 359 molecules from the in silico
screening approach and 161 molecules from a commercial targeted
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library. A primary screen, performed at a single concentration on the
wild-type nsp5 protein only, identified 24 hits. The subsequent sec-
ondary screen, performed at a single concentration on the wild-type and
catalytically inactive nsp5 proteins in parallel, led us to discard most of
the primary hits as being toxic or false-positives and to select only 7
molecules, all coming from the in silico screening approach. Five out of
these 7 selected molecules were found to inhibit purified nsp5 protease
activity in vitro, with ICsg values ranging from 18 to 152 pM. These re-
sults highlight the fact that being able to manage parallel screening on
the wild-type and catalytically inactive nsp5 proteins provides a major
added value to our assay in terms of selectivity. Moreover, the fairly high
hit rate of 5 hits out of 359 molecules indicates the effectiveness of the in
silico screening approach, characterized by i) a careful selection of the
available nsp5 structures to be used for docking, ii) a special attention
paid to the in silico preparation of ligands for docking, iii) a comparison
of several docking protocols, iv) the complementary use of a pharma-
cophoric score based on available structural information, and v) a
meticulous analysis of the poses.

Upon dose-response analysis of the 7 selected hits, 4 molecules
showed an estimated ICsg below 50 pM in the Rev-Nluc assay and were
therefore assessed in a multicycle SARS-CoV-2 replication- and a
cytotoxicity-assay. These molecules include merimepodib/VX-497, an
inhibitor of the human inosine monophosphate dehydrogenase initially
developed as an immunosuppressor (Jain et al., 2001). Merimepodib
was later found to have antiviral activity against several DNA and RNA
viruses including HCV, Zika, Ebola and FMDV viruses (Li et al., 2019;
Marcellin et al., 2007; Markland et al., 2000; Tong et al., 2018). In the
early phase of the COVID-19 pandemic, oral merimepodib was investi-
gated in combination with intravenous remdesivir administration in a
phase 2 clinical trial as a potential treatment for severe COVID-19. The
trial sponsor announced in October 2020 that the trial was discontinued
because it was unlikely that it would meet its primary safety endpoints
(ViralClear Press release, 2020). Intriguingly, we found that mer-
imepodib inhibits SARS-CoV-2 replication on A549-ACE2 cells with an
ECsp of 21 pM and inhibits SARS-CoV-2 nsp5 protease activity in 293T
cells with an IC5¢ < 50 pM, whereas it does not efficiently inhibit nsp5
protease activity in vitro. Merimepodib is unlikely to be a false-positive
in the Rev-Nluc assay as it has a much stronger effect in the presence
of the wild-type nsp5 compared to the catalytically inactive nsp5. Our
observations are more likely explained by a different conformation of
nsp5 and a higher accessibility of merimepodib binding site in the
cellular context, or by an indirect mechanism of inhibition. Therefore,
our data suggest a particular and unexpected mode of action of this
compound against the SARS-CoV-2 virus. Merimepodib is thought to
exert its broad antiviral activity by reducing the pool of intracellular
guanine nucleotides and thereby impairing RNA and DNA synthesis. The
question ~ whether merimepodib can inhibit other viral
cysteine-dependent proteases and to what extent this anti-protease ac-
tivity contributes to its antiviral activity deserves to be further explored.

We also identified two compounds (#24 and #39 in Table 1 and
Fig. 5) which inhibit SARS-CoV-2 replication on A549-ACE2 cells more
efficiently than GC376, with ICsy values in the 4-8 pM range and
selectivity indexes between 7 and 10. It was recently reported that
cationic amphiphilic drugs (CAD) induce a phospholipidosis that can be
confused with an antiviral effect (Tummino et al., 2021). Given its
chemical structure, compound #39 cannot protonate and become
cationic. Compound #24 can protonate with an estimated pKa value of
5.95, and is therefore predicted to be present mostly in its neutral form
at physiological pH. Moreover the clogP values of compounds #24 and
#39 are 5.72 and 5.03, respectively. Hence, it is very unlikely that these
two molecules have a counfounding CAD-like activity. Both compounds
#24 and #39 are components of the Fr-PPI-Chem library of putative
protein-protein interaction inhibitors (Bosc et al., 2020). Interestingly,
we note that they share a common tertiary amide component (circled in
red on the structures shown in Fig. 5A), also present in compound #35 as
well as in series of amides reported to inhibit the SARS-CoV nsp5
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protease (Jacobs et al., 2013; Lockbaum et al., 2021; Turlington et al.,
2013). Further experiments, including X-ray crystallography and
biochemistry, will be needed to investigate the functional importance of
this tertiary amide component, and to further assess the potential of
these two compounds as starting points for the design of more effective
nsp5 inhibitors.
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