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ARTICLE INFO ABSTRACT

Keywords: The likelihood of continued circulation of COVID-19 and its variants, and novel coronaviruses due to future
COVID-19 zoonotic transmissions, combined with the current paucity of coronavirus antivirals, emphasize the need for
SARS-CoV-2 improved screening in developing effective antivirals for the treatment of infection by SARS-CoV-2 (CoV2) and
Protease . . . .

Coronaviras other coronaviruses. Here we report the development of a live-cell based assay for evaluating the intracellular
Screening function of the critical, highly-conserved CoV2 target, the Main 3C-like protease (Mpro). This assay is based on
Antivirals expression of native wild-type mature CoV2 Mpro, the function of which is quantitatively evaluated in living cells

Mpro through cleavage of a biosensor leading to loss of fluorescence. Evaluation does not require cell harvesting,
allowing for multiple measurements from the same cells facilitating quantification of Mpro inhibition, as well as
recovery of function upon removal of inhibitory drugs. The pan-coronavirus Mpro inhibitor, GC376, was utilized
in this assay and effective inhibition of intracellular CoV2 Mpro was found to be consistent with levels required
to inhibit CoV2 infection of human lung cells. We demonstrate that GC376 is an effective inhibitor of intracel-
lular CoV2 Mpro at low micromolar levels, while other predicted Mpro inhibitors, bepridil and alverine, are not.
Results indicate this system can provide a highly effective high-throughput coronavirus Mpro screening system.

1. Background

The current Corona Virus Disease 2019 (COVID-19) is one of the five
world-wide pandemics with the highest number of fatalities. COVID-19
is the third zoonotic coronavirus (CoV) pandemic in the last 20 years,
suggesting future novel zoonotic CoV outbreaks (Li et al., 2020).
Moreover, the wide spread of COVID-19, incomplete protections by
vaccinations, and rate of mutation of its causative virus, SARS-CoV-2
(CoV2), have led to predictions that CoV2 is likely to become
endemic, and to continue to pose a serious health burden on mankind
(Cao et al., 2007; Haseltine, 2020; Lin et al., 2020; Long et al., 2020;
Melgaco et al., 2020; Payne et al., 2020; Tang et al., 2011; Wu et al.,
2007; Bhopal, 2020). Having effective antivirals against CoV2 will be
important for treatment of those who become infected. Moreover, an-
tivirals that target the more conserved viral enzymes are more likely to
be effective against future novel CoVs.

Currently, the most effective treatments for COVID-19 are immune-
modulators used to treat the cytokine storm resulting from advanced
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COVID-19 disease. Antivirals that act directly against CoV2 virus pro-
duction, by targeting viral-specific enzymes are vitally needed (Arch-
ambault and Melendy, 2013; Debing et al., 2015; Neerukonda and
Katneni, 2020; Villa et al., 2017). To date, the only FDA-approved
antiviral against CoV2 is remdesivir, a repurposed RNA-dependent
RNA polymerase (RdRp) inhibitor (Costanzo et al., 2020; de Vries
et al., 2020; Durante-Mangoni et al., 2020; Pruijssers et al., 2020; Wil-
liamson et al., 2020), that when used alone has limited benefits in
treating COVID-19 infections (Ali et al., 2020; Bobrowski et al., 2021;
Dong et al., 2021; Giovane et al., 2020; Kalil et al., 2021). More specific
antivirals selected/designed against CoV2 are desperately needed. Two
viral enzymes often targeted for development of highly effective anti-
viral agents/treatments are viral genome polymerases (such as the
RdRp), and viral-specific proteases required to cleave viral polyproteins
into their functional viral proteins (Kausar et al., 2021; Steuber and
Hilgenfeld, 2010; Tompa et al., 2021). Some of the most highly effective
drug cocktails for HIV treatment and chronic HCV include combinations
of viral polymerase and protease inhibitors (Kausar et al., 2021; Steuber
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and Hilgenfeld, 2010; Tompa et al., 2021; Kim et al., 2012). While
remdesivir alone has shown limited benefit, a combination of remdesivir
with a CoV2 protease inhibitor could have far greater effectiveness
against COVID-19 (Service, 2021). CoVs encode two viral proteases; the
more conserved and arguably the most vital is the CoV 3-chymotrypsin--
like Main Protease (Mpro) which is required to generate the majority of
mature CoV non-structural proteins including the RdRp subunits (Gra-
ham and Baric, 2010). Because Mpro is essential for production of the
viral genome replicase our efforts were focused on developing a
cell-based drug screening system for this enzyme.

Cell-based assays facilitate drug screening by circumventing issues of
drug uptake, intracellular stability and maintenance of function, and
toxicity. We report here a cell-based assay that isolates CoV2 Mpro
function in human cells in the absence of the other CoV2 proteins. We
designed this assay such that inhibition of the Mpro enzyme would result
in a positive vital signal, producing a more robust screen with an
inherent preliminary counter-screen for cell survival, transcription and
protein synthesis. We modified a previously designed red fluorescence
protein (RFP) (Alford et al., 2012) biosensor so that cleavage by CoV2
Mpro results in loss of fluorescence. Inhibition of Mpro function allows
for synthesis of active, uncleaved RFP, resulting in restoration of fluo-
rescence. This Mpro assay is quantified in living human cells, and can be
used to evaluate dose-response of drug activity against CoV2 Mpro, as
well as the recovery of Mpro function after drug removal. Our initial
results indicate that this assay will be readily adaptable to
high-throughput screening.

2. Materials and methods
2.1. Reagents

GC376 was a kind gift from Dr. David Bruyette at Anivive Life-
sciences. Alverine and Bepridil were purchased from Cayman Chemical
Company (Ann Arbor, MI). Ebselen was obtained from TCI (Philadel-
phia, PA). All drugs were stored as 10 mM stock solutions in DMSO at
—20 °C. Some antibodies were obtained commercially such as rabbit
anti-RFP (Rockland, Philadelphia, PA), rabbit anti-GST (Sigma-Aldrich,
St. Louis, MO), rabbit anti-beta Actin (3-ACT ~40 kDa) (Abcam, Wal-
tham, MA), used at 1:5000 dilution while Ab-101 for SV40 Large T-
antigen (LT ~94 kDa), was produced in house from pAB101 hybridoma
cell culture and purified on protein A Sepharose (GE) columns. NP40
lysis buffer, Pierce BCA protein assay kit, Halt Protease inhibitor cock-
tail, 4-20% Novex Tris-glycine gels, Chemiluminescent SuperSignal
Western Blot Detection systems, Hoechst 33342 trihydrochloride, Dul-
becco’s Modified Eagle Media (DMEM), OPTIMEM, fetal bovine serum
(FBS) were obtained from Gibco, ThermoFisher Scientific, Grand Island,
NY.

2.2. Cell lines, cell growth, and imaging

To study the effect of drugs on intracellular expression and function
of CoV2 Mpro, adherent AD293 cells (Invitrogen Inc) were cultured in
DMEM with 10% (v/v) FBS, at 37 °C in 5% CO; atmosphere. OPTIMEM
was used for all transfections and treatments with drugs as well as for
viewing live cells, using the DMi8 inverted fluorescence microscope
(Leica) using a high signal-to-noise YP3 filter cube (Ex532/558; Em570/
640) and the DMi8 Thunder Imager software, and the Leica application
suite X (LAS X)/Fiji. Quantification reads of the fluorescence in live cells
was achieved using the Cytationl Imaging plate reader (Biotek In-
struments Inc., Agilent) with the Gen5 v3.05.11 microplate reader and
imaging software. Biosensor fluorescence was measured in kinetic mode
using an RFP filter (Ex531/Em593 nm). Calu-3 cells (ATCC HTB-55)
were cultured in the same conditions as the HEK293 cells.
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2.3. DNA plasmids constructed

The CoV2 Mpro expression plasmid, pGST-Mpro, was created by
altering the pcDNA3.1+N-GST(Thrombin) expression plasmid (Gene-
Script). The amino acid sequence of wild-type (wt) CoV2 Mpro was used
to synthesize a codon-optimized open-reading frame and incorporated
in frame with the GST open reading frame with the natural N-terminal
Mpro amino acid sequence cleavage site such that Mpro cleavage would
result in the mature authentic CoV2 Mpro (a cysteine protease with high
catalytic efficiency) with native N- and C-termini. Independent mutant
expression constructs were created using site-directed mutagenesis
(SDM) in the important glutamine at the Mpro N-terminal cleavage site
(Q > A), (forward primer: 5'-CGCTGTGCTGGCGAGCGGCTTCAGG-3’;
reverse primer: 5-CCTGAAGCCGCTCGCCAGCACAGCG-3') which
dramatically decreases the level of Mpro cleavage at the site. The
cysteine at the 145th amino acid residue of the mature CoV2 Mpro
protein is essential for Mpro activity and was mutated to an alanine
(forward primer: 5'-CTGAACGGCTCCGCTGGCAGCGTGG-3’; reverse
primer: 5'-CCACGCTGCCAGCGGAGCCGTTCAG-3').

The parent plasmid, pRFPA1B1-DEVD was purchased from Addgene
Inc, and altered such that caspase 3 cleavage sequence between the two
domains of RFP, DEVDG, was changed to AVLQS, a strong consensus site
for cleavage by Mpro. SDM was used to create a Q > A mutation in the
AVLQS Mpro cleavage site which dramatically decreases the efficiency
of cleavage (forward primer 5-GCCGTGCTGGCGAGCGGAGCCAC-3’;
reverse primer 5'-GTGGCTCCGCTCGCCAGCACGGC-3).

2.4. Extract preparation and immunoblotting

Total protein from untransfected or transfected HEK293T or AD293
cells that were either mock (DMSO) treated or treated with drugs/
recovered, were resolved by SDS PAGE followed by immunoblotting.
Cell lysates were prepared using NP40 lysis buffer (containing 1% NP40,
250 mM NaCl, 50 mM Tris-Cl (pH 7.4) with PMSF and protease in-
hibitors on ice, subjected to centrifugation in a microfuge for 15 min at
4 °C at 15,900 RCF. Protein levels were standardized using BCA protein
assay, flash frozen in liquid nitrogen and stored at —80 °C. Total cellular
protein (~20-30 pg per lane) were resolved using 4-20% Tris-glycine
PAGE and blotted on to nitrocellulose membranes (via iBlot 2 gel
transfer using transfer template program PO) following standard pro-
cedures. Anti-GST, RFP and LT primary antibodies (1:1000) and HRP-
linked secondary antibody (1:10,000) were diluted in 5% non-fat dry
milk in Tris-buffered saline + 0.1% Triton X-100 (TBST, pH 7.5). Blots
were washed with TBST alone. Chemiluminescent detection was per-
formed and image of immunoreactive bands were captured using a
ChemiDoc MP (Bio-Rad, Hercules, CA). The relative optical densities of
the digitized images were quantified using Fiji (an update of ImageJ by
NIH).

2.5. Microscopy and BioTek cytation 1 quantification

A total of 150,000 or 50,000 AD293 cells were seeded in 24-well and
96-well plates, respectively, and maintained in a humidified tissue cul-
ture incubator at 37 °C in a 5% CO5 atmosphere to 80-90% confluency.
Triplicate wells were either left untransfected or were transfected in
serum free OPTIMEM, using Lipofectamine 2000 with indicated vector
constructs. After 21 h, cells were stained with 0.5 pg/ml cell-permeant
Hoechst 33342 in prewarmed OPTIMEM and treated with either
DMSO alone or varying concentrations of drugs (e.g., GC-376, Bepridil,
Alverine or Ebselen). Plates with live cells were maintained at 37 °C in
5% CO3 in the imaging chamber of the Cytation 1 Imaging Reader; a
DAPI filter (Ex377/Em447nm) in channel 1 was used to monitor
Hoechst/DNA (blue fluorescence) and to allow for precise instrument
autofocusing from well-to-well, and RFP filter (Ex531/Em593 nm) in
channel 2 to measure the presence of the biosensor (red fluorescence) in
kinetic mode. Measurements were monitored every hour for 15-20 h.
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Three such experiments were evaluated, each with triplicate samples,
followed by MTT cell viability determination. In additional experiments,
cells were further monitored for 23 h after removing GC376 at the 17th
hour and adding OPTIMEM for 23 h recovery; also evaluating cell
viability using the MTT assay. Inhibition dose response curves were
established and ICsg calculated using Quest Graph™ EC50 Calculator
(https://www.aatbio.com/to).

Photomicrographs were also obtained of transfected living cells with
or without drugs in OPTIMEM, and visualized using a 10X objective on a
Leica DMi8 inverted fluorescence microscope. Phase contrast and fluo-
rescent images were acquired simultaneously using Thunder Imager
software. All images were acquired using identical imaging parameters
and were visualized using LasX/Fiji software (Leica/NIH).

2.6. MTT assay

Cell viability was measured using the MTT (3-(4,5-dimethylthiazol-
2-yD-2,5-diphenylterazolium bromide) tetrazolium reduction assay
(Riss et al., 2004). Briefly, MTT reagent (0.5 mg/ml final concentration)
was added to the HEK 293 or 293T cells treated with GC376 either after
the kinetic reads or after recovery. Formazan crystals produced by viable
cells were solubilized with a solution of 40% dimethylformamide, 16%
sodium dodecyl sulfate and 2% glacial acetic acid (pH 4.7) and the
absorbance was measured at 570 nm using a Versamax tunable micro-
plate reader and Softmaxpro software version 5.4 (MDS Analytical
Technologies, San Jose, CA, USA).

2.7. SARS-CoV-2 (CoV2) infections and RNA detection

Calu-3 cells were seeded at a density of 0.1 x 10%/well in a 24-well
plate. 48 h later, cells were infected with CoV2 virus (2019-nCoV/USA-
WA1/2020; 0.01 MOI) and cultured in the presence of DMEM contain-
ing DMSO or different concentrations of the drug GC 376 for 24 h using
appropriate safety measures for CoV2 live virus manipulations (BSL-3
facility at the University at Buffalo). RNA was isolated using RNeasy kit
(Qiagen). cDNA was synthesized using the SuperScript III First Strand
Synthesis kit (Invitrogen). RT-qPCR was performed using the PowerUp
SYBR Green PCR master mix kit (Applied Biosystems). CFX384 Touch
Real-Time PCR detection system (Bio-Rad) was used for the RT-qPCR
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amplifications. The reactions were performed under the following con-
ditions: 50 °C for 2 min, 95 °C for 2 min, followed by 40 cycles of 95 °C
for 15 s and 60 °C for 1 min, followed by a dissociation protocol. The
primers used for CoV2 Spike detection are 5'- CCTACTAAATTAAAT-
GATCTCTGCTTTACT-3' and 5'-CAAGCTATAACGCAGCCTGTA-3/, while
hGAPDH primers 5-AACGGGAAGCTTGTCATCAATGGAAA-3’ and 5'-
GCATCAGCAGAGGGGGCAGAG-3' were used for normalization. The
relative amplification for each sample was quantified from standard
curves generated using known quantities of DNA standard templates.
CoV2 RNA copy numbers were normalized to hGAPDH for DMSO-
treated conditions and were set as 100% to calculate the relative CoV2
Spike RNA levels.

3. Results
3.1. Intracellular production of mature wild-type CoV2 Mpro

Mpro is one of the CoV proteins produced by proteolytic cleavage of
the large polyproteins (ORFla/b) directly translated from the incoming
viral genomic RNA (Graham and Baric, 2010). The enzymatic activity of
CoV2 Mpro has been shown to be adversely affected by additional amino
acid residues to both the N- and the C-termini, where even a few amino
acid residues can result in 5- to 20-fold inhibition of enzymatic function
(shown for SARS-CoV Mpro, >96% identical to CoV2 Mpro) (Xue et al.,
2007). The fully functional Mpro with the native N-terminal Mpro
cleavage site was expressed as a GST-fusion protein, such that Mpro
cleavage would produce the wild-type mature Mpro protein (Fig. 1A).
When this CoV2 GST-Mpro expression vector was transfected into HEK
293T cells, immunoblotting revealed only a ~27 kDa GST signal
(Fig. 1B, lane 2, GST). without any GST-Mpro fusion protein as was
previously demonstrated for SARS-CoV GST-Mpro expressed in E.coli
(Xue et al., 2007). When the critical glutamine in the N-terminal
cleavage site was mutated to an alanine, (known to substantially inhibit
Mpro cleavage (Xue et al., 2007; Chuck et al., 2010; Wu et al., 2015),), it
resulted in a dramatic increase of the uncleaved GST-Mpro fusion pro-
tein (~61 kDa), but low levels of cleaved GST were still produced
(Fig. 1B, lane 3), consistent with findings for other CoV Mpro enzymes
(Xue et al., 2007; Chuck et al., 2010; Wu et al., 2015). When C145,
(critical for Mpro’s catalytic function (Jin et al., 2020)), was mutated to
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g o Mpro vector (pcDNA3.1-GST-CV2-3CL),
o ; ;’ indicating that codon-optimized CoV2 Mpro
= = = is expressed from the CMV promoter as a
§' §' §' fusion protein with GST incorporating the
[52) T 1 T natural Mpro cleavage site between GST and
g Ul_) Ul_) Ul_) Mpro. Cleavage at the site will produce the
o o O O natural N-terminus of fully mature cleaved
kDa < o o o CoV2 Mpro. B) Immunoblotting of AD293
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alanine (C145A) predictably the enzyme was inactive and unable to
cleave the AVLQS sequence, resulting in the GST-Mpro fusion protein,
and no cleaved GST (Fig. 1B, lane 4). Together, these results demon-
strate that the pGST-Mpro vector when expressed in HEK293 cells pro-
duces a CoV2 GST-Mpro fusion protein that self-cleaves to GST and the
mature, fully functional wild-type Mpro.

3.2. Expression of an RFP biosensor for monitoring Mpro function

The biosensor for detection and quantification of CoV2 Mpro func-
tion was based on adaptation of a previously developed dimerization-
dependent RFP with the interaction mutationally weakened, with a
caspase 3 cleavage site engineered between the two domains in a fusion
protein construct, such that caspase 3 cleavage results in loss of RFP
fluorescence (Alford et al., 2012; Mitchell et al., 2018). This vector was
altered changing the DEVDG caspase 3 cleavage site to AVLQS, a
sequence chosen based on its high conservation among cleavage sites for
all CoV Mpros (Fig. 2A), identified by compiling the 77 CoV Mpro

weblogo berkcley edu

25

1 2 3

B
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cleavage sites of all circulating human, SARS, and MERS CoV sequences
(Crooks et al., 2004) (Supplemental Fig. 1). The AVLQS sequence has
also been shown to be efficiently cleaved in vitro by various recombinant
CoV Mpros, including CoV2 Mpro (Xue et al., 2007; Chuck et al., 2010;
Jin et al., 2020; Muramatsu et al., 2016). When either the parental, or
the pRFP-AVLQS vector (Fig. 2B) were transfected into HEK293T cells,
each produced the predicted (~54 kDa) RFP protein, as well as lower
levels of a lightly smaller breakdown product (~40 kDa) (Fig. 2C)
(Alford et al., 2012; Mitchell et al., 2018). Both vectors also produced
similar levels of fluorescence (Fig. 2D, panels 4 and 6).

3.3. Intracellular cleavage of RFP biosensor by CoV2 Mpro

Co-expression of the RFP-AVLQS biosensor with Mpro was predicted
to result in cleavage of the biosensor, separation of the two RFP do-
mains, resulting in reduction of RFP fluorescence (Fig. 3A). Co-
transfection of these two expression vectors and immunoblotting for
RFP confirmed that expression of wt Mpro cleaved the majority of the

Consensus Cleavage Sequence

[ |
A S A V L Qais G A

GCC TCC GCC GTG CTG CAG AGC GGA GCC

CMV

| RFPA  [-AviGs-| RFPB |
pRFP-AVLQS J
6821 bp
Phase coast Fluorescence

Untransfected

pRFP-DEVD

Fig. 2. Creation and expression of an RFP biosensor to detect CoV2 Mpro function: A) The consensus sequence for cleavage by Mpro, was computed using WebLogo
version 3.0 using 77 cleavage sites, 11 each from SARS-CoV, MERS-CoV, SARS-CoV2, HCoV-229E, HCoV-NL63, HCoV-OC43 and HCoV-HKU1 (Supplemental Fig. 1).
B) Graphic depiction of the pRFP-AVLQS vector, indicating the AVLQS cleavage site that was incorporated between the two RFP domains required to be tethered to
allow for association and fluorescence. Expression of the RFP fusion protein is driven by the CMV promoter. C) Inmunoblotting of HEK-293T cells untransfected (lane
1) or transfected with either the parental pRFPA1B1-DEVD vector (lane 2), or the pRFP-AVLQS vector (lane 3), for RFP (lower panel), or for SV40 Large T-antigen
(LT, ~94 kDa, upper panel) as a loading control. The heavy top band is the fluorescent RFP protein (RFP, ~54 kDa) and the lower lighter band represents a
breakdown product that is naturally produced upon expression in human cells (~40 kDa RFP*) D) Phase contrast (odd) and fluorescence (even) images captured
simultaneously using inverted microscopy demonstrate non-fluorescent untransfected cells (Cao et al., 2007), and similar levels of RFP fluorescence in cells
transfected with either pRFPA1B1-DEVD or pRFP-AVLQS (compare 4 vs 6). Bar = 156 pm.
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Fig. 3. Co-expression with CoV2 Mpro produces intracellular cleavage of the RFP biosensor. A) Graphic diagram of the RFP biosensor depicting two domains of RFP
that had previously been mutated to weaken the interaction such that the two domains must be tethered as a single polypeptide (54 kDa) to allow domain
dimerization to fluoresce (top). Upon Mpro cleavage of the AVLQS amino acid sequence, the two RFP domains (~27 kDa) dissociate, and fluorescence is lost (lower).
B) Immunoblotting: of untransfected AD293 cells (lane 1) and cells transfected with either: the parental pRFPA1B1-DEVD vector (lane 2), or the wt pRFP-AVLQS
vector (lane 3), with the Q of AVLQS mutated to A (pRFP-AVLAS, lane 4), pGST-Mpro (wt) (lane 5), pGST-Mpro with Q to A mutation in the N-terminal cleav-
age site (lane 6), pGST-Mpro with the catalytic C145 mutated to A (lane 7). Dual transfections were carried out with the following combinations: pRFP-AVLQS (wt)
with pGST-Mpro (wt) (lane 8), pRFP-AVLAS with pGST-Mpro (wt) (lane 9), pRFP-AVLQS (wt) with pGST-Mpro (Q > A) (lane 10), pRFP-AVLQS (wt) with pGST-Mpro
(C > A) (lane 11), and pRFP-AVLAS with pGST-Mpro (C > A) (lane 12). All were immunoblotted for RFP (upper panel) and for B-ACT (lower panel) as a loading
control. (The same extracts immunoblotted for GST to analyze Mpro expression and cleavage are shown in Supplemental Fig. 2.) C) Microscopy: The same trans-
fections as in B were visualized using phase contrast and fluorescence microscopy, as indicated (same numbering as Fig. 3B). Bar = 156 pm. D) Quantification of the
RFP fluorescence of the panels in Fig. 3C using the BioTek Cytation 1 as described in the Methods. E) Determination of effective pGST-Mpro:pRFP-AVLQS ratios: The
Fiji software suite was used to quantify the signals of RFP immunoblots in HEK293T cells transfected with 1 pg pRFP-AVLQS and the indicated levels of pGST-Mpro.
The intensity of the 54 kDa RFP band, normalized to LT, provided a measure of RFP levels, compared to the RFP 54 kDa level in cells transfected with pRFP-AVLQS
alone set as 100%. Relative RFP levels in the cells co-transfected with varying amounts (1-0.005 pg) of pGST-Mpro established that ratios of ~1:4 pGST-Mpro to
PRFP-AVLQS resulted in near linear changes in RFP intensity with changing Mpro levels, while still retaining sufficient RFP levels to readily detect fluorescence (also
see Supplemental Fig. 3). A representative immunoblot used to generate this graph is shown in Supplemental Fig. 3A. Microscopy verifying these plasmid levels
produce readily detectable levels of fluorescence is shown in Supplemental Fig. 3B. F) Time course of fluorescence: AD293 cells were either untransfected (squares),
or transfected with pRFP-AVLQS (circles) or co-transfected with pGST-Mpro and pRFP-AVLQS (triangles) in the ratio of 1:4 for 21 h. The fluorescence output of live
cells was monitored for Hoechst-DNA (blue) and biosensor expression (red), every hour for 20 h following the media exchange as described in Methods. (Micrographs
at the 36th hour are shown in Supplemental Fig. 4).

RFP-AVLQS, producing the predicted ~27 kDa cleavage products cleavage site of Mpro to alanine resulted in decreased cleavage of the
(Fig. 3B, compare lanes 3 and 8) and dramatically decreasing RFP RFP biosensor (Fig. 3B, lane 10), and by increased fluorescence as
fluorescence (Fig. 3C, panels 3 and 8). This cleavage was dependent compared to wt Mpro (Fig. 3C, compare panels 10 and 8). This inhibition
upon the activity of Mpro, as the C145A catalytically dead Mpro resulted occurred even though the catalytic domain of Mpro was not mutated

in no cleavage (Fig. 3B, lane 11), and fluorescence was not eliminated (Fig. 3 B,C compare lanes and panels, 10, to 3 and 8), consistent with
(Fig. 3C, panel 11 compared to panels 8 and 3). As with the GST-CoV2 previous reports about decreased Mpro activity when additional amino
Mpro fusion itself, mutation of the key glutamine residue in the acids are on the N-terminus (Xue et al., 2007). Mutating the glutamine in
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the RFP cleavage site and co-transfecting with wt Mpro showed an even
greater decrease in RFP cleavage (Fig. 3B, lane 9), and higher fluores-
cence levels (Fig. 3C compare panel 9 to panel 10). (Immunoblotting of
these same samples for GST, confirming cleavage of the GST-Mpro
fusion protein consistent with Mpro activity, is shown in Supplemental
Fig. 2) Quantification of the fluorescence in all the panels of Fig. 3C is
shown in Fig. 3D.

It is important to recognize that the RFP fluorescence is not merely
positive or negative, but can be detected at varying levels that can be
quantified. The two plasmids (Figs. 1A and 2B) in these assays were used
at a ratio of 1:4 of (pGST-Mpro/pRFP-AVLQS). By quantifying levels of
RFP 54 kDa from a fixed level of pRFP-AVLQS, using varying levels of
pGST-Mpro, we establish plasmid levels where changes in pGST-Mpro
have a substantial effect on RFP levels, while retaining readily detect-
able fluorescence - the approximate “linear range” of the assay (Fig. 3E,
Supplemental Fig. 3A and 3B). This was done to optimize the sensitivity
of the assay.

To optimize time, live cells transfected with pRFP-AVLQS, with or
without Mpro, were monitored hourly for RFP, normalizing for the
stable Hoechst signal (Supplemental Fig. 4 and data not shown). The
RFP fluorescence signal was dramatically and measurably reduced in the
presence of Mpro from hour 25 throughout the 41 h time course

——0 -0-0.01
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(Fig. 3F). The consistency of the fluorescence signal ratios over most of
the 20 h time frame and the ability to obtain multiple measurements
from a single well demonstrate the great advantage of using this live cell
readout assay.

3.4. Use of the expression vectors to evaluate inhibition of CoV2 Mpro
function intracellularly

To determine whether this system could be used for evaluating in-
hibition of CoV2 Mpro function we utilized GC376, an investigational
drug in trials for feline coronavirus that has been shown to be effective at
inhibiting CoV2 Mpro (Fu et al., 2020; Ma et al., 2020a; Vuong et al.,
2020). Cells expressing the RFP-AVLQS biosensor and CoV2 Mpro
(resulting in cleavage of the RFP-AVLQS and low fluorescence, as in
Fig. 3C panel 8) were treated with ten-fold dilutions of GC376, from 100
to 0.01 pM. Previously synthesized, Mpro-cleaved RFP cannot recon-
stitute RFP fluorescence, but if Mpro is inhibited then newly synthesized
RFP-AVLQS would remain uncleaved, so reconstitution of fluorescence
over time would be anticipated. An advantage of this live cell-based
system is that harvesting is not required, allowing kinetic assessment
of recovery of fluorescence for all drug levels over the entire 17 h drug
treatment phase (Fig. 4A). Treatment of the RFP-AVLQS- and

0.1 o1 +10 -=-100

Peak Emission at 593nm (RFU X 108)
(3]

21 23 25 27 29 31

33 35 37 39

Time after Drug Treatment (h)

RFP-AVLQS + GST-Mpro

+1 uM GC376

O
+10uM GC376

i 6.
+ 0.1 uM GC376

+100pM GC376

Fig. 4. GC376 Inhibition of intra-cellular CoV2 Mpro: A) AD293 cells were co-transfected with pGST-Mpro and pRFP-AVLQS (ratio of 1:4) for 21 h. Cells stained with
Hoechst were treated with varying levels of GC376: 0 pM (open triangles), 0.01 pM (open squares), 0.1 pM (filled squares), 1 pM (open circles), 10 pM (filled
triangles), and 100 puM (filled circles). The fluorescence output of the live cells was monitored as in Fig. 3F for Hoechst-DNA and RFP every hour for 17 h following
addition of GC376. Inhibition of Mpro by GC376 is indicated by increasing levels of fluorescence (note the greater sensitivity of the scale in Fig. 4A as compared to
Fig. 3F). B) Images shown are from hour 36, or 15 h after addition of drug/OPTIMEM), visualizing for RFP (even panels) or RFP and DNA (odd panels), using the

Cytation 1 imaging reader as described above. Bar = 1000 pm.
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Mpro-expressing cells with 0.01 or 0.1 pM GC376 showed little differ-
ence from mock-treated cells (Fig. 4A, open boxes, filled boxes and open
triangles); and microscopically at hour 36, Fig. 4B panels 2, 4, 6).
However, treatment with 1 pM GC376 showed clearly detectable re-
covery of RFP fluorescence levels (Fig. 4A open circles, Fig. 4B panel 8),
and treatment with 10 and 100 pM GC376 showed high levels of RFP
fluorescence recovery (Fig. 4A filled triangles and filled circles, and 4B
panels 10 and 12). Since inhibition of Mpro is determined by expression
of new RFP-AVLQS, this indicates that these drug levels are not toxic;
nonetheless cell viability was confirmed at all levels of GC376
(0.01-100 pM) (Fig. 5A, triangles).

3.5. Levels of GC376 required to inhibit intracellular Mpro are consistent
with those required to inhibit CoV2 infection of human lung cells

To quantify the inhibition of intracellular CoV2 Mpro by GC376, the
36 h time point values (Fig. 4A) from three experiments (n = 9) were
plotted on a semi-logarithmic graph to establish the half-maximal
inhibitory concentration value. The concentration of GC376 calculated
to show 50% inhibition of Mpro after 15 h of drug treatment was 2.71 +
0.52 pM (https://www.aatbio.com/to) (Fig. 5A). To evaluate whether
the observed levels of GC376 required to inhibit intracellular CoV2
Mpro were consistent with levels required to inhibit infection by CoV2
virus we infected Calu-3 human lung epithelial cells with CoV2 at a
multiplicity of infection (MOI) of 0.01, before applying the same five
concentrations of GC376 tested above, and evaluating virus production
using RT-qPCR of CoV2 RNA versus cellular GAPDH. Viral RNA was
reduced by GC376 treatment in a dose-dependent manner (Fig. 5B). The
ICs0 of GC376 for the viral infection (0.59 + 0.07 uM) was close to levels
required to inhibit intracellular CoV2 Mpro in our human cell-based
assay; both assays showed dose-dependence, and GC376 levels
required for inhibition were also consistent with published EC50 values
for GC376 for purified CoV2 Mpro (Fu et al., 2020; Ma et al., 2020a;
Vuong et al., 2020; Li and Kang, 2020; Hu et al., 2021).

3.6. Use of the cell-based CoV2 Mpro biosensor assay in evaluating other
predicted Mpro inhibitors

CoV2 Mpro is an excellent target for CoV2 antivirals; hence, much
effort has been directed at identifying and testing existing drugs that
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could be repurposed for use against Mpro for the COVID-19 pandemic
(Jin et al., 2020; Fu et al., 2020; Ma et al., 2020a; Li and Kang, 2020;
Drayman et al., 2020; McKee et al., 2020; Pillaiyar et al., 2016; Rath-
nayake et al., 2020; Vatansever et al., 2020; Zhu et al., 2020). However,
these approaches rarely demonstrate that these drugs will inhibit Mpro
function in living cells. The assay above was used to evaluate two of the
drugs from the panel of FDA-approved drugs and bioactive compounds
that we previously predicted to target CoV2 Mpro with some of the
highest predicted affinities (Mangione et al., 2020). One of these drugs,
Bepridil, has been shown to inhibit purified CoV2 Mpro in vitro
(Vatansever et al., 2021). Using the computational drug-protein inter-
action program, CANDOCK (Chopra et al., 2016; Fine et al., 2020), these
two drugs, Alverine and Bepridil, as well as GC376 were docked onto the
CoV2 Mpro structure (Zhang et al., 2020). Each drug was predicted to
bind CoV2 Mpro, and each docked into the active site pocket of the
enzyme, that contains a highly nucleophilic catalytic cysteine residue
(Vatansever et al.,, 2021), with predicted relative binding scores of
—69.4, —71.3, and —93.4, respectively (Fig. 6A). Using this assay, we
tested the ability of these drugs to inhibit intracellular CoV2 Mpro
function; the drugs were evaluated at high, but non-toxic drug levels
(100 pM), every hour over an 18 h time course (Fig. 6B). Bepridil
showed no inhibition of intracellular CoV2 Mpro activity as compared to
GC376, which resulted in a dramatic increase in fluorescence levels
between hours 8 and 18 (Fig. 6B, compare triangles to circles). Alverine,
which was suggested to potentially inhibit CoV2 Mpro based on pre-
dicted structural interaction alone (Mangione et al., 2020), exhibited a
slight increase in basal fluorescence immediately upon treatment of the
transfected cells, but no time-dependent increase in RFP fluorescence
over the course of the treatment (Fig. 6B boxes). We concluded that
Bepridil and Alverine were ineffective at inhibiting CoV2 Mpro intra-
cellularly at 100 pM levels within 18 h of treatment, a time by which
treatment with GC376 had a profound effect on Mpro activity (Fig. 6B;
lack of fluorescence at 18 h also shown in micrographs in Supplemental
Fig. 5A). The fact that two of the FDA compounds predicted to have the
highest affinity for Mpro (Mangione et al., 2020), are predicted to have
lower affinity than GC376 (Fig. 6A), and to not be effective in inhibiting
intracellular Mpro (Fig. 6B), suggests that effective COVID-19 drugs that
target Mpro are not likely to be found by repurposing existing
FDA-approved drugs. Similarly, it was found that Ebselen, which has
also been reported to inhibit purified CovV2 Mpro (Ma et al., 2020b; Sun

88 -
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Fig. 5. GC376 inhibits intracellular CoV2 Mpro and CoV2 infection of human lung cells at similar levels: A) Dose-response curves of the time courses of GC376
dilutions (Fig. 4) were carried out. For each experiment fluorescence values at the 15th hour of drug treatment were expressed as a percentage compared to 100 pM
GC376. Data (black circles) are shown as means (+/— SEM) from three separate experiments with a nonlinear fit curve (total n = 9). The ICs was determined to be
2.71 £ 0.52 pM using a web-based calculator (https://www.aatbio.com/to). Cell viability at each level of GC376 relative to vehicle only (DMSO) (+SEM) is shown
(triangles)). B) Calu-3 human lung epithelial cells were infected with CoV2 virus at a multiplicity of infection (MOI) of 0.01 before applying the Mpro inhibitor,
GC376, at the same levels as above: (100-0.01 pM). Cells were harvested 24 h post-infection, RNA was collected and used to perform reverse transcription (RT)-gPCR
using CoV2- and hGAPDH- (a cellular control gene) specific primers to detect relative amounts of CoV2 RNA. The CoV2 RNA copy number was normalized, setting
hGAPDH in DMSO-only conditions to 100%, to determine the relative CoV2 Spike RNA levels at the various GC376 concentrations. Results are shown as the mean (n

= 3, +/— SEM) with a nonlinear fit curve.
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GC376
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Fig. 6. Alverine and Bepridil are not effective intracellular inhibitors of CoV2 Mpro: A) The hierarchical fragment-based docking with dynamics protocol (CAN-
DOCK) (Fine et al., 2020) was used to determine the predicted docking of two existing drugs (from the FDA approved drugs library) among those predicted to have
the highest affinity to CoV2 Mpro (Mangione et al., 2020), Alverine and Bepridil, as well as GC376, onto one of the earliest deposited crystal structures of Mpro (pdb
6Y2e) (Zhang et al., 2020). The site on CoV2 Mpro that each drug was predicted to bind to was the catalytic pocket of CoV2 Mpro (Vatansever et al., 2021). The
relative binding scores for each predicted interaction is presented, with Alverine showing the weaker of the predicted affinities (—69.4), Bepridil slightly higher
affinity (—71.3), and GC376 having the highest predicted affinity (—93.4). B) to determine if Alverine or Bepridil demonstrated any appreciable inhibition of
intracellular CoV2 Mpro, each drug was compared to GC376 for the ability to inhibit CoV2 Mpro activity at 100 pM levels over time as in Fig. 4A, evaluating
fluorescence each hour for 18 h following addition of 100 pM of GC376 (circles), Alverine (squares), or Bepridil (triangles). Photomicrographs of cells treated with

Alverine, Bepridil and also Ebselen, are shown in Supplemental Fig. 5A.

et al., 2021; Milligan et al., 2021; Brown et al., 2020), was not an
effective inhibitor of CoV2 Mpro intracellularly by either fluorescence or
RFP-AVLQS cleavage (Supplemental Fig. 5A and B).

3.7. Use of the cell-based CoV2 Mpro biosensor assay in evaluating
recovery from Mpro inhibition

The viability of cells expressing these recombinant proteins and
treated with GC376 allows for evaluation of recovery of intracellular
Mpro activity following removal of the competitive inhibitor. If media
containing Mpro-inhibiting GC376 is removed and replaced by fresh
media; GC376 concentrations fall, the drug is no longer stably associated
with Mpro (Vuong et al., 2020), and Mpro becomes capable of cleaving
the RFP biosensor resulting in disappearance of RFP fluorescence.

CoV2 Mpro recovery was evaluated by treating RFP-AVLQS- and

Mpro-expressing cells with GC376 for 17 h, and then exchanging the
drug-containing media for non-drug-containing media for 23 h and
evaluating the loss of fluorescence due to Mpro becoming active. Inhi-
bition of Mpro by GC376 for the 17 h treatment is readily seen for 1, 10
and 100 pM levels (Fig. 7A solid bars), as shown above (Figs. 4 and 5),
and 23 h after drug removal substantial decreases in fluorescence are
seen (Fig. 7A hatched bars), while the cells remain viable (Fig. 7A tri-
angles). (The cultures treated with 100 pM GC376 retained fairly high
RFP signal. This is likely due to levels of GC376 sufficient for Mpro in-
hibition remaining in the wells after media exchange. The wells were not
rinsed to remove residual drug to prevent dislodging the cultured cell
layer.) To evaluate the time-dependence of this recovery GC376 was
used at 10 pM and fluorescence was quantified at every hour during both
drug treatment as well as after removal. Following removal of the
GC376, fluorescence levels decreased over the first 2-3 h (Fig. 7B). Loss
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Fig. 7. Recovery of Mpro activity upon removal of GC376: We noted that GC376-treated cells retain excellent viability, allowing for removal of the drug-containing
media, recovery of Mpro activity and loss of fluorescence. AD293 cells were transfected with both expression plasmids and treated with the indicated levels of GC376
for 17 h and fluorescence was evaluated every hour as in Fig. 4A. GC376-containing media was removed, replaced with OPTI-MEM, and plates returned to the
imaging chamber and monitored hourly for another 23 h. A) Percentage inhibition of fluorescence due to CoV2 Mpro function was determined at the 17th hr
following addition of drug (open bars) and at the 23rd hr after drug removal (hatched bars), setting treatment with 100 pM GC376 at the 17th hr as 100% inhibition.
Cell viability was plotted on the secondary axis as determined by MTT assay at the 23 h of recovery. Percentage viability (triangles) was calculated for each con-
centration setting no drug as 100% cell viability). B) The time dependence of Mpro recovery from GC376 was carried out with 10 pM GC376, which provides
outstanding Mpro inhibition (gain of fluorescence) and recovery (loss of fluorescence), while minimizing the effect of residual drug affecting Mpro function after drug
removal (Fig. 7A). Percent inhibition (y axis) was determined throughout the 17 h of GC376 treatment, followed by 23 h of recovery after drug removal. C) Extracts
from AD293 cells in 7A were immunoblotted for RFP after the 17 h drug treatment (left panels) and after the 23 h of recovery after removal of GC376 (right panels).
Beta actin verified consistent levels of extract for each lane (lower panels). Inmunoblotting for GST and GST-Mpro for these cultures provided in Supplemental Fig. 6
are consistent with the cleavage results for RFP (Fig. 7C).

of fluorescence corresponds to loss of the RFP 54 kDa protein (Fig. 7C). 4. Discussion
After 17 h treatment with 0.01-100 pM GC376 (Fig. 7C, left upper
panel) there was a dose-dependent increase in levels of the RFP 54 kDa
protein, showing accumulation of the uncleaved RFP fluorescent poly-

The likelihood of CoV2 becoming endemic and novel zoonotic
coronaviruses arising emphasize the need for antivirals effective against

peptide (consistent with increased fluorescence levels in these cultures,
Fig. 7A), and a concomitant decrease in levels of the non-fluorescent 27
kDa cleaved RFP doublet. This demonstrated the inhibitory action of the
drug on RFP cleavage by Mpro. Following the recovery period, the
previously accumulated levels of 54 kDa RFP decreased to similar levels
in extracts from all transfected cultures (right upper panel), consistent
with loss of fluorescence (Fig. 7A). The cleavage of the previously
accumulated 54 kDa was also evident by increased levels of the 27 kDa
Mpro-cleaved polypeptides in extracts from cells previously treated with
the higher levels of GC376. These conclusions were consistent with loss
of the “drug-protected” GST-3CL fusion protein (in 10 and 100 pM
treated cultures) following drug removal (Supplemental Fig. 6),
consistent with previous reports that GC376 inhibition of CoV2 Mpro is
reversible (Vuong et al., 2020; Arutyunova et al., 2021).

CoV2 and coronaviruses in general, leading to the recent US commit-
ment to invest $3.2 billion for development of antivirals (https://www.
cidrap.umn.ed, 2021). Drugs that alter host cell pathways and/or im-
mune function have been repurposed for use during the COVID-19
pandemic and have been helpful in saving lives during this crisis (RE-
COVERY Collaborative Group et al., 2021; Johnson and Vinetz, 2020;
Maskin et al., 2020; Prescott and Rice, 2020; Villar et al., 2020); how-
ever, very few antivirals that attack CoV2 directly have been authorized
for human use. The only antivirals currently available for use against
COVID-19 are two RdRp inhibitors originally developed for other vi-
ruses, remdesivir and favipiravir (favipiravir has been approved for use
in some Asian countries, but not in the US) (Costanzo et al., 2020; Ser-
vice, 2021; McKee et al., 2020; Choy et al., 2020). More highly effective
drugs developed for use against CoV2 and other CoVs are desperately
needed for treatment of currently circulating CoV2 strains, or newly
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arising strains that may be vaccine resistant (McCallum et al., 2021), as
well as novel CoVs that may arise in the future.

It has been noted that RdRps and viral proteases are both excellent
targets for CoV antivirals (Ali et al., 2020; Dong et al., 2021; Giovane
et al., 2020; McKee et al., 2020). Indeed, for other viruses that require
both a viral polymerase and a protease to cleave viral polyproteins,
combinations of a protease inhibitor and a viral polymerase inhibitor
have proven to be highly effective drug combinations (Kausar et al.,
2021; Steuber and Hilgenfeld, 2010; Tompa et al., 2021; Kim et al.,
2012). In addition to the repurposed RdRp inhibitor, remdesivir, there is
a new CoV2 RdRp inhibitor, Molnupiravir (MK4482), and a CoV2 Mpro
inhibitor, PF07321332, that are in early-stage clinical trials
(https://clinicaltrials.go, 2133; https://clinicaltrials.go). Clearly, more
than a single drug will be required for each of these targets, particularly
given the rate at which coronavirus variants arise, as the use of antiviral
drugs will select for viral mutants with decreasing sensitivity to existing
drugs. The goal of our research was to develop a cell-based biosensor
reporter assay to allow evaluation of CoV2 Mpro function inside living
human cells that would not require biosafety level 3 containment. Many
drugs and compounds have been evaluated as potential inhibitors of
CoV2 Mpro using computational prediction programs, and some of these
have been tested for function against CoV2 Mpro, generally against
purified CoV2 Mpro (Costanzo et al., 2020; Fu et al., 2020; Ma et al.,
2020a, 2020b; Drayman et al., 2020; McKee et al., 2020; Vatansever
et al., 2020; Zhu et al., 2020; Mangione et al., 2020; Brown et al., 2020;
Choy et al., 2020; Shen et al., 2019), but this does not ensure that the
drug will be effective intracellularly (Martinez, 2021). For example, our
finding that Ebselen was not effective in this intracellular assay may be
due to issues related to the oxidative state of Ebselen within living cells
(Milligan et al., 2021). A small number of cell-based systems have been
developed to evaluate CoV2 Mpro function, including assays based on
loss of proliferation or luciferase expression, or based on HIV Tat-based
transcription (Drayman et al., 2020; O’Brien et al., 2021; Rawson et al.,
2021; Resnick et al., 2020). These approaches have limitations, as they
result in cell death and/or require harvesting for evaluation of luciferase
activity. Using a fluorescence readout allows one to evaluate activity
without harvesting the cells. The flexibility of this type of assay is
explicitly demonstrated when after 17 h of treatment with the effective
Mpro inhibitor, GC376, the drug was removed and within 2 h the Mpro
rapidly eliminated the accumulated RFP and any newly expressed RFP,
resulting in loss of the fluorescent signal (Fig. 7A). This bodes well for
adapting this system to a stable cell line that could be easily utilized to
screen large libraries of compounds meeting high throughput chal-
lenges. A green fluorescent protein (GFP)-based CoV2 Mpro assay was
developed based on Mpro cleavage and resultant re-localization of an
HIV Tat-GFP construct, which provides for less-than-facile screening
(Moghadasi et al., 2020). Also, a GFP-based CoV2 Mpro assay has been
reported which functions in the reverse direction from the RFP system
described herein — Mpro cleavage of their recombinant GFP protein al-
lows the two GFP domains to associate and to produce green fluores-
cence signal (Froggatt et al., 2020). This GFP system does exhibit some
of the advantages we describe above for the RFP system. However, when
using these systems for high-throughput screening, the RFP system we
describe here is superior to the GFP system because in this RFP system
we use fully wild-type Mpro and because inhibition of Mpro function
results in gain-of-signal rather than a loss-of-signal. A gain-of-signal
produced by viral enzyme inhibition during drug screening provides
an inherent internal counter-screen for cell viability, as well as for
transcription and translation of new proteins. This will be of particular
value when screening large collections of novel compounds, when un-
known toxicity could inhibit GFP signal just as effectively as an Mpro
inhibitor, leading to a necessity for subsequent screening steps. Mpro
inhibition being screened by the appearance of RFP signal would elim-
inate the false positives caused by toxic compounds in the GFP screen.
For these and other reasons, positive gain-of-signal provides screening
inherently superior to loss-of-signal. In addition, unlike all other
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reported cell-based CoV Mpro systems, the Mpro expressed in this sys-
tem is wild-type CoV2 Mpro, producing a fully mature version that is
self-cleaved to generate the native N-terminus beginning with the
N-terminal serine residue. Using the fully native mature CoV2 Mpro will
provide more accurate inhibitory determinations than evaluating in-
hibitor effects on a CoV2 Mpro with a non-native N-terminus, which is
known to compromise Mpro activity (Xue et al., 2007). It is anticipated
that this system will not only prove highly useful as a screening system
for inhibitors of CoV2 Mpro, but will be readily adaptable to other CoV
Mpro enzymes, as well as other viral and even cellular proteases. This
system can also be utilized for analyzing protease function intracellu-
larly, either of mutations within CoV2 Mpro, or of mutations in Mpro
cleavage sites.
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