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Abstract: The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) or 2019 novel coronavirus (2019-nCoV), took tens of thousands of lives and caused tremen-
dous economic losses. The main protease (MP°) of SARS-CoV-2 is a potential target for treatment of COVID-19 due to
its critical role in maturation of viral proteins and subsequent viral replication. Conceptually and technically, target-
ing therapy against MP™ is similar to target therapy to treat cancer. Previous studies show that GC376, a broad-spec-
trum dipeptidyl MP* inhibitor, efficiently blocks the proliferation of many animal and human coronaviruses including
SARS-CoV, Middle East respiratory syndrome coronavirus (MERS-CoV), porcine epidemic diarrhea virus (PEDV), and
feline infectious peritonitis virus (FIPV). Due to the conservation of structure and catalytic mechanism of coronavirus
main protease, repurposition of GC376 against SARS-CoV-2 may be an effective way for the treatment of COVID-19
in humans. To validate this conjecture, the binding affinity and IC, value of MP® with GC376 was determined by
isothermal titration calorimetry (ITC) and fluorescence resonance energy transfer (FRET) assay, respectively. The
results showed that GC376 binds to SARS-CoV-2 MP* tightly (K, = 1.6 pM) and efficiently inhibit its proteolytic activity
(IC,, = 0.89 uM). We also elucidate the high-resolution structure of dimeric SARS-CoV-2 MP* in complex with GC376.
The cocrystal structure showed that GC376 and the catalytic Cys145 of MP* covalently linked through forming a
hemithioacetal group and releasing a sulfonic acid group. Because GC376 is already known as a broad-spectrum
antiviral medication and successfully used in animal, it will be a suitable candidate for anti-COVID-19 treatment.

Keywords: COVID-19, SARS-CoV-2, coronavirus (CoV), drug development, drug action, drug screening, protease
inhibitor, structural biology

Introduction

Coronaviruses (CoVs) are severe pathogens
that cause a wide range of diseases in human
and animals. In December 2019, a novel viral
pneumonia started in Wuhan, Hubei province
of China. The main clinical symptoms included
fever, breathing difficulties, and X-ray findings
of infiltrative lung injury. The cause of this pneu-
monia was identified as a new coronavirus,
officially called severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). The World
Health Organization (WHO) announced the out-
break a Public Health Emergency of Interna-
tional Concern on 30 January and designated
the coronavirus disease 2019 (COVID-19). On

11 March, WHO warned that the COVID-19 is a
pandemic. Until 2 July 2020, COVID-19 is still
an ongoing pandemic, which spread across the
world with more than ten million confirmed
cases and 500,000 people died in early July
2020. It is therefore an unmet medical need to
develop effective treatments for the COVID-19
and several therapeutic targets have been
identified including key protease such as main
protease (MP™) of the SARS-CoV-2 [1, 2] and the
host TMPRSS2 serine protease [3]. To this end,
it is worthwhile to mention that the concept and
approach to screen drugs to target proteases to
treat COVID-19 is similar to those for develop-
ment of target therapy for anti-cancer drugs.
Indeed, TMPRSS2 serine protease that is criti-
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cal for SARS-CoV-2 virus to enter host cells has
been known to be activated in prostate cancer
and is a therapeutic target to treat prostate
cancer [4, 5]. In addition, certain drugs from
traditional herbal medicine that were used to
treat cancer patients are commonly used to
treat cornovirus-induced diseases [6].

Based on the results of the full-genome se-
quencing and phylogenic analysis, the RNA
genome of SARS-CoV-2 shares about 82% id-
entity with that of the severe acute respiratory
syndrome (SARS) coronavirus [7], a betacoro-
navirus that belongs to lineage B of the su-
bfamily Orthocoronavirinae within the family
Coronaviridae. SARS-CoV-2 are enveloped and
positive-sense single-stranded RNA viruses
with the large viral RNA genome ranging from
27 to 32 kilobases in length [7]. The RNA
genome is associated with the nucleocapsid
(N) protein to form the viral capsid (helical for
the genus coronavirus; tubular for the genus
torovirus) for virion cryo-electron microscopy
analysis [8]. The RNA genome is composed of
gene 1 and genes 2-7. Gene 1, which is respon-
sible for replication, has two open reading
frames, ORF1a and ORF1b, and can be trans-
lated by cellular ribosomes to two polypeptid-
es, termed ppla and pplb. The ppla is then
cleaved by viral proteinases to generate 11
nonstructural proteins. Some of the ribosomes
translating ORFla pause on a complex RNA
structure (pseudoknot) in the overlap between
ORF1a and ORF1b and then shift to ORF1b to
generate a larger pplb polyprotein, which is
cleaved to 16 nonstructural proteins. Genes
2-7 encode structural proteins expressed by
subgenomic mMRNA [9-11]. The size of SARS-
CoV-2 virion is 50-200 nm in diameter [12].
SARS-CoV-2 contains four structural proteins,
the spike (S) protein (homotrimer), envelope (E)
protein, membrane (M) protein, and N protein
similar to other coronaviruses. The nucleocap-
sid protein holds the RNA genome, and the S, E,
and M proteins make up the viral envelope [13].
Structural analysis showed that region of the
receptor-binding domain of SARS-CoV-2 is simi-
lar to that of the SARS coronavirus [14]. Using
reverse genetics methods, the spike protein of
SARS-CoV-2 was shown to bind to the recept-
or angiotensin converting enzyme 2 (ACE2) wi-
th higher affinity than the original SARS virus
strain [15].

SARS-CoV-2 maturation occurs via a highly
complex cascade of proteolytic processing for
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viral gene expression and replication. The pre-
cursor polyprotein is proteolyzed by the MP®
(also known as 3CL protease or 3CLpro). Mrr
belongs to the chymotrypsin-like protease fam-
ily with recognition sequence at most sites of
Leu-GIn| (Ser/Ala/Gly) (|lmarks the cleavage
site). MP is regarded as one of the best charac-
terized drug targets among coronaviruses [16,
17] as inhibition of MP™ blocks viral replication.
The side effects of inhibitors against MP© may
be limited because no human proteases harbor
similar cleavage site. Previously, MP™ inhibitor
GC376, which exhibits broad-spectrum activity
against human and animal coronaviruses, was
evaluated for its efficacy in laboratory cats with
feline infectious peritonitis (FIP). GC376 treat-
ment led to full recovery of cats when treat-
ment began at a stage of the disease that
would be otherwise be fatal if left untreated
[18]. We hypothesized that GC376 may be an
effective therapeutic strategy against SARS-
CoV-2.

To test our hypothesis, we first use differential
scanning fluorimetry (DSF), isothermal titrati-
on calorimetry (ITC) and FRET-based enzyme
Kinetic assay to access the efficacy of GC376
against SARS-CoV-2 MP®, Then, we solved the
crystal structure of SARS-CoV-2 M in complex
with GC376, a dipeptidyl bisulfite adducts, and
compared the substrate binding sites between
Mpre apo-form and MP™ in complex with GC376.
The structural characterization in this study
provides a mechanistic insight into the inhibi-
tion mechanism of GC376 and support it as a
promising drug candidate for the treatment of
COVID-19. This work also provides a basis for
structure-based drug design of broad-spectrum
anti-coronaviral drugs.

Materials and methods

Cloning, expression and purification of SARS-
CoV-2 main protease

The full-length gene encoding SARS-CoV-2
main protease (MP™, Replicase polyprotein 1ab
residues 3264-3569, UniProt accession: POD-
TD1) with Escherichia coli codon usage was
synthesized and subcloned into pSol SUMO
vector using Expresso® Solubility and Expres-
sion Screening System (Lucigen). A pET16b
plasmid encoding the fluorescent protein sub-
strate of MP° (CFP-TSAVLQSGFRKM-YFP) was
synthesized and constructed for FRET based
high-throughput screening assay. Each expres-
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sion plasmid was transformed into E. coli BL21
(DE3) and then grown in Luria Broth medium
at 37°C until OD,, reached between 0.6 and
0.8. Overexpression of MP™ or its fluorescent
protein substrate was induced by the addition
of 20% L-rhamnose or 0.5 mM IPTG and incu-
bated for 18 hours at 20°C. The cell pellets
were resuspended in sonication buffer [50 mM
Tris-HCI pH 8.0, 500 mM NaCl, 10% glycerol, 1
mM tris (2-carboxyethyl) phosphine (TCEP), 1
mM phenylmethylsulfonyl fluoride (PMSF)] and
lysed by sonication on ice. Following centrifu-
gation at 28,000 g, 4°C for 30 min, the super-
natant was loaded onto a HisTrap FF column
(GE Healthcare), washed by sonication buffer
containing 10 mM imidazole, and eluted with a
20-200 mM imidazole gradient in sonication
buffer. TEV protease was used to remove the
N-terminal SUMO fusion tag of MP°. The MP™®
and its substrate protein were further purified
by size-exclusion chromatography.

Differential scanning fluorimetry (DSF)

DSF experiment was carried out on a CFX96
RT-PCR instrument (Bio-Rad) in a buffer com-
prising 25 mM Tris pH 8.0, 150 mM NaCl, 5X
SYPRO Orange dye (Sigma-Aldrich), and 7.5 uM
SARS-CoV-2 MP™ in the presence of GC376 or
other potential protease inhibitors (TargetMol,
Cat. No. L1100) at concentration of 120 uM.
Fluorescence was monitored when tempera-
ture was gradually raised from 25 to 85°C in
0.3°C increments at 12-second intervals. Melt
curve data were plotted using the Boltzmann
model to obtain the temperature midpoint of
unfolding of the protein using Prism 8.0 soft-
ware (GraphPad).

FRET-based enzyme activity assay

Purified fluorescent protein substrate contain-
ing the cleavage site (indicated by the arrow,])
of SARS-CoV-2 MP (CFP-TSAVLQ|SGFRKM-YFP)
was used for the fluorescence resonance ener-
gy transfer (FRET)-based enzyme activity assay.
SARS-CoV-2 MP™ (0.5 uM) in assay buffer (20
mM Tris-HCI pH 7.8, 20 mM NaCl) was pre-incu-
bated with different concentration of GC376
(0.1-10 uM) for 30 min at room temperature.
The reaction was initiated by addition of 40 uM
fluorescent protein substrate. The fluorescence
signal of the CFP-TSAVLQ cleavage product was
monitored at an emission wavelength of 474
nm with excitation at 434 nm using Synergy™
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H1 hybrid multi-mode microplate reader (BioTek
Instruments, Inc.). The first 15 min of the reac-
tion was used to calculate initial velocity (V,) by
linear regression. The IC,  was calculated by
plotting the initial velocity against various con-
centrations of GC376 by use of a dose-response
curve in Prism 8 software.

Isothermal titration calorimetry (ITC)

The binding of GC376 to SARS-CoV-2 MP° was
conducted on an ITC-200 instrument (MicroCal,
Northampton, MA, USA) at 25°C. SARS-CoV-2
Mrre and GC376 were dissolved in assay buffer
(20 mM Tris pH 8.0, 20 mM NaCl, 2% DMSO).
Two-microliter aliquots of GC376 at a concen-
tration of 1 mM in the syringe were injected in-
to cells containing 60 uM SARS-CoV-2 MP™ at
3-min intervals. Data were fit to a one-site bind-
ing model using the commercial Origin 7.0 pro-
gram to obtain AH, AS, and K values.

Crystallization, data collection and structural
determination of SARS-CoV-2 main protease
with or without GC376

The crystallization of SARS-CoV-2 MP™ in ligand-
free state and in complex with GC376 was
performed by the sitting-drop vapor-diffusion
method. For crystallization of SARS-CoV-2 MP
in ligand-free state, the drops were set up by
mixing 1 pl of SARS-CoV-2 MP™ at a concentra-
tion of 25 mg/ml with 1 pl of reservoir solution
[0.1 M bicine pH 8.5, 20% (w/v) polyethylene
glycol (PEG) 10000] and equilibrated against
300 pl of reservoir solution at 20°C. For crystal-
lization of SARS-CoV-2 MP™ in complex with
GC376, protein sample was incubated with 2
molar excess of GC376 at 4°C overnight, and
then crystallized with mother liquid containing
0.1 M Bis-Tris propane pH 6.5, 0.02 M sodium/
potassium phosphate, 20% (w/v) PEG 3350. All
the crystals were soaked in reservoir solution
containing an additional 25% glycerol for 15 s
and were flash cooled in liquid nitrogen. The dif-
fraction data for the crystals of SARS-CoV-2
Mrr in ligand-free state and in complex with
GC376 were collected at the BL15A1 beamline
at the National Synchrotron Radiation Research
Center in Hsinchu, Taiwan, using a RAYONIX
MX300HE CCD detector. The data were inte-
grated, scaled, and merged using the HKL2000
software package [19]. The structure of the apo
form of SARS-CoV-2 MP™ was solved by molecu-
lar replacement with the previously published
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Table 1. Data collection and refinement statistics

apo-SARS-CoV-2 MPr

SARS-CoV-2 MP°-GC376

PDB Entry
Beamline
Wavelength (A)
Space group
Unit cell dimensions
a, b, c(A)
o, B,y (%)
Resolution range (A)
Number of reflections collected
Number of unique reflections
Redundancy
Completeness (%)
Rmerge“ (%)
Mean I/o (1)
Refinement statistics
R/ Roce” (%)
Model content
Protein residues
Waters
Ligands
Ramachandran plot (%)

Residues in preferred regions

Residues in allowed regions
Outliers

r.m.s.d from ideal geometry
Bonds (A)
Angles (°)

7CAM 7CB7
NSRRC TLS15A1 NSRRC TLS15A1
1.00000 1.00000
P2,22, P2,

68.13, 101.83, 104.56

55.03, 98.79, 59.49

90, 90, 90 90, 108.41, 90
30-2.85 (2.95-2.85)" 27.78-1.69 (1.75-1.69)"
82501 (8945)" 241668 (24377)"
17571 (1789)" 65358 (6415)"
4.7 (5.0)" 3.7 (3.8)"
95.2 (98.7)" 97.61 (96.10)"

14.9 (78.3)" 2.3(12.8)"
10.6 (2.3)" 24.3 (8.6)"
20.13/30.92 15.66/19.16
4615 4737
91 565

0 117
92.0 98.36
8.0 1.64

0.0 0.0
0.009 0.009
1.108 1.05

“Values in parenthesis are for the outermost shell while the preceding values refer to all data. 1R___is the same as R___ but for

free cryst

5.0% of the total reflections chosen at random and omitted from refinement; "R __ = > ni i | 1i(hkl) = I(hkI) Y| /S > ili(hKI).

crystal structure of SARS-CoV-2 MP™ (PDB entry
6LU7) [1] as search model using Phaser pro-
gram. The structure was then refined by itera-
tive manual model building in Coot [20], with
refinement using the Phenix refinement module
[24]. The structure of SARS-CoV-2 MP™ in com-
plex with GC376 was then solved by molecular
replacement using our apo form of SARS-CoV-2
Mrre_ The data collection and refinement statis-
tics are summarized in Table 1.

Results

GC376 is a highly potent drug against SARS-
CoV-2 Mpro

To explore the use of potential protease inhibi-
tors against SARS-CoV-2 M, we evaluated the
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binding of drugs from a protease inhibitor
library (TargetMol) and GC376 to SARS-CoV-2
Mrre by differential scanning fluorimetry (DSF).
Most potential protease inhibitors, including lo-
pinavir and ritonavir, caused little or no effect
on the thermal stability of SARS-CoV-2 M
whereas GC376 caused a dramatic positive
shift of 10.3°C beyond the control (Figure 1A).
To validate the above results and test the do-
se-dependent effect of GC376, we repeated
the experiment with different concentrations of
GC376 (7.5-120 uM). Consistently, the melting
temperature of SARS-CoV-2 MP increased with
the increasing concentrations of GC376 (Fi-
gure 1B). The binding affinity of GC376 to
SARS-CoV-2 MP™ was further determined by iso-
thermal titration calorimetry (ITC). The titration
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Figure 1. GC376 efficiently inhibit SARS-CoV-2 MP™, A. Differential scanning fluorimetry of SARS-CoV-2 MP* with
various drugs. B. Differential scanning fluorimetry of SARS-CoV-2 MP* with different concentrations of GC376. C.
Binding affinity of GC376 to SARS-CoV2-MP* determined by ITC. D. Dose-response curves of GC376 on inhibition of
SARS-CoV-2 MP°, Data are shown as mean + S.D. from three independent replicates.

curve suggests that one molecule of GC376
bound to one molecule of SARS-CoV-2 MP™ with
a binding constant of about 1.6 uM (Figure 1C).

To assess the enzyme activity of SARS-CoV-2
MPr and measure the inhibition efficiency of
GC376, we established a fluorescence reso-
nance energy transfer (FRET) assay using a
fluorescent protein substrate as previously
reported [22]. GC376 showed strong inhibi-
tion against SARS-CoV-2 MP with a half-maxi-
mal inhibitory concentration (IC,)) of 0.89 uM
(Figure 1D), which was similar to the IC_  values
against MP© observed in different coronavirus-
es, such as porcine epidemic diarrhea virus
(PEDV; IC,, = 1.11 uM) [23], feline infectious
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peritonitis virus (FIPV; IC,, = 0.72 uM) [18],
SARS-CoV MP (IC, = 4.35 pM) [18], middle
East respiratory syndrome coronavirus (MERS-
CoV; IC,, = 1.56 pM) [18], and transmissible
gastroenteritis coronavirus (TGEV; IC_, = 0.82
HM) [24].

Overall structure of SARS-CoV-2 MP™

To structurally characterize SARS-CoV-2 MP,
the protein was expressed recombinantly and
purified to homogeneity (Figure S1A, S1B) to
obtain protein as crystal for x-ray diffraction
analysis. The crystal structure of SARS-CoV-2
MPr in its ligand-free state was solved at a reso-
lution of 2.85 A (Table 1). As expected, the
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A
Domain Il

Molecule B
C

structure of SARS-CoV-2 MP™ is highly similar to
that of SARS-CoV MP™ given that the MP™ of two
viruses share 96.08% sequence identity. The
structure shows that two MP® molecules, na-
med Molecule A and B per asymmetric unit,
form a typical catalytically active and sym-
metrical homodimer (Figure 2A), which is con-
sistent with the result of size-exclusion chroma-
tography (Figure S1B). The three-dimensional
structure of Molecule A and B are highly similar,
with a root-mean-square deviation (RMSD) of
1.2 A for all equivalent Ca atoms. Two mole-
cules oriented perpendicular to one another
(Figure 2A). Similar dimeric assembly was also
observed in other MP™ from different coronavi-
ruses [23, 25, 26].

Each SARS-CoV-2 MP™ molecule is composed of
three domains (Figure 2B). Domain | (residues
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Domain Il Domain |l Domain |

Figure 2. Crystal structure of SARS-CoV-2
MPe in ligand-free form. A. Apo-SARS-CoV-2
Mre forms a dimer (PDB code: 7CAM). B.
Ribbon representation of one apo-SARS-
CoV-2 protomer. Domain | (residues 10-100),
Il (residues 101-182), the connected loop
(residues 183-199) and domain Il (residues
200-304) are colored by blue, green, yellow
and red, respectively. The residues involved
in catalysis (Cys145, His41) are shown in
sticks. C. The ionic interaction between Argd
and Glu290 in the dimerization interface of
SARS-CoV-2 MPe, The side chains of the resi-
dues are shown in sticks and the ionic bonds
in red.

10 to 100) and Il (residues 101 to 182) have a
chymotrypsin-like, two-B-barrel fold commonly
found in the structure of MP™ of other human
and animal coronaviruses, such as PEDV,
MERS-CoV, and SARS-CoV [23, 25, 26]. Domain
Il (residues 200 to 304) of SARS-CoV-2 MP©
includes five a-helices that form a globular
structure and is unique to CoV MP™. Domains Il
and lll are linked by a long loop (residues 183
to 199) (Figure 2B). Previous study of SARS-
CoV MP suggested that dimerization is neces-
sary for its catalytic activity [26]. The dimeriza-
tion interface of SARS-CoV-2 MP™ is mainly
maintained by an ionic interaction between
Arg4 of one protomer and Glu290 of the other
(Figure 2C) and allows the whole protein to
form a buckle-like structure, which may help
with stabilizing the protein. The substrate-bind-
ing pocket is located in the deep cleft between
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Figure 3. Crystal structure of SARS-CoV-2 MP® in complex with GC376. A. Left, surface representation of dimeric
SARS-CoV-2 MP* in complex with GC376. Right, an enlarged view of the substrate-binding pocket. The residues in-
volved in hydrogen boding with GC376 are shown in sticks. The H-bonds are shown in red. B. A proposed mechanism
of the formation of the SARS-CoV-2 MP°-GC376 covalent complex.

domains | and Il and contains the catalytic dyad
formed by His41 and Cysl145 in the center
(Figure 2B).

Crystal structure of SARS-CoV-2 MP™ in com-
plex with inhibitor GC376

To decipher the inhibitory mechanism of
GC376, we co-crystallized and solved the
SARS-CoV-2 MP°-GC376 complex at 1.69 A res-
olution (Figure S1; Table 1). In the structure of
SARS-CoV-2 MP® in complex with GC376, the
inhibitor is stabilized by a hydrogen bond net-
work, including the side chain of H41, His163,
Glul66, and Q189, the main chain of Phel40,
Gly143, Cys145, and H164, and numerous hy-
drophobic interactions (Figures 3A, S2B). As
previously reported, the backbone amide of
Gly143 and Cys145 form an oxyanion hole to
promote substrate binding [2]. Interestingly,
GC376 is covalently linked to Cys145 as a
hemiothioacetal at the catalytic center and can
be fitted to the Fo-Fc electron-density map in
two ways after bisulphite group leaving (Figure
S2A). This phenomenon may be caused by the
original bisulphite group leaving and the alde-
hyde group forming without the chiral center. It
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has been speculated that the facile transfor-
mation of aldehyde bisulfite (GC376) to alde-
hyde (GC373) occurred when the drug is admin-
istered to animal via intravenous and oral
routes (Figure 3B) [24]. Cys145 can covalently
link to the aldehyde group in two different direc-
tions and be stabilized by surrounding residues
(Figure 3A). There are two ways to stabilize the
aldehyde: 1) via the oxyanion hole formed by
backbone amide of Cys145, Gly143 and par-
tially Ser144 (Figures 3A, S2A) and 2) via the
imidazole ring of His41 to stabilize the hemio-
thioacetal group (Figures 3A, S2A). Formation
of both R and S enantiomers at the covalent
binding site for GC376 has also been reported
in the structural study of MERS-CoV MP™ in
complex with GC376 [25]. In addition, structur-
al alignment of apo-SARS-CoV-2 MP° and SARS-
CoV-2 Mre with GC376 showed that the major
structural difference is located in the loop
region near the substrate-binding site indicated
by the gold arrow in Figure 4A. The change in
the loop region seemed to affect the dimeriza-
tion interface. Another dominant structural
shift was observed in domain Il (Figure 4A).
Moreover, the side chain of Arg4 of Molecule B

Am J Cancer Res 2020;10(8):2535-2545
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A
Domain Il

Figure 4. Structural comparison between apo-SARS-CoV-2 MP® and SARS-CoV-2 MP* with GC376. A. Structure align-
ment of SARS-CoV-2-MP* with GC376 (green) and apo-protein (blue). B. Structural changes in the dimer interface of
SARS-CoV-2 MP* before and after binding with GC376.

from apo-SARS-CoV-2 MP° was not easily
assigned to the electron-density map com-
pared with the SARS-CoV-2 MP°-GC376 com-
plex (Figure 4B).

Structural comparison of coronavirus Mrr-
GC376 complexes across different species

To determine the structural differences, we
superimposed SARS-CoV-2 MP°-GC376 co-cry-
stal structure in this study with published MPr-
GC376 complex from different coronaviruses.
As shown in Figure 5A, SARS-CoV-2 MP™ adopts
a similar fold common to the MP™ of MERS-CoV,
PEDV and TGEV [23-25]. Domain | and Il from
the four CoV MP™ showed they overlapped well
although a slight structural shift was observed
in Domain Ill (Figure 5A). In the substrate-bin-
ding site, GC376 appears to assume a highly
similar conformation in each coronavirus with
one exception in which the benzoyl ring of
GC376 from PEDV MP™ has different orientation
(Figure 5B). The catalytic dyads are all con-
served based on multiple sequence alignment
and showed a general overlap (Figure 5C). The
above observations are consistent with the
comparable IC, values of GC376 for the differ-
ent CoV MrP* and suggested that the structure
of MP™ in the coronaviruses examined is highly
conserved and that GC376 may be a universal
inhibitor to treat diseases caused by different
coronaviruses.
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Discussion

Since the SARS outbreak in 2002, a number of
drugs have been developed to inhibit M, a
key anti-viral target responsible for maturation
of functional viral proteins. In this study, we
explore the potential of GC376, a broad-spec-
trum coronavirus inhibitor that has been used
to treat FIP with high recovery rate, in inhibit-
ing SARS-CoV-2 MP™, The co-crystal structure
of SARS-CoV-2 MP™ in complex with GC376
revealed that GC376 fits well in the substrate-
binding pocket and is stabilized by numerous
hydrophilic and hydrophobic interactions. In
addition, GC376 can form a covalent bond with
active site residue Cys145, revealing its ability
to directly block the catalytic dyad and hence
the proteolytic activity of MP™. Thus, the struc-
tural information revealed in this study greatly
supported GC376 as a promising drug candi-
date for the treatment of COVID-19.

Interestingly, a previous report suggested that
Mpre of picornavirus-like supercluster, including
picornaviruses, caliciviruses, and coronavirus-
es, all share several common characteristics,
including a typical chymotrypsin-like fold and a
cysteine residue as an active site nucleophile
in the catalytic triad (or dyad), and that GC376
is highly effective against those viruses with
IC,, values in the high nanomolar or low micro-
molar range in enzyme- and/or cell-based as-
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MERS-CoV SGLVKMSHPSGDVEACMVQVTCGSMTLNGLNLDNTVWCPRHVMCPADQLSDPNYDALLIS 60
sk kk. KEFE Kk Kk ¥, EEERER .k kkkkdk 1 ¥ .
PEDV LRLHNFSISS- - -GNVFLGVVSATMRGALLQIKVNQNNVHTPKYTYRTVRPGESFNILAC 116
TGEV VRLHNFSVSK - - -NNVFLGVVSARYKGVNLVLKVNQVNPNTPEHKFKSIKAGESFNILAC 116
SARS-CoV-2 KSNHNFLVQA- - -GNVQLRVIGHSMQNCVLKLKVDTANPKTPKYKFVRIQPGQTFSVLAC 117
MERS-CoV MTNHSFSVQKHIGAPANLRVVGHAMQGTLLKLTVDVANPSTPAYTFTTVKPGAAFSVLAC 120
* ok . L,k o¥. 1. L ] ¥ k¥ .- IR L R &
PEDV YDGAAAGVYGVNMRSNYTIRGSFINGACGSPGYNINNGTVEFCYLHQLELGSGCHVGSDL 176
TGEV YEGCPGSVYGVNMRSQGTIKGSFIAGTCGSVGYVLENGILYFVYMHHLELGNGSHVGSNF 176
SARS-CoV-2 YNGSPSGVYQCAMRPNFTIKGSFLNGSCGSVGFNIDYDCVSFCYMHHMELPTGVHAGTDL 177
MERS-CoV YNGRPTGTFTVVMRPNYTIKGSFLCGSCGSVGYTKEGSVINFCYMHQMELANGTHTGSAF 18@
LEL .l ¥ . ¥kkokkF¥. Kok¥ER K. v, K keke k¥ ¥ ok ke
PEDV DGVMYGGYEDQPTLQVEGASSLFTENVLAFLYAALINGSTWWLSSSRIAVDRFNEWAVHN 236
TGEV EGEMYGGYEDQPSMQLEGTNVMSSDNVVAF LYAALINGERWFVTNTSMSLESYNTWAKTN 236
SARS-CoV-2 EGNFYGPFVDRQTAQAAGTDTTITVNVLAWLYAAVINGDRWFLNRFTTTLNDFNLVAMKY 237
MERS-CoV DGTMYGAFMDKQVHQVQLTDKYCSVNVVAWLYAAI LNGCAWFVKPNRTSVVSFNEWALAN 240
ko akk . k. * .. LS R L TRE . I P re ek Ok
PEDV GMTTVGNTD--CFSILAAKTGVDVQRLLASI -QSLHKNFGGKQILGHTSLTDEFTTGEVV 293
TGEV SFTELSSTD--AFSMLAAKTGQSVEKLLDSI -VRLNKGFGGRTILSYGSLCDEFTPTEVI 293
SARS-CoV-2 NYEPLTQDHVDILGPLSAQTGIAVLDMCASLKELLQNGMNGRTILGSALLEDEFTPFDVV 297
MERS-CoV QFTEFVGTQ--SVDMLAVKTGVAIEQLLYAI QQLYTGFQGKQILGSTMLEDEFTPEDVN 297
. R TE - Lo ke kx| * kkkk ok
PEDV RQMYGVNLQ 302
TGEV RQMYGVNLQ 302
SARS-CoV-2 RQCSGVTFQ 306
MERS-CoV MQIMGVVMQ 306
* kk ok

Figure 5. Structural comparison of CoV MP*°s with GC376 across different species. A. Structural alignment of CoV
Mrres with GC376 in different coronaviruses, including SARS-CoV-2 (green, PDB: 7CB7), MERS-CoV (cyan, PDB:
5WKJ), PEDV (magenta, PDB: 6L70) and TGEV (yellow, PDB: 4F49). B. An enlarged view of the substrate-binding
pocket of different CoV MP"s with GC376. All GC376 are shown in sticks. C. Multiple sequence alignment of the MP*s
of SARS-CoV-2, MERS-CoV, PEDV and TGEV. The catalytic dyad is indicated by an arrow.

says [24]. The structural comparison of MPe- those observations and indicated that the in-
GC376 complexes across different species hibition of those viruses by GC376 occurs
revealed in this study is also consistent with through a similar mechanism.
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During the preparation of the current manu-
script, a paper published in Cell Research by
Wang's group also indicated that GC376 is the
most potent drug among the protease inhibi-
tors they screened [27]. The antiviral activity of
GC376 was tested against SARS-CoV-2 in the
viral cytopathic effect (CPE) assay with EC,,
value of 3.37 uM [27]. Together, the results
from both studies suggest GC376 is worthy of
further testing in clinical trials.

Moreover, a pre-investigational new drug re-
quest regarding the usage of GC376 for COVID-
19 treatment in humans has been submitted to
U.S. Food and Drug Administration by Anivive
(Long Beach, CA, USA) based on the potency,
safety, efficacy, and pharmacological proper-
ties of GC376 in four animal models [28]. Fur-
thermore, studies from leading research uni-
versities involved in the evaluation of GC376
have shown that GC376 is stable in human
plasma, highly efficient in clinical doses, and
could prevent viruses from killing infected cells
[29]. The findings from the current study also
suggested that GC376 is a promising drug
candidate for the treatment of COVID-19.

PDB deposition

The coordinates and structure factors of SARS-
CoV-2 MP in ligand-free state and in complex
with GC376 have been deposited in PDB with
accession codes 7CAM and 7CB7, respec-
tively.
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Figure S1. Purification, crystallization, and data collection of SARS-CoV-2 MP* with GC376. A. The SDS-PAGE of puri-
fied SARS-CoV-2 MP®. The estimated molecular weight is consistent with its theoretical molecular weight of 33.8
kDa. B. Size-exclusion chromatography of SARS-CoV-2 MP®. C. Crystal of SARS-CoV-2 MP™ in complex with GC376
grown in 0.1 M Bis-Tris propane pH 6.5, 0.02 M sodium/potassium phosphate, 20% (w/v) PEG3350, using sitting-
drop vapor-diffusion method. D. Diffraction pattern of the crystal of SARS-CoV-2 MP™ with GC376 collected using a
Rayonix MX300HE CCD detector on beamline 15A1 at NSRRC, Taiwan.
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Figure S2. Detailed distribution of hydrophilic and hydrophobic interactions at the substrate-binding site of SARS-CoV-2 MP™ in complex with GC376. A. Electronic
map of GC376 in the binding pocket of SARS-CoV-2 MP°, GC376 covalently linked to Cys145. Two different orientation of hemithioacetal group observed in electron-
density map are indicated by arrows. B. Ligplot representation of the hydrogen bonding and hydrophobic interactions at the catalytic center of SARS-CoV-2 MP© in
complex with GC376.



