#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Allosteric inhibition of SARS-CoV-2 3CL protease
by colloidal bismuth subcitratet

{ ") Check for updates ‘

Cite this: Chem. Sci., 2021, 12, 14098

Xuan Tao, Lu Zhang, Liubing Du,® Ruyan Liao,® Huiling Cai,” Kai Lu, Zhennan Zhao,”
Yanxuan Xie,? Pei-Hui Wang,? Ji-An Pan,® Yuebin Zhang,*® Guohui Li,*¢ Jun Dai,*®
Zong-Wan Mao (2*? and Wei Xia (& *?

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

The SARS-CoV-2 3-chymotrypsin-like protease (3CLpro or Mpro) is a key cysteine protease for viral
replication and transcription, making it an attractive target for antiviral therapies to combat the COVID-
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inhibitor for 3CLpro in vitro and in cellulo. Rather than targeting the cysteine residue at the catalytic site,
DO 10.1039/d1sc03526f CBS binds to an allosteric site and results in dissociation of the 3CLpro dimer and proteolytic

rsc.li/chemical-science dysfunction. Our work provides direct evidence that CBS is an allosteric inhibitor of SARS-CoV-2 3CLpro.
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Introduction

COVID-19 is a highly infectious viral disease caused by the
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2).! Since last December, this respiratory disease has spread
rapidly to more than 200 countries and territories. To date,
more than 180 million people around the world were infected
and global deaths have exceeded 3.9 million.> Although US FDA
has issued emergency use authorization for three COVID-19
vaccines recently, no specific antiviral drugs are currently
available for the treatment of viral infections.

Similar to other coronaviruses, SARS-CoV-2 encodes
a cysteine protease, the 3-chymotrypsin-like protease (3CLpro or
Mpro, encoded by nsp5) for proteolytic cleavage of non-
structural proteins essential for viral replication and thus
enables viral spread. 3CLpro functions as a homo-dimer and
cleaves two large overlapping viral polyproteins ppla and pplab
at at least 11 conserved sites, including its own N-terminal and
C-terminal auto-processing sites.>* The absolute requirement of
proper function of 3CLpro for SARS-CoV-2 viral replication,
together with the absence of a homologous human protease,
makes 3CLpro an attractive target for designing specific anti-
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viral drugs. Therefore, development of inhibitors against
3CLpro is a current focus of global academic and pharma efforts
for the treatment of COVID-19 disease.”® A series of small
molecules or metal complexes have been reported to inhibit
3CLpro activity, including boceprevir, calpain inhibitor XII,
GRL-0496, GC376 and Re(1) tricarbonyl complexes.®** Typically,
a metallodrug used to treat duodenal ulcer, ranitidine bismuth
citrate has recently been identified to suppress SARS-CoV-2
replication, implying the potential to repurpose the old metal-
lodrugs as therapies for treatment of COVID-19."> However, the
detailed molecular mechanism has not been fully elucidated.
Herein, we identified that the essential SARS-CoV-2 protease
3CLpro is one of the targets for bismuth drug, colloidal bismuth
subcitrate (CBS). CBS allosterically inhibited the proteolytic
activity of 3CLpro and suppressed SARS-CoV-2 viral replication
in mammalian cell.

Results

Since 3CLpro contains a Cys residue at the active site, we
envisioned that thiophilic metal ions could coordinate to the
sulfur atom and abrogate its protease function. Therefore, we
performed a primary evaluation of the enzyme inhibition
properties of a series of metallodrugs and their active deriva-
tives, including two Bi(ur)-based drugs, colloidal bismuth sub-
citrate (CBS) and bismuth gluconate, Sb(v)-based drug (sodium
stibogluconate, SSG), Pt(II)-based drug (cis-platinum), Au(1)-
based drug (Auranofin and its metabolite AuP(CH,CHj3);Cl) and
four reported Au(i) active complexes (Fig. S11).">**

In brief, 0.5 uM purified 3CLpro was incubated with 50 uM
metal complexes for 20 min. The protease activity of 3CLpro was
then measured using the quenched fluorescence resonance
energy transfer (FRET) assays as previously described.*>*®
Among all the examined metal complexes, the two Bi(u)-based

© 2021 The Author(s). Published by the Royal Society of Chemistry
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drugs, CBS and bismuth gluconate were the most potent
inhibitors. After incubation with 50 uM CBS or bismuth gluco-
nate, the protease activity of 3CLpro decreased more than 90%
(Fig. 1A). The inhibition properties of Bi(m)-based drugs are
attributed to the binding of Bi(w) to the proteases, since the
complex ligands, citrate and gluconate displayed no inhibitory
effects (Fig. S21). The half-maximum inhibitory concentration
(ICs0) value of CBS against 3CLpro protease activity was subse-
quently measured. A feline coronavirus drug GC376 was
recently reported as a highly potent inhibitor of 3CLpro from
both SARS-CoV and SARS-CoV-2 with ICs, values in the nano-
molar range.””* Therefore, we used GC376 as a positive control.
As shown in Fig. 1B, the ICs, value of CBS against 3CLpro was
calculated to be 0.93 + 0.04 puM. Similar ICs, value was also
obtained for bismuth gluconate (Fig. S31). The calculated sub-
micromolar ICs, values are comparable to the potent small-
molecule inhibitor GC376,'” which has a calculated IC5, value
of 0.47 £ 0.03 uM in our proteolytic activity assay (Fig. S47).
Furthermore, the Michaelis-Menten kinetics of 3CLpro was
also examined before and after Bi(u)-binding (Fig. S51). Unex-
pectedly, although both K;,, and V;,ax 0f 3CLpro decreased, the
keat/Km value kept unchanged after Bi(ur)-binding, implying that
Bi(m) is probably an uncompetitive inhibitor for 3CLpro. The
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Fig. 1 (A) Identification of inhibitory metallodrugs for SARS-CoV-2
3CLpro. Bar charts show the relative protease activities of 3CLpro after
incubation with 50 uM sodium stibogluconate (SSG), colloidal bismuth
subcitrate (CBS), bismuth gluconate, cis-platinum, Auranofin,
AuP(CH,>CH3)3Cl and four Au(i)-based complexes. (B) Inhibition of the
protease activities of 3CLpro by CBS at varying concentrations in vitro.
Dose-response curves for half-maximum inhibitory concentration
(ICs0) values were determined by nonlinear regression. (C) Inhibition of
SARS-CoV-2 proteases by CBS in cellulo. Schematic illustration of the
cell-based luciferase reporter assay. (D) The cells that expressed
3CLpro are treated with varying concentrations of CBS. NC represents
negative control. Bar charts show the relative luciferase activity of cell
lysate. Each experiment were performed in triplicates. The data are
shown in mean + sd. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.
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results indicated that Bi(m)-based drugs were highly potent
protease inhibitors for SARS-CoV-2 3CLpro in vitro.

To further examine the inhibitory activity of Bi(m)-based
drugs against 3CLpro activity in cellulo, a luciferase reporter
activity assay was developed. In brief, firefly luciferase (FL)
reporter gene is fused with polyubiquitin (UB), which leads to
the quick degradation of luciferase in proteasome. A 3CLpro
cleavage site is inserted between FL and UB. In the presence of
3CLpro, proteolytic cleavage on this site will set free the lucif-
erase and the luciferase activity can be detected (Fig. 1C).
Therefore, the relative luciferase activity was in direct propor-
tion to the activity of 3CLpro in cellulo. The small-molecule
inhibitor GC376 was first used to validate the in cellulo lucif-
erase assay. Three different 3CLpro cleavage sites with the
lowest protein sequence similarity (nsp4/5, nsp5/6 and nsp8/9)
were examined in the experiment. Indeed, GC376 could potently
inhibit 3CLpro proteolytic activity for all the three cleavage sites
with concentrations of 5-20 pM, indicating that the luciferase
assay could be used to examine the 3CLpro activity in cellulo
(Fig. S61). We subsequently employed the assay to examine the
inhibitory effect of CBS. The inhibitory effect of CBS was more
potent than GC376. CBS remarkably retarded the proteolytic
cleavage for all the three sites as low as 5 uM (Fig. 1D and S77).
Whereas 10-20 uM GC376 are required to inhibit 3CLpro
proteolytic activity for nsp5/6 and nsp8/9 site, respectively.
Collectively, the results clearly demonstrated that CBS can
abrogate 3CLpro activity both in vitro and in mammalian cells.

Subsequently, we would like to elucidate the molecular
mechanism of 3CLpro activity inhibition by Bi(ui)-based drugs.
First, we employed inductively coupled plasma mass spec-
trometry (ICP-MS) coupled with protein BCA assay to investigate
the Bi(ur) binding capability of 3CLpro. The experiment results
indicated that 3CLpro was capable to bind 2.13 + 0.11 molar
equivalents (eq.) of Bi(m) per monomer (Fig. S81). Given the
highly thiophilic property of Bi(m), we speculated that Bi(u)
could bind to Cys residues of 3CLpro to interfere with the
protease activity. Similar to the reported homologue of SARS-
CoV, the SARS-CoV-2 3CLpro structure is a homodimer with
multiple Cys residues, consisting of a N-terminal finger (resi-
dues 1-8), a catalytic domain (residues 8-184) and a C-terminal
dimerization domain (residues 201-306).>”

In order to identify the potential Bi(m)-binding sites, the
solvent accessible Cys residues in 3CLpro structure (PDBID:
6M2Q) were identified using the AREAIMOL software in CCP4
package.*® The top three ranking Cys residues accessible to
solvent are Cys300, Cys156 and Cys145 (Table S27). Cys300 is
close to the C-terminus and located at the dimerization domain
of 3CLpro, while Cys156 is a surface exposed residue at the
catalytic domain. Cys145 is one of the conserved residues in the
3CLpro catalytic dyad (His41 and Cys145) (Fig. 2A). The three
Cys residues were subsequently mutated to serine individually.
Invitro proteolytic assay results demonstrated that the activities
of 3CLproP**4/¢1565 and 3CLpro“*°°S mutants were similar to
wild-type (WT) 3CLpro, suggesting that the overall conforma-
tion of 3CLpro was not significantly altered by mutations
(Fig. S971). Subsequently, the Bi(ui)-binding capabilities of the
two mutants were examined. Unexpected, the binding
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Fig. 2 SARS-CoV-2 3CLpro dimer dissociation induced by colloidal
bismuth subcitrate (CBS). (A) Structure of SARS-CoV-2 3CLpro dimer is
shown in cartoon and surface model (PDBID: 6M2Q). The cysteine
residues with the highest solvent accessibility are highlighted in red.
Bar chart shows the Bi(m)-binding capability of wild-type 3CLpro and
mutants. Each experiment were performed in triplicates. The data are
shown in mean + sd. Size exclusion chromatography analysis of (B)
3CLpro and (C) 3CLpro=3°%S mutant after incubation with different
molar ratios of Bi(in).

stoichiometries of 3CLpro“**** and 3CLpro”***#“1%%% muytants

were almost the same as wild-type (WT) 3CLpro, with 2.04 +
0.07 and 2.29 + 0.01 eq. of Bi(m) per monomer respectively,
indicating that both Cys145 and Cys156 are not involved in
Bi(m) binding. In contrast, the 3CLpro“*°*® mutant had signif-
icantly reduced Bi(m) binding capability with 1.28 £ 0.01 eq. of
Bi(m) per monomer, suggesting that the Cys300 is essential at
least for one Bi(ur) binding site. Protein electrostatic potential
map of 3CLpro revealed that the molecular surfaces around
Cys145 and Cys156 residues are positively charged. In contrast,
the surrounding amino acids of Cys300 residue were mostly
negatively charged (Fig. S10T). The different surface electro-
static potential could at least partially explain why Bi(im)
preferred Cys300 rather than two other exposed Cys residues.
It is worth noting that the Cys300 is located at the C-terminal
domain of 3CLpro, which is essential to stabilize the dimeric
state of 3CLpro. A recent study demonstrated that small mole-
cule binding at the C-terminal domain would lead to 3CLpro
dimer dissociation.”* Therefore, we are prompted to investigate
whether Bi(m)-binding could abrogate 3CLpro dimerization. In
brief, approximately 10 pM 3CLpro was incubated with
increasing concentrations of CBS and the oligomerization
states were analyzed by size-exclusion chromatography (SEC).
As shown in Fig. 2B, a shoulder peak appeared in SEC of 3CLpro
after incubation with low dosage of CBS, indicative of mono-
meric 3CLpro formation. In contrast, no monomeric shoulder
peak was observed for 3CLpro“*°° mutant (Fig. 2C), suggesting
that Bi(mr) coordination to Cys300 led to 3CLpro dimer disso-
ciation. Typically, higher dosage of Bi(u) incubation caused
larger molecular weight aggregation of 3CLpro, implying that
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Bi(u)-binding to the second metal site could further induce
oligomerization of 3CLpro.

Previous studies demonstrated that the N-terminal finger
and C-terminal dimerization domain are essential to stabilize
3CLpro dimer. To further elucidate the underlying molecular
mechanisms of Bi(m)-induced 3CLpro dimer dissociation, all-
atom molecular dynamics (MD) simulations were performed
to compare the structures and flexibility of 3CLpro in the
presence of Na(1) and Bi(m) ions, respectively. The details about
the MD simulations are described in the ESI.f The MM/GBSA
free energy analysis indicated that the protomer-protomer
interactions of 3CLpro dimer in the presence of Na(i) are quite
stable, with a binding free energy of —75.36 kcal mol " between
the two protomers. In contrast, Bi(m) binding to the Cys300
residue significantly destabilized the dimeric 3CLpro structure
with a calculated free energy of —52.80 kcal mol " (Fig. S117).
Detailed MD trajectories analysis revealed that stable binding of
Bi(m) ion with Cys300 would significantly alter the conforma-
tional state of the C-terminal helical segment of 3CLpro, which
exhibited a more solvent-exposed conformation. Particularly,
the solvent accessible surface area (SASA) of the C-terminal
helical segment (residue 292 to 303) increased by about 100
A? compared to that in the presence of Na(i) (Fig. S121).

The induced structurally changes of the C-terminal helical
segment upon Bi(m) binding, hence, influenced the conforma-
tional state of Arg298 and disrupted the hydrogen bond
between the guanidino group of Arg298 and the backbone
carbonyl oxygen atom of Met6 (Fig. 3A and S13+1). The breakage
of Arg298-Met6 hydrogen bond increased the flexibility of the N-
finger, which destabilized the salt bridge between Arg4 and
Glu290* on the other protomer (Fig. 3). In all our five 1000 ns

Fig. 3 A snapshot of 3CLpro dimer in MD simulations in the presence
of Bi(m) and Na(). The C-terminal helical segment was colored in
yellow cartoon and Bi() ion was shown in red sphere. (A) Both the
hydrogen bonds between R298-M6 and R4-E290* are disrupted in the
presence of Bi(in). (B) The hydrogen bonds between R298-M6 and R4-
E290* are well maintained in the presence of Na(). The distances
between two residues are labeled in A.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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MD trajectories, the Arg4-Glu290* salt bridge was disrupted in
the presence of Bi(ui) ions. In contrast, this salt bridge was well
maintained in all the MD trajectories with Na(i) (Fig. 3B and
S147), implying the essential role of these residues to maintain
3CLpro dimeric state. Therefore, the disruption of SARS-CoV-2
3CLpro dimer is probably due to the conformational distor-
tion of these key residues upon Bi(ur) binding. Previous studies
showed that R4A, E290A or R298A mutations of SARS-CoV
3CLpro lead to the dissociation of dimeric structure.>»*® Since
the highly structural similarity between SARS-CoV-2 and SARS-
CoV 3CLpro, it is reasonable to assume that the dissociation
of SARS-CoV-2 3CLpro dimer would also cause the collapse of
substrate binding pocket, resulting in loss of protease activity as
observed for SARS-CoV 3CLpro.**

To further confirm the results, we constructed two 3CLpro
mutants, 3CLpro®>°®* and 3CLpro®**** to break the essential
hydrogen bonds between two protomers of 3CLpro. Indeed, SEC
results showed that the elution volumes of the two mutants
shifted backwards approximately 1 mL, corresponding to the
molecular weight of a monomeric 3CLpro (Fig. S15t). Moreover,
in vitro proteolytic assays indicated that the protease activity of
the two mutants were completely abolished compared to
dimeric 3CLpro (Fig. S167).

Finally, virus infection experiments were performed to eval-
uate the suppression effect of Bi(m)-based drug on SARS-CoV-2
replication as described previously.”® In brief, Vero E6 cells
were infected with SARS-CoV-2 at an MOI of 0.05 with a treat-
ment of different concentrations of CBS for 24 h. Virus nucle-
ocapsid (N protein) in the infected Vero E6 cells were then
blotted and quantified by immunofluorescence as described in
the ESI.T In line with previous studies, bismuth drug CBS effi-
ciently suppressed the SARS-CoV-2 replication as evidenced by
the significantly decrease of the expression of viral nucleocap-
side protein in CBS treated groups compared to the control
group (Fig. 4A). The half maximum effective doses (ECs,) of CBS
against SARS-CoV-2 replication was calculated to be 177.3 +
32.0 uM and no significant cytotoxicity was observed for the
applied CBS (Fig. 4B).
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Fig.4 Inhibition of SARS-CoV-2 replication in Vero E6 cell by colloidal
bismuth subcitrate (CBS). (A) Representative immunofluorescence
staining images of Vero E6 cells infected with SARS-CoV-2. The
nucleocapsid protein of SARS-CoV-2 (N protein) antigens and cell
nuclei (DAPI) were stained in green and blue, respectively. (B) Inhibition
of SARS-CoV-2 replication and cytotoxicity of increasing concentra-
tions of colloidal bismuth subcitrate (CBS). Each experiment was
performed in triplicates. The data are shown in mean + sd.
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Fig. 5 Schematic illustration of the inhibition of SARS-CoV-2 repli-
cation in cell. Bismuth-binding induced dissociation of 3CLpro dimer
leads to the collapse of substrate-binding site and proteolytic
dysfunction.

Conclusions

In conclusion, we demonstrated that colloidal bismuth sub-
citrate (CBS) remarkably inhibited the SARS-CoV-2 3CLpro
activity in vitro and in cellulo, indicating that 3CLpro was a bio-
logical target of CBS to suppress viral replication. Although the
catalytic residue Cys145 of 3CLpro is solvent accessible, Bi(u)
did not bind to catalytic site. Instead, biochemical analysis
together with MS simulations revealed that Bi(u) first bound to
the metal site at the C-terminal domain of 3CLpro and caused
dimeric 3CLpro to dissociate into monomers, thereby resulting
in protease dysfunction. Additional binding of Bi(m) to the
second metal site of 3CLpro could further induce the aggrega-
tion of the protease (Fig. 5). Our work not only revealed that CBS
functions as a unique allosteric inhibitor of 3CLpro but also
provided valuable insight into the anti-SARS-CoV-2 mecha-
nisms of bismuth drugs.

It is worth noting that the required concentrations of CBS
for inhibition in cellular-based experiments were much
higher than that in the proteolytic assay. This discrepancy is
probably due to the multiple-targeting property of bismuth
drugs. Indeed, a recent study demonstrated that ranitidine
bismuth citrate and its related compounds exhibited inhibi-
tion towards the activity of the SARS-CoV-2 helicase.'* And our
preliminary data also showed that the activity of SARS-CoV-2
papain-like protease (PLpro) was abrogated in the presence
of CBS. Therefore, a systematic identification of potential
targets in SARS-CoV-2 is warranted in future, which could
provide further insight into the anti-viral mechanism of
bismuth drugs.
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