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The COVID-19 pandemic caused by SARS-CoV-2 resulted in a global public health crisis. In addition to
vaccines, the development of effective therapy is highly desirable. Targeting a protein that plays a critical
role in virus replication may allow pan-spectrum antiviral drugs to be developed. Among SARS-CoV-2
proteins, helicase (i.e., non-structural protein 13) is considered as a promising antiviral drug target due to
its highly conserved sequence, unique structure and function. Herein, we demonstrate SARS-CoV-2
helicase as a target of bismuth-based antivirals in virus-infected mammalian cells by a metal-tagged
antibody approach. To search for more potent bismuth-based antivirals, we further screened a panel of
bismuth compounds towards inhibition of ATPase and DNA unwinding activity of nspl3 and identified
a highly potent bismuth compound Bi(5-aminotropolonate)s, namely Bi(Tro-NH,)s with an ICsq of 30 nM
for ATPase. We show that bismuth-based compounds inhibited nspl3 unwinding activity via disrupting
the binding of ATP and the DNA substrate to viral helicase. Binding of Bi(i) to nspl3 also abolished the
nspl2 nspl3 as evidenced by and
immunoprecipitation assays. Finally, we validate our in vitro data in SARS-CoV-2 infected mammalian
cells. Notably, Bi(6-TG)s exhibited an ECsq of 1.18 + 0.09 uM with a selective index of 847 in VeroE6-
TMPRSS2 infected cells. This study highlights the important role of helicase for the development of more
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Introduction

According to World Health Organization statistics, there were
7.7 billion confirmed cases of COVID-19 globally till December
2023, including 6.9 million deaths." Although vaccination
campaigns are running, vaccines fail to provide full protection.
This is partially due to the emergence of more SARS-CoV-2
variants that have enhanced transmissibility, leading to
areduced sensitivity to vaccines.” Therefore, the development of
effective antiviral drugs against SARS-CoV-2 and its variants is
highly desirable.

SARS-CoV-2 is an enveloped positive-sense single-stranded
RNA virus with the largest viral genome of ~30 kb.**®
Following entry into host cells, the opening reading frame 1a
and 1ab (ORF1a and ORF1ab) of SARS-CoV-2 encodes two large
polyproteins, ppla and pplab, respectively,” which are further
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effective antiviral drugs to combat SARS-CoV-2 infection.

cleaved into 16 non-structural proteins (nsps) after processing
through encoded viral proteases. All these 16 proteins are
mainly involved in viral replication,® and some enzymes may
serve as promising targets for the development of antiviral
drugs.”** Among these nsps, SARS-CoV-2 helicase (nsp13) has
received growing attention as an antiviral drug target due to its
unique structure and function.” It is highly conserved among
the coronaviridae family,'® consisting of two canonical RecA
ATPase domains and three unique domains, i.e., N-terminal
zinc-binding domain (ZBD), stalk domain, and 1B domain."”*®
Nsp13 is an ATPase and possesses DNA or RNA unwinding
activity in an NTP-dependent manner with a 5 > 3’
polarity,'”**?> and hydrolysis of ATP provides energy for its DNA
or RNA unwinding activity. In addition, SARS-CoV-2 nsp13 can
form a stable complex with RNA polymerase (RdRp, i.e., nsp12),
an RNA scaffold,”® as an important component of the replica-
tion-transcription complex (RTC).>*** It is noteworthy that
nsp13 has greater potential druggable prospect than other
proteins according to the druggability evaluation of SARS-CoV-2
by SiteMap (Schrodinger, NY).>

Metal compounds are known for their antimicrobial activity
and their roles in the fight against antimicrobial resistance have
gained momentum.*~*° Recently, metal-based strategies against
SARS-CoV-2 infection have also attracted more interest from
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scientific communities.****~** For example, rhenium() picolinic
acid complexes were shown to inhibit viral replication by tar-
geting SARS-CoV-2 main protease,* and certain gold and iron
compounds targeted PLpro, also disrupting S protein and ACE2
interaction.®® We have demonstrated previously that bismuth-
based compounds and anti-ulcer drugs, e.g. ranitidine
bismuth citrate (RBC) and colloidal bismuth subcitrate (CBS),
used alone or in combination with N-acetyl cysteine (NAC)
showed good inhibition towards SARS-CoV-2 and other coro-
naviruses in the cells and animal infection models.**** Bismuth-
based cocktail therapy via oral administration has been in
clinical trial in Hong Kong since July 2022 (PR/CT0096/2022).
However, the exact molecular mechanism of action of
bismuth-based antivirals, in particular at a cellular level, is not
fully understood. It is highly desirable to further explore more
potent broad-spectrum metal-based antivirals for combating
SARS-CoV-2 infection.

Herein, we used a target enrichment approach based on
metal-tagged antibody to validate SARS-CoV-2 nsp13 as a target
of bismuth drugs in virus-infected mammalian cells. We then
further explored more potent inhibitors of SARS-CoV-2 nsp13
via screening more bismuth compounds. We also investigated
the mode of inhibition of these inhibitors in detail. We finally
validated the efficacy of bismuth compounds in virus-infected
mammalian cells. The importance of nsp13 as a target for the
development of anti-SARS-CoV-2 drugs is discussed.

Results

Nsp13 is a target of bismuth(m) in SARS-CoV-2 infected
mammalian cells

Currently, there appears to be a lack of direct evidence showing
that SARS-CoV-2 nsp13 is a target in virus-infected models for
almost all nsp13 inhibitors. Previously, we showed that bismuth
drugs or compounds inhibited nsp13 activity through
displacement of zinc from the ZBD of nsp13;® however,
whether this is the case in SARS-CoV-2 infected cells remains
unknown. Here, we used an enrichment method to “fish out”
helicase from virus-infected mammalian cells and examined
whether bismuth bound to helicase in cellulo (Fig. 1A). In brief,
Omicron BA.5 (MOI = 0.1, where MOI represents multiplicity of
infection) infected VeroE6-TMPRSS2 cells (cell line was ob-
tained from Japanese Collection of Research Bioresources
(JCRB) Cell Bank, JCRB1819) were treated with a complex of
bismuth citrate with N-acetyl cysteine in a 1: 3 molar ratio (i.e.
Bi(NAC);), a drug in clinical trial, and then, cell lysates collected
24 hours post-infection (h.p.i.) were incubated with nsp13
antibody-modified magnetic beads to enrich and immunopre-
cipitate nsp13 from the cell lysates. The '®*Ho-conjugated
secondary nsp13 detection antibody was then introduced to
recognize the captured nsp13. The intensities of "®>Ho, *°°Bi,
%6Zn and '*’In (as the internal standard) were then measured by
ICP-MS simultaneously to quantify nsp13 and its corresponding
contents of bound Bi and Zn.

As shown in Fig. 1B, the amounts of nsp13 quantified by the
intensity of "®>Ho/"'*In were similar in the lysates of infected
cells treated with or without Bi(NAC);, indicating the treatment

10066 | Chem. Sci, 2024, 15, 10065-10072

View Article Online

Edge Article
A
( Capture Antibody Detection Antibody
\ ¢ Cellysate :&Y}: 3 Dt ?’
—_— Beads —_— —_— ** — 5
* \ -
= TAY T |
165H0 209B] 66Zn 115|n
) Nsp13 antibody 185Ho labeled Multiplex
Infection labeled nsp13 secondary  Separation quantification by
magnetic beads antibody ICP-MS
B C D
£ P:Z 88 = P::Jﬁoos IS P0.05
T 20 T 80 2 150
ko) o Non-infected] = o Non-infected @
I m °
8 & o Infected l I‘ 2 607e Infected I 3 100 I
S N £
5 10 Be 5 40 2
>< 2 S 50
® ® 20 3
[~ [ =4
o 2 o =
2 o 20 £ 0
'@b o \Q’b o @b o '@’b ov N @b [
EF G EF &S S
NN X N

Fig. 1 SARS-CoV-2 helicase is the authentic target of bismuth(in) in
virus-infected mammalian cells. (A) Schematic chart of the enrichment
approach for detecting interactions between targets and metallodrugs
in cellulo. (B) Relative intensity of **Ho/*?In for nsp13 content with or
without treatment of Bi(NAC)s in the lysates of non-infected and
infected cells by ICP-MS. (C) Cellular nspl13-bound Bi(i) content. (D)
Cellular nspl3-bound Zn(i) content. Data are shown as mean =+ SD.
The statistical significance was calculated by unpaired two-tailed
Student's t-test (n = 3), *P < 0.05, **P < 0.01, and ***P < 0.001.

of bismuth resulted in no obvious changes in the level of nsp13.
While no nsp13 could be detected in the lysates of non-infected
cells treated with or without Bi(NAC);. Importantly, a signifi-
cantly higher bismuth content (**’Bi/**°In) could be detected
only from the nsp13 extracted from the lysates of virus-infected
cells after treatment with Bi(NAC);. In contrast, almost no
observable *°°Bi/***In could be found either in non-infected cell
lysates or lysates of the cells without treatment of Bi(NAC);
(Fig. 1C).

Moreover, by measuring the content of Zn(u) and Bi(in) in the
extracted nsp13 from the lysate of the cells treated with or
without Bi(NAC)z;, we found that 47.4 + 9.8% of zinc was
released from the nsp13 after bismuth treatment (Fig. 1D),
providing solid evidence that Bi(m) binds to SARS-CoV-2 nsp13
and releases zinc ions from ZBD not only in vitro™ but also in
cellulo. Collectively, we demonstrate that nsp13 is a target of
Bi(m) in vitro and in SARS-CoV-2 infected mammalian cells. The
methodology we used is applicable for the investigation of
metallodrug targets in cellulo in general.

Identification of potent bismuth-based inhibitors of nsp13

To further search for more bismuth-based antiviral agents by
targeting nsp13 against SARS-CoV-2 infection, we designed and
synthesized 10 bismuth complexes. The structures and detailed
synthesis information (e.g¢ NMR and HR-MS) are shown in
Fig. S1, S13-15 and Table S1.t

We overexpressed and purified SARS-CoV-2 helicase in E. coli
expression system as reported previously'® and carried out
primary screening by examination of the effects of these
compounds on ATPase activity and DNA unwinding activity of
nsp13. The ATPase activity was examined by a typical phosphate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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release assay, where the phosphate release due to ATP hydro-
lysis was presented as a relative percentage of the ATPase
activity in the absence and presence of bismuth compounds. As
shown in Fig. S2, the ATPase activity was inhibited by all the
bismuth compounds tested. We selected Bi(GSH);, Bi(TMPP),
Bi(6-TG); and Bi(Tro-NH,); as showcases to determine their
half-maximal inhibitory concentrations (ICso). As shown in
Fig. 2B, the ATPase activity was significantly decreased with an
increase in the concentrations of selected bismuth compounds.
Notably, Bi(Tro-NH,); has the lowest ICs, value of 0.03 + 0.01
uM, which is over 30-fold lower than that of Bi(NAC); reported
previously,** followed by 2.99 + 1.78, 0.85 £+ 0.15, and 3.39 £+
0.32 uM for Bi(GSH)s, Bi(6-TG); and Bi(TMPP) respectively.

We next examined the effects of these metal compounds on
the DNA unwinding activity of nsp13 by a fluorescence reso-
nance energy transfer (FRET)-based assay.** The DNA-duplex
substrate was prepared by annealing an oligomer with a Cy3
fluorophore at the 3’ end and an oligomer with a BHQ-2
quencher at the 5’ end (oligomers were purchased from Inte-
grated DNA Technologies). The DNA-duplex and nsp13 were
mixed in the presence of different concentrations of bismuth
compounds prior to fluorescence titration. The unwinding of
the Cy3 strand from the DNA-duplex by helicase resulted in
a drastic increase in the signal intensity of the DNA-duplex
(Fig. 2C). However, the fluorescence in the primary screening
increased much less evidently upon the addition of increasing
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Fig. 2 Inhibition of selected bismuth compounds against SARS-CoV-
2 helicase. (A) Selected ligands to form complexes with Bi(in). (B)
ATPase activity inhibited by Bi(GSH)s, Bi(TMPP), Bi(6-TG)z and Bi(Tro-
NH;)s. (C) Schematic chart of FRET-based DNA duplex unwinding
assay. (D) Inhibition of DNA unwinding activity by selected bismuth
compounds. ICsg was calculated by GraphPad Prism with nonlinear
regression (n = 3). In inhibitory experiments, the final concentration of
DMSO was kept at 1%.
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concentrations of bismuth compounds (Fig. S21). Similarly, the
ICs, values of the these compounds against duplex-unwinding
activity of the enzyme were determined to be 0.36 + 0.02, 0.64
+ 0.09, 1.22 4+ 0.69 and 2.96 + 0.51 uM for Bi(Tro-NH,)s,
Bi(GSH);, Bi(TMPP) and Bi(6-TG); respectively, indicative of the
inhibition of duplex-unwinding activity of nsp13 in a dose-
dependent manner by these bismuth compounds (Fig. 2D).
Notably, Bi(Tro-NH,); also exhibited slightly better activity
compared with Bi(NAC); as judged by two-fold lower ICs, value,
while being four-fold for CBS. Taken together, we have
demonstrated that bismuth-based compounds show good
performance on inhibiting SARS-CoV-2 nsp13 activities at an
enzyme level.

Bismuth compounds interfere with the binding of nsp13 to
ATP

Despite observed phenomena that bismuth-based compounds
inhibited SARS-CoV-2 helicase ATPase activity, the underlying
mechanism remained unknown. To address this issue, an ATP
analogue, adenosine 5’-O-(3-thiotriphosphate) (BODIPY™ FL
ATP-y-S), which is hydrolysis-resistant and thioester fluo-
rophore linked through vy-thiol, was selected for the study. The
fluorescence of BODIPY ATP-y-S thioesters is quenched relative
to that of the free dye but is recovered upon binding to ATP-
binding proteins. We incubated BODIPY™ FL ATP-y-S (10
nM) with nsp13 at different concentrations ranging from 20 to
50 to 100 nM and observed a dose-dependent increase in fluo-
rescence intensity (Fig. S41). We next mixed 100 nM nsp13 with
selected bismuth compounds, e.g., CBS, Bi(NAC);, Bi(GSH)s,
Bi(6-TG); and Bi(Hino); at 1 uM prior to addition of BODIPY™
FL ATP-v-S, and surprisingly observed decreased fluorescence
intensities to different extents, indicating that these
compounds interfered with the binding of SARS-CoV-2 nsp13 to
ATP. To further examine whether the fluorescence quenching
resulted from accompanying ligands, we used N-acetyl cysteine
(NAC), glutathione (GSH), 6-thioguanine (6-TG) and hinokitiol
(Hino) as controls. As expected, we did not observe any apparent
decrease in the fluorescence intensity, confirming that it is the
metal ion Bi(m) that plays an essential role (Fig. 3A). We also
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Fig. 3 Bismuth compounds interfere with nsp13 binding to ATP. (A)
Fluorescence changes of BODIPY ATP-y-S after treatment with
different bismuth compounds, ligands serving as negative controls. (B)
Fluorescence intensity of BODIPY ATP-v-S was decreased by Bi(NAC)s
in a dose-dependent manner. All data are shown as mean + SD.
Statistical significance was calculated by an unpaired two-tailed
Student's t-test (n = 3), *P < 0.05, **P < 0.01 and ***P < 0.001.
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evaluated fluorescence changes with addition of different
concentrations of metal compounds using Bi(NAC); as a show-
case, observing a dose-dependent decrease in the fluorescence
intensities when Bi(NAC); at concentrations of 0.1, 0.5, 1 uM
was added into the reaction solutions (Fig. 3B). Collectively, we
demonstrate that bismuth-based compounds can interfere with
the binding of nsp13 to ATP, leading to a reduction in ATPase
activity.

Bismuth compounds disrupt DNA substrate binding to nsp13

Nsp13 activities could be inhibited through disrupting the
bindings of the enzyme to ATP, nucleic acid or blocking helicase
translocation.” We next investigated whether the binding of
nsp13 to bismuth(m) affected its substrate binding by electro-
phoretic mobility shift assay (EMSA).*” We incubated DNA
substrate (100 nM) with nsp13 at different concentrations
ranging from 0, 0.5, 1, 2 to 5 uM first and observed a dose-
dependent increase in the intensity of DNA-bound nspi13
complex accompanied by a decrease in the intensity of free DNA
substrate (Fig. 4A).

Subsequently, we pre-incubated nsp13 with different
concentrations of a bismuth compound (CBS) for 2 hours prior
to the DNA binding assay to ensure that nsp13 is in the Bi(m)-
bound form. EMSA images showed a dose-dependent decrease
in the DNA-bound nsp13 accompanied by an increase in the
intensities of free DNA substrate, clearly indicating that Bi(ur)
inhibits the binding of nsp13 to its DNA substrate (Fig. 4B). Our
combined data demonstrate that Bi(m) inhibits the nsp13
unwinding activity through a dual action, i.e., blocking nsp13
binding to ATP and interfering with nsp13 binding to the DNA
substrate.

Bismuth compounds inhibit SARS-CoV-2 variants in infected
mammalian cells

We next evaluated the potential antiviral activity of bismuth
compounds that exhibited good in vitro efficacy towards inhi-
bition of nsp13 in infected mammalian VeroE6-TMPRSS2 cells.
We first examined the cytotoxicity of these metal compounds to
ensure that these compounds at selected concentrations would
not cause any toxicity to virus-infected mammalian cells. As
shown in Fig. S2,f almost all bismuth compounds did not
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Fig. 4 Electrophoretic mobility shift assay showing that bismuth(in)
disrupts the DNA substrate binding to nspl3. (A) Dose-dependent
binding of native nsp13 (Znz-nspl13) to its DNA substrate. (B) A dose-
dependent inhibition of the substrate binding to nspl3 by a bismuth
compound (n = 2).
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exhibit any cytotoxicity with CCs, (half cytotoxicity concentra-
tion) larger than 1000 puM. It is worth mentioning that the
cytotoxicity of Bi(6-TG); was much lower than that of its original
ligand, 6-TG, in the VeroE6 cell line (Fig. S5T). We therefore
selected certain compounds to evaluate their antiviral activity
against SARS-CoV-2 Omicron BA.5 and the novel XBB variant,
which show stronger immune escape ability and observed
a dose-dependent inhibition by Bi(TMPP) and Bi(6-TG); with
ECs, (half-maximal effect concentration) values against the BA.5
variant of 7.28 & 2.81 uM and 1.18 + 0.19 uM, respectively, by
plaque reduction assay (Fig. 5). Unexpectedly, Bi(Tro-NH,); did
not show antiviral activity as good as that at the enzyme level,
possibly due to the poor cellular uptake of Bi(ur), which was
much lower than that for CBS, Bi(GSH);, Bi(6-TG); and
Bi(TMPP) (Fig. S77). Further optimization of the structure of the
accompanying ligand is needed to improve its uptake.

Bismuth compounds disrupt nsp13-nsp12 interaction in
cellulo

The interaction between RNA-dependent polymerase (RdARp,
nsp12) and nsp13 plays an essential role in the process of viral
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Fig. 5 Bismuth compounds inhibit different SARS-CoV-2 Omicron
variants in virus-infected mammalian cells. (A and B) Dose-dependent
inhibition of SARS-CoV-2 Omicron BA.5 and XBB viral replication in
VeroE6-TMPRSS2 cells after treatment with Bi(TMPP) and Bi(6-TG)s (n
= 3). The cell culture supernatant was collected to quantify viral load
by reverse transcription (RT-gPCR). (C) Half-maximal effective
concentration (ECsg) by plaque reduction assay and the selectivity
index. For those compounds dissolved in DMSO, the final concen-
tration of DMSO was kept at 1%. Data are shown as mean + SD. The
statistical significance was calculated by unpaired two-tailed Student's
t-test (n = 3), *P < 0.05, **P < 0.01, and ***P < 0.001.
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replication. Such an interaction may improve the efficiency of
replication; for example, it is reported that nsp12 enhances the
catalytic efficiency of nsp13 by 2-fold via increasing the step size
of nucleic acid (RNA/RNA or DNA/DNA) unwinding.*® Recently,
a new hypothesis was proposed on the mechanism of bismuth
inhibition of nsp13 based on a multilevel computational
study.* Replacement of Zn(u) by Bi(i) in the zinc-finger domain
could cause slight but appreciable structural modifications in
the zinc-binding domain of nsp13, resulting in the decreased
extension of a specific hydrophobic portion of nsp13, which is
responsible for the interaction with the nsp12 protein. However,
there is no experimental data to confirm this hypothesis.

To examine whether bismuth binding disrupted the nsp12-
nsp13 interaction, we expressed both nsp12 and nsp13 in
HEK293T cells (cell line was purchased from ATCC, CRL-3216),
then incubated with 50 uM Bi(TMPP) or 50 uM Bi(6-TG); for 24
hours. Immunofluorescence images showed nsp13 was closely
surrounded by nsp12 in the absence of a bismuth compound. In
contrast, upon treatment with Bi(TMPP), nsp12 was no longer of
its original shape and moved far away from nsp13 (Fig. 6A and
S8+t), indicating the presence of a bismuth compound disrupted
the complexation of nsp12-nsp13. To further validate this, co-

immunoprecipitation (CO-IP) was performed. We first
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Chemical Science

examined whether bismuth compounds affected the expression
of nsp12 and nsp13 to exclude the potential effect of protein
content in later CO-IP experiments. The cells were transfected
with nsp12 and nsp13, and treated with Bi(TMPP) and Bi(6-TG);
at different doses, and cell lysates were collected 24 hours post-
treatment for western blot analysis. As shown in Fig. 6B, there
were no obvious changes in the expression levels of nsp12 and
nsp13 upon bismuth treatment. In addition, CO-IP results
showed that a bismuth compound (i.e., Bi(TMPP)) disrupted the
nsp13-nsp12 interaction in a dose-dependent manner (Fig. 6C).
Meanwhile, we quantified the content of nsp12 that interacts
with nsp13 by lanthanide-tagged antibody CO-IP, a similar
approach to that shown in Fig. 1A. In brief, nsp13 antibody-
functionalized magnetic beads were used to immunoprecipi-
tate nsp13 or nsp13/nsp12 complex from cell lysates. The nsp12
bound to nsp13 was then recognized by '**Dy-labeled nsp12
detection antibody and quantified by ICP-MS.

As shown in Fig. 6D, the '®*Dy-labeled nsp12 signal was
much higher in the absence of bismuth than that with bismuth
treatment, confirming that bismuth disrupted the interaction
between nsp12 and nsp13. Collectively, we provide the first solid
evidence that bismuth can disrupt the nsp13-nsp12 interaction
in cellulo.
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Fig. 6 Bismuth disturbs the nspl3—nspl2 interaction. (A) Immunofluorescence staining images show the nspl3—-nspl2 interaction. Mock group
was the normal condition of the interaction. The other group was treated by 50 pM Bi(TMPP). Transfection, fixation and staining were performed
on HEK293T cells. SARS-CoV-2 nspl2 and nspl3 antigens were stained in red and green, respectively, while cell nuclei were stained in blue by
DAPI (scale bar = 5 um). (B) Western blotting images of nsp12 and nspl3 expression after treatment with different concentrations of bismuth
compound, Bi(TMPP). (C) Western blotting results for CO-IP. (D) The signal intensity of 1**Dy for nsp12 content quantified by ICP-MS. Data are
shown as mean + SD. The statistical significance was calculated by unpaired two-tailed Student's t-test (n = 3). *P < 0.05, **P < 0.01, and ***P <

0.001.
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Discussion and conclusion

The outbreak of the COVID-19 epidemic caused by SARS-CoV-2
highlights the importance of developing pan-spectrum antivi-
rals. Among which, metal-based compounds hold great promise
to be developed as pan-spectrum antivirals owing to their ability
to target conserved viral enzymes that are essential for virus
replication.*” In this study, we further explored metal-based
antivirals for combating SARS-CoV-2 infection. Despite nsp13
being considered as a perfect drug target for the development of
antivirals against SARS-CoV and SARS-CoV-2 according to
previous reports,'>'*3%443 jt js unknown whether these inhibi-
tors targeted nsp13 in virus-infected mammalian cells. Herein,
we validated for the first time that nsp13 is a target of bismuth-
based antivirals using an enrichment strategy based on our
previous report.**** This method enables simultaneous quan-
tification of a protein and corresponding bound metals,
providing a general strategy to identify targets of different
metalloagents or any drug/drug candidate with a heavy element.
We subsequently searched for more potent bismuth-based
antivirals using SARS-CoV-2 nsp13 as a target. We synthesized
10 novel bismuth compounds and examined their ability
towards inhibition of the ATPase activity and DNA unwinding
activity of nsp13 (Fig. S1 and S27), and indeed, we observed that
a certain bismuth compound, Bi(Tro-NH,);, exhibited potent
inhibition of nsp13 enzymatic activities (Fig. 2).

Importantly, the broad-spectrum antiviral activity of Bi(m)-
based inhibitors of nsp13 was also validated in mammalian
cells infected with different Omicron strains of SARS-CoV-2
(Fig. 5 and S6%). In particular, we identified Bi(6-TG)z, which
exhibited better antiviral activity (ECs, of 1.2 uM) than previ-
ously reported bismuth compounds including RBC (ECs, = 2.3
uM)*? and Bi(NAC); (ECso = 5.8 pM) and also better than that for
SARS-CoV-2 Omicron BA.5 (Fig. S61). However, it is noted that
certain compounds, e.g. Bi(Tro-NH,);, that exhibited excellent
activity at an enzyme level did not show potent antiviral activity
in virus-infected cells owing to poor cellular uptake (Fig. S77),
indicating that initial screening hits obtained must be validated
in the cells and further extending the library of bismuth
compounds may allow more potent antivirals to be developed.

Bismuth has a long history in medicine for the treatment of
many diseases, especially gastrointestinal disorders caused by
Helicobacter pylori*®** and has also been repurposed for
combating NDM-1 carrying superbugs when used together with
antibiotics.”® We have demonstrated that RBC and co-therapy of
a bismuth drug with NAC exhibited excellent inhibition on
SARS-CoV-2 infection in vitro and in vivo. In addition, according
to a recent clinical case report, patients of COVID-19, who dis-
played diarrhea or gastric complaints, showed beneficial effects
when taking bismuth subsalicylate (BSS) evidenced by showing
improvement in oxygen requirements.*® Other clinical data for
BSS also confirmed the feasibility of BSS for COVID-19 co-
therapy.”” All these data from an enzyme level to clinical stage
supported our conclusion that bismuth-based therapy holds
a great potential to be further developed in terms of pan-
spectrum anti-coronavirus drugs.
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Importantly, we investigated the molecular mechanism of
action of bismuth compounds towards inhibition of nsp13. We
show that bismuth compounds interfered with the binding of
nsp13 to ATP, leading to reduced ATPase activity (Fig. 3).
Moreover, the binding of Bi(u) to nsp13 disrupts the DNA
substrate binding of nsp13, thus inhibiting nsp13 unwinding
activity (Fig. 4). Significantly, we found that bismuth
compounds disrupted the nsp13-nsp12 interaction in RTC,
which plays an essential role in the process of viral replication
(Fig. 6). All these observed phenomena might be attributable to
the structural changes of the enzyme caused by the bismuth
binding. This may warrant further studies in the future. Using
metal-tagged antibody CO-IP combined with ICP-MS, we could
quantify the content of a protein in a protein-protein complex
easily. Our studies highlight nsp13 as an excellent drug target
for the development of anti-SARS-CoV-2 agents.

In summary, we demonstrate that nsp13 serves as a target of
bismuth-based antivirals in virus-infected mammalian cells for
the first time. We further show that bismuth inhibited nsp13 via
interference with ATP and DNA substrate binding. Moreover,
the binding of bismuth to nsp13 disrupted the nsp12-nsp13
interaction in cellulo. The metal-tagged antibody approach we
developed may provide a new arsenal for precise quantification
of the amount of a drug binding to its protein target in vivo as
long as the drug contains a heavy element. We identified more
potent bismuth-based antivirals through screening more
bismuth compounds both at an enzyme level and in infected
cells. Our work highlights the importance of nsp13 (i.e. heli-
case) as a druggable target for the development of anti-SARS-
CoV-2 and relevant antiviral drugs.
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