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ABSTRACT
SARS-CoV-2 nsp14 functions both as an exoribonuclease (ExoN) together with its critical cofactor

nspl0 and as an S-adenosyl methionine-dependent (guanine-N7) methyltransferase (MTase), which
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makes it an attractive target for the development of pan-anti-SARS-CoV-2 drugs. Herein, we screened a
panel of compounds (and drugs) and found that certain compounds, especially, Bi(IlT)-based compounds
could allosterically inhibit both MTase and ExoN activities of nsp14 potently. We further demonstrated
that Bi(III) binds to both nsp14 and nsp10, resulting in the release of Zn(II) ions from the enzymes, as
well as alternation of protein quaternary structures. The in vitro activities of the compounds were also
validated in SARS-CoV-2-infected mammalian cells. Importantly, we showed that nspl14 serves as an
authentic target of Bi(IlI)-based antivirals in SARS-CoV-2-infected mammalian cells by quantification of
both the protein and inhibitor. This study highlights the importance of nsp14/nsp10 as a potential target
for the development of pan-antivirals against SARS-CoV-2 infection.

KEYWORDS: antiviral; bioinorganic chemistry; bismuth; nspl4 Exon and MTase; SARS-CoV-2

SARS-CoV-2 has posed an unprecedented threat to public health worldwide, leading to over 765
million confirmed cases and 6.92 million deaths by the end of April 2023.! Despite different types of
vaccines having been and are being developed, the COVID-19 pandemic still cannot be fully controlled
until now owing to rapid mutation of the virus, leading to enhanced transmissibility and reduced sensitiv-
ity to vaccine-induced protection. Therefore, it is imperative to develop novel broad-spectrum anti-SARS-
CoV-2 drugs to inhibit the replication and infection of the virus and its variants.

Metal-based agents are an attractive class of drugs with many therapeutic applications,? including
platinum- or arsenic-based anticancer drugs,®* bismuth-based antiulcer drugs,>” and gold-based antirheu-
matoid drugs.® Metal complexes are also increasingly recognized as a promising source for new antibiot-
ics to deal with antimicrobial resistance.” 1° Different from organic compounds, which have been exten-
sively screened or under development for antivirals,!! the potential of metal-based compounds as antivi-
rals is largely unexplored. Only recently, metal-based strategies for combating COVID-19 pandemic are
being actively investigated.'>!'® Metal-based drugs often function through multitargeted modes of action,>

19:20 which very much resembles the cocktail therapy used for the treatment of viral infection such as
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HIV.2!:22 Therefore, metal-based compounds might serve as a unique and new source of broad-spectrum
antivirals.

We have previously demonstrated that clinically used bismuth antiulcer drugs, i.e., ranitidine bismuth
citrate (RBC, Pylorid) and colloidal bismuth subcitrate (CBS, De-Nol) as well as other bismuth complexes
exhibited comparable anti-SARS-CoV-2 activity to that of remdesivir, the first drug approved by the U.
S. FDA as an emergency treatment of COVID-19 both in infected cells and in the golden Syrian hamster
model.'* Combinatorial N-acetyl-L-cysteine (NAC), a thiol-containing drug, with bismuth drugs (e.g.,
CBS) broadly suppressed the replication of a panel of medically important coronaviruses including
MERS-CoV, hCoV-229E and SARS-CoV-2 Alpha variant (B.1.1.7) in the virus infected cells and an ani-
mal model through oral administration.'* Importantly, bismuth-based therapies are currently in clinical
trials. For example, BSS (Pepto-Bismol) is in a phase IV clinical trial (NCT04811339), and the combina-
tion therapy consisting of a bismuth-based drug (e.g., BSS) and a thiolate-containing drug (NAC) is cur-
rently in a phase II/III clinical trial in Hong Kong (CT0096/2022). In spite of the success of bismuth-
based antivirals, the molecular mechanism of action is incompletely understood. The enzyme-based as-
says showed that bismuth drugs inhibited the activities of SARS-CoV-2 nsp13 (helicase) ,'* '® as well as
the two proteases, i.e., main protease and papain-like protease.!> However, it remains elusive whether
bismuth-based antivirals also target other viral proteins/enzymes and what the authentic targets of bismuth
drugs in the virus-infected mammalian cells.

The SARS-CoV-2 genome encodes 14 open reading frames (ORFs), of which ORFla and ORF1b
encode 16 nonstructural proteins (nsp), which play critical roles in viral transcription and replication as
well as evasion of the host immune response, and are potential targets for the design of antiviral drugs.*
24 The SARS-CoV-2 nspl4 functions as an exoribonuclease (ExoN) and an S-adenosyl methionine-de-
pendent (guanine-N7) methyltransferase (N7-MTase). The N-terminal ExoN domain of nspl4 plays a
significant excision role in improving RNA synthesis fidelity and decreasing the lethal mutagenesis by
removing mismatched nucleotides or nucleotide analogs at the 3’-end of RNA.? The C-terminal domain

of nsp14 shows great N7-guanine MTase activity to assemble the cap structure at the 5’ end of the virus
3
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mRNA.?® In SARS-CoV-2, nsp10 is a critical cofactor of nsp14 as it facilitates the formation of the ExoN
active site, thus stimulating the ExoN activity of nsp14 remarkably.?” Given the dual enzymatic activity
of' nspl4, together with its close interaction with the cofactor nsp10, nsp14/nsp10 complex might serve as
an attractive target of anti-SARS-CoV-2 drugs.?®-*° Both nsp10 and nsp14 contain two and three zinc
fingers, respectively. Based on the amino acid sequence alignment (Figure S1), the residues involved in
the formation of these zinc fingers are highly conserved among several coronaviruses. Thus, specifically
targeting the zinc fingers of the nsp14/nsp10 complex may allow broad-spectrum antiviral drugs to be
developed.

Herein, we screened a series of compounds against the nsp14/nsp10 complex at an enzymatic level
and found that certain compounds, especially Bi(IIl) compounds, exhibited comparable or better inhibi-
tory activity to a series of clinically used antiviral drugs on both MTase and ExoN activities of nsp14,
with ICso values at a micromolar level. We demonstrated that Bi(III) compounds allosterically inhibited
the nsp14/nsp10 enzymatic activity through the displacement of Zn(II) ions from the enzymes by Bi(III)
ions, leading to quaternary structures being disrupted. The in vitro activities of the compounds at an en-
zymatic level were further confirmed in SARS-CoV-2-infected mammalian cells. Importantly, for the first
time, we validated nsp14 as an authentic target of Bi(Ill)-based antivirals in SARS-CoV-2-infected mam-

malian cells. The importance of nsp14/nsp10 as an antiviral drug target was discussed.

Results and Discussion

Metal-Based Compounds Inhibit the MTase and ExoN Activities of nsp14/nsp10. Metal-based
drugs or compounds often function through binding and inhibiting key proteins/ enzymes, thus interfering
with key biological pathways.?* 3! Recently, bismuth and gold drugs were demonstrated to inhibit zinc-
containing resistant enzymes, e.g., metallo-f-lactamase (or MCR-1), through the displacement of their
zinc cofactors, thus serving as antibiotic adjuvants for combating antimicrobial resistance.’* ** Moreover,
bismuth drugs have also been shown to exert potent anti-SARS-CoV-2 efficacy both in vitro and in an

animal model owing to targeting key zinc-containing enzymes such as helicase;'* > however, it is not
4
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clear whether bismuth and other potential metal-based anti-SARS-CoV-2 agents also target nsp14, thus

perturbing the transcription and replication of SARS-CoV-2.

MTase

50

uonIqryuy

ExoN

F O OO
PO F&&

FOFs ,\q“ é“‘
& e '\\ ‘o\

Q}}-‘ ‘5}‘ Q?Q, \

L—
Metal-Porphyrin

| v I
Bi(I1I) Au() P(II) As(III)

Ag(l) —
v(av) —

Ga(lll) —

Figure 1. SARS-CoV-2 nspl4/nsp10 as a potential target of metal-based compounds against SARS-CoV-2. Percentages of
inhibition on methyltransferase and exoribonuclease activity of nsp14 by metal-based compounds (n = 3). The concentrations
used are 1 uM and 200 nM for nsp14 and 50 and 10 puM for metal compounds for methyltransferase and exoribonuclease
activity assays, respectively.

To address this, we first overexpressed and purified full-length proteins of nsp10 and nsp14 and then
evaluated whether metal compounds could serve as inhibitors of nsp14. The purity and identities of the
recombinant proteins were verified by sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and liquid chromatography-mass spectrometry (LC-MS) after trypsin digestion (Figure S2). The
recombinant nsp14 showed both MTase and ExoN activities (Figure S3). The MTase activity was moni-
tored by MTase-Glo Methyltransferase Assay Kit using a G(5”)ppp(5”)A RNA cap structure analog as the
substrate, while the ExoN activity was evaluated by a FRET-based exoribonuclease assay, for which an
RNA duplex substrate with a 20-nucleotide 5’ dU overhang was conjugated to a Cy3/BHQ2 pair (Table
S1 and Figure S3A, B). Notably, as shown in Figure S3E, F, nsp14 exhibited time-dependent and nsp10
dose-dependent increase in the ExoN activity with the maximum activity being reached at ca. 80 min in
the presence of 4 mol equiv of nsp10, which was used for all of the ExoN activity assays in the primary
screening. We then selected a panel of 24 metal-based compounds together with 10 organic-based poten-

tial drug candidates (for comparison) (structures are shown in Figure S4) for primary screening for their
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potentials as inhibitors of nsp14 MTase and ExoN activities. As shown in Figure 1, in the presence of 50
mol equiv of metal compounds, the MTase activity of nspl4 was inhibited to varying degrees. Notably,
AgNOs3 and bismuth porphyrin Bi(THPP) and Bi(NAC)3 inhibited nsp14 MTase activity by ca. 95.38 +
0.49, 95.58 + 0.28 and 94.50 + 0.18%, respectively, followed by metal-porphyrin compounds Cu(TPP)
and Fe(TPP) (with ca. 91.05 + 0.60 and 88.16 £+ 0.09% of inhibition). It is noted that ebselen, which
potently inhibited the main protease and also effectively ejected Zn from Zn-sites of both PLpro and nsp10
of SARS-CoV-2,*** showed an over 80% inhibition on MTase activity of nsp14, comparable to that of a
bismuth drug, ranitidine bismuth citrate (RBC) (Figure S5). Both have been demonstrated to be potential
antiviral drugs against SARS-CoV-2,'*3* indicating that nsp14 is a promising target of anti-SARS-CoV-
2 drugs.

Similarly, most Bi(Ill)-based compounds exerted over 90% inhibition of the ExoN activity of
nsp14/nsp10 (Figure 1). These samples were then subjected to urea-polyacrylamide gel electrophoresis,
and the results further confirmed the observation from FRET-based assay (Figure S6A-D). Among the
small organic molecular inhibitors screened, aurintricarboxylic acid, ebselen, and disulfiram exhibited

obvious inhibitory effects on the ExoN activity of nsp14/nsp10, comparable to that of RBC (Figure S5).
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Figure 2. Metal-based compounds as potential inhibitors of nsp14/nsp10. (A) Dose-dependent inhibition of the MTase activity

of SARS-CoV-2 nspl4 by RBC, Bi(NAC);, and 4SABi (n = 3). (B) Dose-dependent inhibition of the SARS-CoV-2
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nspl4/nsp10 ExoN activity by RBC, Bi(NAC)3, and 4SABi based on the FRET-based ExoN assay (n = 3). ICso values are
presented as mean values + standard deviation (SD).

We further evaluated the inhibition extent of those compounds that exhibited good inhibitory effect
in the primary screening on MTase activity of nspl14 and ExoN activity of nspl14/nsp10 including RBC,
Bi(NAC)s, 4SABi, CBS, BABABI, Bi(THPP), Bi(NTA), AgNO3, cisplatin, Zn(TPP) and Fe(TPP). By
examining the dose-dependent inhibition of nsp14 activities by these compounds, we determined their
half-maximum inhibitory concentration (ICso) for MTase of nsp14 (Figure 2A and Table S2) and ExoN of
nspl4/nsp10 (Figure 2B and Table S2). Notably, some metal-based compounds are potent inhibitors of
nspl4 in both activities, especially RBC, Bi(NAC)s, and 4SABI, with ICso values of 1.03 £ 0.24, 1.33 +
0.26, and 1.36 + 0.28 uM for its MTase activity and 0.53 + 0.07, 0.80 + 0.06 and 0.84 + 0.04 uM for its
ExoN activity, respectively, revealing high potentials of these compounds to be developed as anti-SARS-
CoV-2 drugs. We also examined the influence of different chelating ligands of Bi(III) on the ExoN activity
of nsp14/nsp10 and the MTase activity of nsp14 and found that these ligands showed almost no inhibitory
effect on both activity of the enzyme (Figure S7), suggesting that Bi(IIl) ions may play a critical role in

the inhibition of nsp14 enzymatic activities.
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Figure 3. Kinetics analysis of nsp14 activities inhibited by Bi(IlI) compounds. Lineweaver-Burk plot analysis of kinetics of
nspl4 MTase activity inhibited by 4SABi (A, B) and ExoN activity inhibited by RBC (C), respectively (n = 3). Substrates used
for MTase activity assays are SAM (A) and the G(5*)ppp(5°)A RNA analog (B). The apparent Michaelis-Menten constants K,
and Vmax were calculated and are listed in Tables S3 and S4. Lines of different colors represent the kinetics of the enzyme in

the presence of different molar equivalents of Bi(III) compounds.
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Given that most Bi(III) compounds showed great inhibitory effects on the methyltransferase activi-
ties of nsp14, we next explored their inhibition modes. We selected 4SABIi as a showcase to investigate
how it inhibited the MTase activity of nsp14. The reaction velocity was plotted against the concentration
of two substrates, i.e., SAM and G(5”)ppp(5’)A RNA analog (Figure 3A, B). The slopes were then used
to calculate Km and Vmax by nonlinear fitting to the Michaelis-Menten equation (Table S3). For the SAM-
dependent kinetic assay, both Vmax and Km decreased with the increasing molar equivalences of 4SABI,
but the ratio of Km to Vmax, which is the slope in the double-reciprocal plot (Figure 3A), kept unchanged.
Similar trends were also observed in the G(5”)ppp(5°)A RNA-dependent kinetic assay (Figure 3B). These
results suggest that Bi(IIl) allosterically inhibits nsp14 methyltransferase activity via an uncompetitive
mode.

Similarly, we also explored the influence of Bi(III) compounds on the kinetics of ExoN activity of
the nsp14/nsp10 complex using RBC as an example. In the presence of different molar equivalents of
RBC, Km values were maintained at around 300 nM, while Vmax values decreased obviously as the molar
equivalence of RBC increased (Figure 3C and Table S4), suggesting that Bi(III) allosterically inhibits the
ExoN activity of nsp14/nsp10 via a noncompetitive mode. We further investigated the effects of RBC on
the RNA-binding capability of SARS-CoV-2 nspl4/nspl0 by an electrophoretic mobility shift assay
(EMSA). In the absence of metal-based compounds, a significant shift of the dsSRNA substrate in the gel
indicated the formation of the nsp14-RNA complex. Relative band intensities of the native-PAGE were
quantified by ImageJ. Supplementation of gradient amounts of RBC to the mixture of nsp14 and dsRNA
showed negligible effects on the formation of the protein-RNA complex (Figure S8), in consistence with
the proposed noncompetitive mode of inhibition of nsp14 ExoN activity by the compounds.

Bi(IIT) Compounds Allosterically Inhibit the Enzymatic Activities of nsp14/nsp10 through Sub-
stitution of Its Essential Zn(IT). We next explored the mechanism of inhibition of nsp14/nsp10 activity
by Bi(Ill) compounds. Both nsp14 and nsp10 are zinc-finger proteins, with three zinc fingers in nspl4

and two zinc fingers in nsp10. These zinc fingers play significant roles in the functions of the nsp14/nsp10
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complex.*® 37 Considering the high thiophilic nature of Bi(III),'* ** 38 we hypothesized that Bi(III) com-
pounds may inhibit nsp14 activity through the coordination of Bi(IIl) ions to the cysteine residues at the

zinc-finger sites.
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Figure 4. Displacement of essential Zn(II) by Bi(III) in SARS-CoV-2 nsp14 and nsp10 upon Bi(III) treatment. (A, B) UV-vis
spectra of apo-nsp10 (A) and apo-nsp14 (B) titrated by Bi(NTA). The absorption at 360 nm was plotted against Bi(III)/protein
ratios (inset). (C, D) Time-dependent UV-vis spectra of Bi(Ill) binding to native nspl4 (C) and nspl0 (D). (E, F) Kinetic

analysis of Zn(II) releasing from nsp14 (E) and nsp10 (F) by fluorescence spectroscopy. (G, H) The substitution of Zn(II) in
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native nsp14 (G) and nsp10 (H) by CBS using equilibrium dialysis. The metal content was determined by inductively coupled

plasma mass spectrometry (ICP-MS) (n = 3).

To validate this, we first examined the binding of Bi(III) (as Bi(NTA)) to both apo-nsp14 and apo-
nspl0 by UV-vis spectroscopy. As shown in Figure 4A, B, the addition of Bi(III) led to the appearance
and increase in an absorption band at around 360 nm, characteristic of the Bi—S ligand-to-metal charge-
transfer (LMCT) band.**> *° The absorption band leveled off at the molar ratios of 3:1 and 2:1 for
Bi(Ill)/nsp14 and Bi(Ill)/nsp10, indicative of three and two Bi(Ill) bound per nsp14 and nsp10, respec-
tively. The dissociation constants for Bi(NTA) to nsp14 or nsp10 were determined to be 2.49 + 0.26 uM
and 3.49 £ 0.91 uM, respectively, by fitting the data into the Ryan—Weber nonlinear equation. Taking into
account the binding constant of Bi(III) ion to NTA (log K=17.55),*' the dissociation constants for Bi(III)
ion to nsp14 or nsp10 were calculated to be 0.70(x£0.07)x10"'7 uM and 0.98(£0.26)x10°"7, respectively.

We then investigated whether Bi(IIl) could also bind to native nsp10 (Zn2-nsp10) and nsp14 (Zn3-
nspl4), leading to zinc release from the enzymes. We first monitored the binding kinetics by UV—vis
spectroscopy upon the incubation of excess amounts (20 mol equiv) of Bi(NTA) with native enzymes. As
shown in Figure 4C, D, the appearance and increase of absorption bands at 360 nm indicated the bindings
of Bi(Ill) to Zns-nsp14 or Zn2-nsp10. By fitting the data into a pseudo first-order reaction, we demon-
strated that Bi(IIl) bound to Znz-nsp10 much faster than to Zn3-nsp14 with 712 of 10.83 £ 0.01 min and
35.20 £ 3.29 min, respectively (Figure 4C, D, inset). We further monitored zinc release by fluorescence
spectrometry using a zinc-selective fluorescent dye, FluoZin-3 (Figure 4E, F). Upon the treatment of na-
tive enzymes with 20 mol equiv of Bi(NTA), we observed a time-dependent increase in the emission band
at 515 nm. By fitting kinetic data into a pseudo-first-order reaction, the time for release of half of Zn(II)
ions from the enzymes, t12, was determined to be 15.72 + 2.81 min and 2.43 + 0.17 min for native nsp14
and nsp10 respectively, indicating that the Zn(II) release is faster than Bi(Ill) binding for both enzymes

(Figure 4E, F, inset).

10
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We further investigated the binding of Bi(III) to the native enzymes as well as Zn(II) release, using
equilibrium dialysis with the metal contents being determined by inductively coupled plasma mass spec-
trometry (ICP-MS). As shown in Figure 4G, H, the addition of increasing amounts of Bi(III) (as CBS) to
the native nsp10 and nsp14 resulted in ca. 1.99 £ 0.11 and 2.60 + 0.61 mol equiv of Bi(III) bound to nsp10
and nsp14, accompanied by ca. 2.08 £ 0.10 and 2.75 + 0.27 mol equiv of Zn(II) removal from nsp10 and
nspl4, respectively. The data were fitted by one-site binding Hill plot, which gave rise to dissociation
constants (Kd) of 2.66 = 0.06 uM and 8.27 + 0.54 uM and the maximal binding capacity (Bmax) of 1.99 +
0.05 and 3.41 + 0.08 for nsp10 and nspl4, respectively, indicating that 2 and 3 Bi(IIl) ions bound per
nsp10 and nsp14, respectively. Taken together, we demonstrate that Bi(III) compounds could replace Zn(II)
ions at the zinc-finger sites of the enzymes with Bi(IIl) ions, which is accountable for their inhibitory

effects on the nsp14/nsp10 activity.
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Figure S. Quaternary structure changes in SARS-CoV-2 nsp14 and nsp10 upon Bi(IIl) treatment. (A, B) Size-exclusion chro-
matography profiles of native-nspl4 (A) and native-nsp10 (B) in the presence of increasing molar equivalents of Bi(IIl). The
elution volumes of the standards are indicated based on the calibration using a gel filtration low-molecular-weight (LMW)
calibration kit (GE Healthcare). Molecular weights of standards (kDa) are indicated at the top of each figure. (C) Relative

ExoN activity of SARS-CoV-2 nsp14 in the presence of Zn-nsp10 and Bi(III)-nsp10 (n = 3).

As nonessential metal ions often lead to protein quaternary structural changes,’® 4% 42 43 we next
investigated the influence of Bi(IIl) on the quaternary structure of nsp10 and nspl4 by size-exclusion
chromatography. As shown in Figure 5A, in the absence of metal compounds, native nspl10 and nsp14
were eluted at 12.3 and 9.4 mL, corresponding to molecular weights of 15 and 60 kDa respectively, indi-

cating that both native nsp10 and nsp14 are in the monomeric states. Upon the incubation of nsp14 with
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increasing molar equivalents (0-5) of Bi(IIl) (as CBS), we observed the decreased intensities in the mon-
omer peaks and appearance and increase in the peaks at an elution volume of ca. 8.4 mL, corresponding
to a molecular weight of 150 kDa, suggesting that excess of Bi(III) resulted in only partial oligomerization
of nspl4. However, incubating nsp10 with increasing molar equivalents (0-5) of Bi(III) led to an almost
complete disappearance of the nspl10 monomer and a gradual appearance of new peaks at 11.8, 10.3, and
9.3 mL, corresponding to dimer, trimer, pentamer and even larger oligomers, respectively (Figure 5B). In
the presence of 5 mol equiv of Bi(Ill), the majority of nsp10 was eluted at 7.8 mL, corresponding to a
molecular weight larger than 150 kDa, indicative of the formation of a higher oligomerization state of
nspl0. These results demonstrate that Bi(IIl) can alter the protein quaternary structures, especially for
nspl0.

As the exoribonuclease activity of nsp14 is largely stimulated by nsp10, and nsp10-nsp14 intermo-
lecular interaction involves residues around the zinc finger of nsp10.3 37 We then examined the effect of
different metal-bound nsp10 on the ExoN activity of nsp14 and found that, in contrast to native Zn(II)-
bound nsp10, Bi(III)-bound nsp10 could not stimulate the ExoN activity of nsp14 (Figure 5C), suggesting
that the binding of Bi(IIl) to nsp10 might disrupt its interaction with nsp14, which abrogates the ExoN
activity of nsp14.

Bi(III)-Based nsp14/nsp10 Inhibitors Show Antiviral Efficacy in SARS-CoV-2-Infected Mam-
malian Cells. Based on our enzymatic screening results, we found that metal-based compounds inhibited
nspl4/nspl0 activities to different extents. Among the compounds we examined, Bi(Ill)-based com-
pounds potently inhibited both MTase and ExoN activities of nsp14/nsp10; As(I1I)-based compound, ZIO-
101 and Cu(Il)-porphyrin, Cu(TPP) only partially inhibited ExoN and MTase activity of nsp14/nsp10,
respectively; while Ga(NOs3)3 and carboplatin showed almost no inhibition on both enzymatic activities.
To evaluate the antiviral activity of the metal-based nsp14/nsp10 inhibitors, these compounds with differ-
ent inhibitory effects on nsp14/nsp10 activity were selected for further antiviral studies in SARS-CoV-2-
infected mammalian cells. The 50% cytotoxicity concentrations (CCso) of these compounds were calcu-

lated to be >200 uM for 4SABI, 26.46 £ 0.11 uM for ZIO-101, 306.1 + 5.62 uM for Cu(TPP), >1000 uM
12
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for Ga(NOs3)3, and >500 uM for carboplatin (Figure S9). The compounds at a nontoxic concentration were
used to examine their ability to inhibit SARS-CoV-2 BA.5.2 strain replication. As shown in Figure 6A,
among the compounds tested, 4SABi, a Bi(IlI)-based superstructured porphyrin,* exhibited the most po-
tent anti-SARS-CoV-2 activity, as evidenced by ~2-log viral load reduction in the VeroE6-TMPRSS2 cell
culture supernatant, while other metal-based compounds showed no such obvious inhibition. To further
evaluate antiviral potency, the half-maximal effective doses (ECso) were determined to be 0.58 £ 0.01 uM
for 4SABi (Figure 6B) against SARS-CoV-2 BA 5.2 strain through microneutralization assays.* Consid-
ering the rapid mutation of SARS-CoV-2, we also evaluated the antiviral potential of 4SABi against the
latest variant of the XBB strain. The results show that the treatment of VeroE6-TMPRSS2 cells infected
by SARS-CoV-2 BA 5.2 and XBB strains with gradient amounts of 4SABi reduced viral RNA loads in a
dose-dependent manner, as evidenced by the maximal 4-5-log viral load reduction in the cell culture su-

pernatant (Figure 6C, D), indicative of 4SABI as a potential broad-spectrum anti-SARS-CoV-2 agent.
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Figure 6. Antiviral efficacy of metal-based nsp14/nsp10 inhibitors. (A) VeroE6-TMPRSS2 cells were infected with SARS-
CoV-2 BA.5.2 [multiplicity of infection (MOI) = 0.01] and treated with different metallodrugs for 48 h, and the culture super-

natant was then collected for viral load quantitation by quantitative reverse transcription-polymerase chain reaction (QRT-PCR)
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(n = 3). The concentrations are 100 uM for 4SABI, 20 uM for ZIO-101, and 200 uM for Cu(TPP), Ga(NOs)s3, and carboplatin.
(B) Microneutralization assay of SARS-CoV-2 BA.5.2 strain-infected VeroE6-TMPRSS2 cells (MOI = 0.1) in the presence of
4SABI at the concentration indicated for 24 h (n = 3). Relative percentages of virus inhibition were calculated compared with
the vehicle control (0 pM). ECso values are presented as mean values = SD. (C, D) 4SABi suppressed SARS-CoV-2 BA 5.2
strain (C) and SARS-CoV-2 XBB (D) replication in VeroE6-TMPRSS2 cells (MOI) =0.01) in a dose-dependent manner. Viral
load in the cell culture supernatant was quantified at 48 h postinfection by qRT-PCR. Statistical significance between the drug
treatment group and the vehicle group (0 puM) was determined by an unpaired two-tailed Student’s ¢ test (n = 3); **P < 0.01,

##*P < 0.001 and ****P <0.0001.

Nsp14 is Identified as an Authentic Target of Bi(III) Antivirals in SARS-CoV-2-Infected Mam-
malian Cells. To further validate whether nsp14 serves as an authentic target of Bi(Ill) antivirals, we
examined whether Bi(III) binds to nsp14 protein in SARS-CoV-2-infected mammalian cells by using our
previously developed metal-coding assisted protein quantification method with slight modification (Fig-
ure 7A).*® Briefly, the nsp14 protein from virus-infected cell lysates was enriched and immunoprecipitated
with magnetic beads modified with nsp14-specific capture antibodies. Subsequently, the captured nsp14
protein was magnetically separated and interacted with lanthanide ('**Gd)-conjugated detection antibod-
ies. The '*Gd-labeled nsp14 detector antibody along with nsp14 was then eluted to the supernatant under
acidic conditions. The'**Gd and 2*Bi intensities were then monitored simultaneously by ICP-MS to quan-
tify the nsp14 protein and the corresponding content of bound Bi. '’ Indium (5 ppb) was used as an internal
standard throughout the ICP-MS measurement. As shown in Figure 7B, a similar level of nsp14 could be
detected from the virus-infected cell lysates treated without or with a Bi(IIl) compound (as Bi(NAC)3)
judged by the comparable signals of 1>°*Gd/'"In. In contrast, no nsp14 could be detected from noninfected
cell lysates. Importantly, as shown in Figure 7C, significantly higher bismuth signals could be detected
only from the nsp14 extracted from the lysates of virus-infected cells treated with Bi(IIl); while almost
no observable Bi(IIl) could be found in either the noninfected cell lysates or the lysates of cells without
the treatment of Bi(IIl). Meanwhile, we also determined the Zn(II) content of extracted nsp14 and found

that ca. 73.0 = 34.9% of Zn(II) was released from nsp14 after Bi(Ill) treatment, suggesting that Bi(III)
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binds to nsp14, resulting in the displacement of Zn(II) from nsp14 (Figure 7D). This study clearly indi-
cates that nsp14 is an authentic target of Bi(IIl) not only in vitro but also in SARS-CoV-2-infected mam-

malian cells.
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Figure 7. Target validation of nsp14 in mammalian cells. (A) Schematic chart of the target validation of Bi(III) in SARS-CoV-
2-infected cells. (B-D) ICP-MS analysis of the relative intensity of '33Gd/!'5In (B) and cellular SARS-CoV-2 nspl4-bound
Bi(IIT) content (C) and nspl4-bound Zn(Il) content (D) in SARS-CoV-2-infected VeroE6-TMPRSS2 cells (MOI = 0.1) with

or without Bi(III) treatment at 24 h postinfection (n = 3).

Conclusions

In summary, we demonstrate that Bi(Ill)-based compounds allosterically inhibited both ExoN and
MTase activities of SARS-CoV-2 nsp14/10, attributable to their ability to displace the Zn(II) ions from
the zinc-finger sites of the enzymes by Bi(III) ions. The binding of Bi(III) to nsp10 and nsp14 also altered
the quaternary structures of the enzymes. The broad-spectrum antiviral activity of Bi(Ill)-based
nsp14/nsp10 inhibitors was also validated in mammalian cells infected with different variants of SARS-

CoV-2. Significantly, for the first time, we validated nsp14 as an authentic target of Bi(Ill)-based antivirals
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in SARS-CoV-2-infected mammalian cells. Our studies highlight the potential of nsp14/10 as an important

target for the development of pan-anti-SARS-CoV-2 agents.

Materials and Methods

Chemicals. Colloidal bismuth citrate (CBS) and ranitidine bismuth citrate (RBC) were kindly pro-
vided by the Livzon Pharmaceutical Group. The RBC used in the current study has the composition
ranitidine/Bi(Ill)/citrate = 1:1:1 with the molecular formula C19H27010SBi.*” Bi(NAC)3 was freshly pre-
pared by mixing CBS with 3 mol equiv of N-acetyl-L-cysteine (NAC). Bi(TPP) and Bi(THPP) were pre-
pared as previously described.*® 4SABi, BABABi, and MAMABIi were prepared and characterized ac-
cording to previous reports.** 4% Partial porphyrin compounds were purchased from Shanghai Chemson
Chemicals Co, Ltd (China). All other chemicals were purchased from MedChemExpress (MCE) unless
otherwise stated.

Cloning, Protein Expression, and Purification. Full-length nsp10 and nsp14 as well as nspl4
MTase and ExoN domain of SARS-CoV-2 isolate Wuhan-Hu-1, complete genome (NCBI GenBank ac-
cession no. NC 045512.2) were cloned into pET-28-a(+) with an N-terminal 6% His-tag, generating
pET28a-nsp10 and pET28a-nsp14 respectively. pET28a-nsp10 and pET28a-nsp14 were transformed into
Escherichia coli DH10B before sequencing validation. Validated plasmids of pET28-nsp10 and pET28a-
nspl4 were then transformed into Rosetta (DE3) pLysS. Cells harboring pET28a-nsp10 and pET28a-
nspl4 were cultured in 2x YT medium overnight at 37 °C with a supplementation of 50 pg/ml kanamycin
and 20 pg/ml chloramphenicol. The cells were then amplified with 1:100 dilutions in 2x YT medium at
37 °C, and the expression of nsp10 and nsp14 was induced by adding 0.05 mM (for nsp10) and 0.3 mM
(for nsp14) isopropyl f-D-thiogalactoside (IPTG) when ODecoo reached 0.7. After induction at 16 °C for
18 h with agitation at 160 rpm, cells were harvested by centrifugation at 5000g, 4 °C for 30 min, washed
twice with phosphate-buffered saline (PBS), and then resuspended and lysed by sonication in PBS sup-
plemented with 5 mM b-mercaptoethanol (only for nsp10), 0.1% Triton X-100, 1 mM phenylmethyl-

sulfonyl fluoride (PMSF), 40 mM imidazole, and 10 mg/L DNase I. Recombinant nsp10 and nsp14 were
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centrifuged at 15,000g, 4 °C for 45 min, and then purified by a Ni-NTA column (Thermo Fisher Scientific)
washed with Tris-NaCl buffer (50 mM Tris-HCL, pH 7.5, 300 mM NaCl, 5 mM MgSOs) containing a
gradient imidazole. The His tags of nsp10 and nsp14 were removed by Thrombin Protease. Nsp10 was
further purified using a Superdex 200 Increase 10/300 GL column (GE Life Sciences) eluted with gel
filtration buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM MgClz, and 5% glycerol). Full-length
Nspl4 was further purified by HiTrap S ion-exchange chromatography (GE Healthcare). All purified pro-
teins were checked by SDS-PAGE, and the identity of nsp10 and nsp14 was confirmed by LC-MS after
trypsin digestion. Proteins were then aliquoted and stored at -80 °C in HEPES buffer (20 mM HEPES,
pH 7.4, 150 mM NaCl, 5 mM MgCl. and 5% glycerol) for further use.

Methyltransferase (MTase) Activity Assay. An MTase-Glo Methyltransferase Assay Kit (Promega)
was used to measure the MTase activity, and a G(5)ppp(5’)A RNA Cap Structure Analog (New England
Biolabs) was used as the substrate for the assay. Progression of the reactions was monitored by lumines-
cence in white 384-well plates (Corning) by using a SpectraMax iD3 multimode microplate reader.

To determine the ICso value of drugs toward the inhibition of the MTase activity of nsp14, 10 uM
nsp14 was preincubated with equal volumes of drugs at 0, 0.5, 5, 10, 20, 50, 100, 200, 500, and 1000 uM
for 2 h on ice before the methyltransferase reaction. 16 uL. MTase reactions (final concentration of 1 uM
for nsp14 incubated with a serial dilution of drugs, 20 uM for SAM and 20 uM for G(5”)ppp(5°)A RNA
Cap Structure Analog, respectively) were carried out in MTase reaction buffer (20 mM Tris-HCI, pH 8.0,
50 mM NaCl, 3 mM MgClz, 0.1 mg/mL BSA, 0.5 mM TCEP) and were incubated for 30 min at room
temperature. Then, 4 uL of 5x Methyltransferase-Glo Reagent was added, mixed well, and incubated at
room temperature for 30 min. After that, 20 uL of Methyltransferase-Glo Detection Solution was added
and mixed well, followed by incubation for another 30 min at room temperature. Luminescence was then
recorded by the microplate reader, and dose-dependent curves for the ICso value were determined by
nonlinear regression using GraphPad Prism.

For the MTase kinetic assays, an SAH standard curve was first prepared to assess linearity of the

assay and to calculate the amount of the reaction product SAH produced in each reaction. 8 pL of MTase
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reaction buffer containing serial diluted SAH (from 0 to 1 uM) was incubated with 2 puL of 5x Methyl-
transferase-Glo Reagent for 30 min at room temperature followed by the addition of 10 uL of detection
solution as described above. Luminescence was recorded and then plotted against the SAH concentration
by linear regression using GraphPad Prism. Before the methyltransferase reaction, nsp14 (20 uM) was
incubated with an equal volume of drugs at the specified molar ratio for 2 h on ice. MTase kinetic assays
were carried out in 8 pL of MTase reaction buffer containing nsp14 (1 uM) incubated with drugs, 2 pL of
5x Methyltransferase-Glo Reagent, together with 25 uM G(5”)ppp(5°)A RNA Cap Structure Analog and
serially diluted SAM (0, 0.5, 1, 2, 5, 10, 20, and 50 uM) for SAM-dependent kinetic assays, or 25 uM
SAM and serially diluted G(5”)ppp(5’)A RNA Cap Structure Analog (0, 0.5, 1, 2, 5, 10, 20, and 50 uM)
for G(5”)ppp(5°)A RNA-dependent kinetic assays at room temperature for 10 min, followed by adding 2
nL of 0.5% trifluoroacetic acid (TFA) to stop the reaction. After that, 10 pL of Methyltransferase-Glo
Detection Solution was added and mixed well, followed by incubation for another 30 min at room tem-
perature. The control group was tested in the absence of drugs under the same condition. The amounts of
SAH produced in different intervals were calculated by a standard curve to determine the velocity of the
reaction. The velocity was plotted against the concentration of the substrates. Slopes were then used to
calculate the Km and Vmax by nonlinear fitting to the Michaelis-Menten equation using GraphPad Prism.

FRET-Based Exoribonuclease (ExoN) Activity Assay. A slightly modified double-stranded RNA
with a 20-nucleotide 5’ dU overhang, conjugated to a Cy3-quencher (BHQ?2) pair, was used as the sub-
strate for the exoribonuclease activity assay based on a previous report.’! Nsp14 and nsp10 were mixed
in a molar ratio of 1:4 to form the nsp14/nsp10 complex. Progression of the reactions was monitored by
fluorescence (Aex = 545 nm, Aem = 585 nm) in black 96-well plates (Thermo Fisher Scientific) using a
SpectraMax iD3 multimode microplate reader. ExoN activities were calculated by the amount of fluores-
cence released after the initial reading.

For the inhibitor screening, 10 uM of nsp14/nsp10 complex was preincubated with an equal volume
of 500 uM drugs on ice for 2 h. After the mixture was added to achieve the final concentration of 200 nM

(nsp14/nsp10 complex) and 10 uM (inhibitors), the reaction (100 puL) was carried out at 25 °C for 3 h in
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the ExoN reaction buffer (50 mM Tris-HCI, pH 8.0, 30 mM NacCl, 2.5 mM MgClz, 10 mM K>HPO4, 0.5
mM tris(2-carboxyethylphosphine (TCEP) and 0.1 mg/mL BSA) containing 200 nM Cy3/quencher-
dsRNA substrates. The fluorescence signal was monitored in real time by a SpectraMax 1D3 multimode
microplate reader. Reactions were then analyzed by 19.5% 7 M of urea-containing denaturing polyacryla-
mide gel electrophoresis (30% solution of 37.5:1 acrylamide: bis-acrylamide, BioRad) in TBE (Tris-bo-
rate EDTA) buffer. Electrophoresis was carried out at 250 V for 40 min. Gels were subsequently stained
with GelRed (Sigma-Aldrich) for 5 min at room temperature. The stained gels were visualized through
the iBright CL750 Imaging System (Thermo Fisher Scientific).

For determination of the half-maximum inhibitory concentration (ICso), nsp14/nsp10 complex (10
uM) was preincubated with an equal volume of drugs (0, 2, 10, 20, 40, 100, 200, 400, 1000, 2000, 4000,
and 10,000 uM) for 2 h on ice before the nuclease reaction. Nuclease assays (100 uL) were performed at
25 °C for 1 h in ExoN reaction buffer in the presence of 50 nM Cy3/quencher-dsRNA substrates and 50
nM nsp14/nsp10 complex incubated with drugs. Dose-response curves for the ICso value were determined
by nonlinear regression using GraphPad Prism.

For the ExoN kinetic assays, nsp14/nsp10 complex (10 uM) was incubated with an equal volume of
drugs at the specified molar ratio for 2 h on ice before the nuclease reaction. Nuclease kinetic assays were
carried out in 100 pL of ExoN reaction buffer containing 100 nM (for RBC) nsp14/nsp10 complex incu-
bated with drugs and serially diluted Cy3/quencher-dsRNA substrates (0, 25, 50, 75, 100, 150, 200, 300,
400, and 500 nM). The control group was performed in the absence of drugs under the same condition.
The maximum of the first derivative over the first hour was calculated to determine the velocity of the
reaction. The velocity was plotted against the concentration of the substrates. Slopes were then used to
calculate the Km and Vmax by nonlinear fitting to the Michaelis-Menten equation using GraphPad Prism.

Electrophoretic Mobility Shift Assays (EMSAs). RNA-binding capability of nspl4 was deter-
mined by EMSA. For the protein dose-dependent RNA-binding assays, 200 nM of the ExoN substrate
dsRNA was incubated with varying concentrations of SARS-CoV-2 nspl14 (0, 0.4, 0.8, 1.2, 1.6, 2.0, 4.0,

and 8.0 uM) in HEPES buffer at room temperature for 15 min. For the bismuth(III) addition assays, nsp14
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(4 uM) was preincubated with various concentrations of drugs (0, 1, 2, 4, 8, 20, 40 uM) in HEPES bufter
for 2 h on ice before the RNA-binding assays before incubating with 200 nM of dsRNA at room temper-
ature for 15 min. Approximately 20 pL of the reaction mixture was then loaded onto 6% native-poly-
acrylamide gels and electrophoresed in 1XxTBE buffer. Electrophoresis was carried out at 100 V for 50
min. Gels were subsequently stained by GelRed (Sigma Aldrich) for 5 min at room temperature and vis-
ualized through the iBright CL750 Imaging System (Thermo Fisher Scientific).

UV-Vis Spectroscopy. UV-vis spectra were recorded on a Varian Cary 60 spectrophotometer at room
temperature. Binding kinetics of Bi(III) to SARS-CoV-2 nsp10 and nsp14 were determined by incubating
Zn3-nspl4 (2.5 uM) and Zn2-nsp10 (20 uM) and with 20 mol equiv of Bi-NTA in HEPES buffer. Spectra
were then recorded between 200 and 800 nm in a 0.1 cm quartz cuvette every minute. The UV absorption
at 360 nm was plotted against time and the curves were then fitted to the binding kinetics equation using
GraphPad Prism to calculate the first-order rate constant (k) and the half-life (t:.2).

UV-vis titrations of Bi(III) to apo-SARS-CoV-2 nsp10 and nsp14 were carried out at room tempera-
ture on a Varian Cary 50 spectrophotometer. Apo-nsp10 (30 uM) and apo-nsp14(7.5 uM) were prepared
by dialysis in zinc(II) chelating buffer (20 mM HEPES, pH 7.4, 150 mM NacCl, 5 mM MgCl, 5% glycerol,
1.5 mM EDTA, 0.5 mM TCEP) supplemented with 50 mol equiv of EDTA at 4°C overnight, followed by
the removal of EDTA by dialysis in HEPES buffer. Aliquots of 3 mM Bi-NTA were stepwise added to
200 puL of 30 uM apo-nsp10 or 7.5 uM apo-nsp14 in HEPES buffer. The absorption at 360 nm was plotted
against the Bi(Ill)/protein ratio. The ultraviolet titration curves were fitted into a Ryan-Weber nonlinear
equation to determine the dissociation constant (Ka).*

Zinc(II) Displacement Analysis. Zinc(II) displacement from nsp10 and nsp14 was determined by
inductively coupled plasma mass spectrometry (ICP-MS) (Agilent, 7700x). SARS-CoV-2 nsp14 or nsp10
was incubated with 3 mol equiv of ZnSOu4 in dialysis buffer (20 mM HEPES, pH 7.4, 150 mM NacCl, 5
mM MgClz, 5% glycerol, 0.5 mM TCEP) with mild shaking at 4 °C overnight, followed by the removal
of unbound zinc(II) ions in Zn-free dialysis buffer to make the fully Zn-bound proteins. Dialysis tubes

loaded with 100 uL of Zn-bound proteins (5 uM for nsp14 and 20 uM for nsp10) or protein buffer were
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placed into 50 mL of dialysis buffer in the presence of different concentrations of bismuth(I1I) compounds
with mild shaking at 18 °C overnight. The protein concentration was measured by a bicinchoninic acid
(BCA) assay (Thermal Fisher Scientific), and the metal concentration of solution both inside and outside
the dialysis tubes was determined by ICP-MS. The maximal binding capacities (Bmax) and dissociation
constants (Kd) were obtained by nonlinear fitting to a one-site binding equation: Y = Bmax X X/(Kd + X)
using GraphPad Prism 8.

FluoZin-3 (Thermo Fisher Scientific) was used to determine the released-zinc(Il) from the protein.
Briefly, 1 uM Zn-nsp14 or 1 uM Zn-nsp10 was incubated with 20 mol equiv of Bi-NTA and 5 uM FluoZin-
3 in HEPES buffer. Fluorescence kinetics spectra were then recorded between 500 and 600 nmina 1 cm
quartz cuvette every minute on a Hitachi F-7000 fluorescence spectrophotometer at room temperature.
The fluorescence emission at 515 nm was plotted against time, and the curves were then fitted to the
binding kinetics equation using GraphPad Prism to calculate the half-life (#1.2).

Size-Exclusion Chromatography Analysis. Size-exclusion chromatography was performed with a
Superdex 75 increase 100/200 GL analytical column (Cytiva) at 4°C. The column was pre-equilibrated
by PBS buffer. Nsp10 (20 uM) or nspl14 (5 uM) were preincubated with different molar equivalents of
CBS for 1 h at 4 °C. Samples were prepared in PBS buffer to a final volume of 500 uL before loading to
the column at a flow rate of 0.8 mL/min.

Cytotoxicity Assay. Cell viability was measured 24 h after incubation of VeroE6 cells with com-
pounds by using the cell proliferation assay kit IT (XTT) (Roche), according to the manufacturer’s recom-
mendations.

Cellular Antiviral Activity Assay. A viral load reduction assay was performed for the evaluation of
cellular antiviral activity, as described previously but with modifications.’* > Briefly, SARS-CoV-2-
infected (MOI = 0.01) VeroE6-TMPRSS2 cells were treated with different concentrations of metallodrugs.
The culture supernatants of the infected cell were harvested at 48 h postinfection (hpi) for analysis of viral

replication. 100 pL of culture supernatant was lysed with 50 pL of RLT buffer and subsequently extracted
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for total RNA with the QlAamp viral RNA mini kit (Qiagen). Quantitative reverse transcription-polymer-
ase chain reaction (QRT-PCR) was used for quantitation of SARS-CoV-2 viral load using the One Step
TB Green PrimeScript RT-PCR Kit II (Takara) with a LightCycler 480 Real-Time PCR System (Roche).
The primers and probe sequences were against the RNA-dependent RNA polymerase/Helicase (RdRp/Hel)
gene region of SARS-CoV-2: forward primer: 5'CGCATACAGTCTTRCAGGCT-3'; reverse primer: 5'-
GTGTGATGTTGAWATGACATGGTC-3; specific probe: 5'-
FAMTTAAGATGTGGTGCTTGCATACGTAGAC-IABKFQ-3'.

Live Virus Microneutralization assay. Live virus microneutralization assay was performed for the
determination of a 50% antiviral effective dose (ECso), as described previously but with slight modifica-
tion.*> SARS-CoV-2 was mixed with serially diluted test compounds in 96-well plates and incubated for
1 h at 37 °C in 5% COz. The virus-compound mixtures (MOI = 0.1) were then transferred to preseeded
VeroE6-TMPRSS2 cells. After further incubation for 24 h, the culture medium was removed, and the
plates were airdried. Then, cells were fixed, permeabilized, and incubated with rabbit antiserum raised in-
house against the SARS-CoV-2 N protein for 1 h at room temperature, followed by incubation with an
Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody (Life Tech-
nologies). SARS-CoV-2 foci were quantitated using Sapphire Biomolecular Imager (Azure Biosystems),
and images were analyzed using the ImageJ software. The percentages of neutralization inhibition relative
to the control (i.e.,, without the addition of the compound) wells were determined for each compound
concentration. ECso values were calculated by nonlinear regression using GraphPad Prism.

Magnetic Beads Functionalization with Capture Antibodies. To conjugate nsp14 capture anti-
bodies (Sigma) on magnetic beads, N-hydroxysuccinimide (NHS) activated magnetic beads were used to
covalently immobilize proteins through the reaction with primary amines of proteins. After the preserva-
tion buffer was removed using a magnetic stand, the NHS-activated magnetic beads were activated in ice-
cold hydrochloric acid (I mM, pH 3.0). The antibodies (50 pg) that remained to be labeled were added
into the magnetic beads (4 mg) immediately after the removal of hydrochloric acid. The mixture of the

antibodies and magnetic beads was incubated for 2 h at room temperature on a rotator. A glycine solution
22

Accepted manuscript



(0.1 M, pH 2.0) was added after incubation, and the antibody labeled magnetic beads were washed with
ultrapure water twice followed by quenching the reaction in ethanolamine (3 M, pH 9.0). The magnetic
beads were then washed with ultrapure water and PBS twice and then preserved in PBS buffer.

Nsp14 Antibody Conjugation with Metal-Tags. Nsp14 protein-specific detector antibodies (ProSci)
were labeled with '°Gd using the MaxPAR antibody conjugation kits according to the company’s recom-
mended protocol.

Evaluation of the Binding of Bi with nsp14 Proteins by ICP-MS. For cell lysate preparation,
SARS-CoV-2 (BA.5.2 strain)-infected (MOI = 0.1) and noninfected VeroE6-TMPRSS?2 cells were treated
with or without 1500 uM of Bi(NAC)s for 24 h. The culture medium was removed, and the cells were
harvested in 1 mL of 1% Triton-100X, which was diluted in PBS to a total protein concentration of around
2 mg/mL. We have previously established a method for protein quantification based on ICP-MS by intro-
ducing metal-tagged antibodies.*® Herein, we used a similar approach to evaluate the binding of Bi to
nsp14 proteins. Generally, the magnetic beads functionalized with the capture antibodies specific to nsp14
proteins were blocked in a blocking buffer (PBS, 0.1% Tween-20, and 2.5% BSA) for 30 min at room
temperature. The cell lysates were diluted (1:5) using assay buffer (PBS contained 2.5% BSA, 0.1%
Tween-20, 0.3% Triton-100), and 100 pL of diluted samples was incubated with functionalized magnetic
beads for 30 min at room temperature. The magnetic beads were then washed with washing buffer (PBS,
0.1% Tween-20) three times followed by incubation with '3 Gd-labeled nsp14 detection antibodies for 30
min at room temperature. The magnetic beads were then washed with PBS four times and 100 pL of
elution buffer (1% HNO3) was added into each tube to release the metal-tagged antibodies and captured
nsp 14 proteins. The magnetic stand was used throughout the experiment during washing and elution step
to separate magnetic beads from reaction solution. The released solution was diluted in 300 pL of 1%
HNO3 with 5 ppb indium (In) as an internal standard for '%Gd and **Bi quantification by ICP-MS.

Statistical Analysis. All statistical analyses were performed on three independent experiments, or

more if otherwise stated, using Prism 8.0 (GraphPad Software Inc.) software.
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Brief synopsis: Bi(IlI)-based compounds can allosterically target at SARS-CoV-2 nsp14/nsp10 complex
to disrupt its MTase and ExoN activity, leading to inhibition on SARS-CoV-2 replication in mammalian
cells, which is attributable to their ability to displace zinc ions from zinc-finger sites of SARS-CoV-2

nsp14/nsp10 complex by bismuth ions and alter the quaternary structures of the enzymes.
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