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A B S T R A C T   

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) pandemic is currently the major challenge 
to global public health. Two proteases, papain-like protease (PLpro) and the 3-chymotrypsin-like protease 
(3CLpro or Mpro), are indispensable for SARS-CoV-2 replication, making them attractive targets for antiviral 
therapy development. Here we screened a panel of essential metal ions using a proteolytic assay and identified 
that zinc gluconate, a widely-used zinc supplement, strongly inhibited the proteolytic activities of the two 
proteases in vitro. Biochemical and crystallographic data reveal that zinc gluconate exhibited the inhibitory 
function via binding to the protease catalytic site residues. We further show that treatment of zinc gluconate in 
combination with a small molecule ionophore hinokitiol, could lead to elevated intracellular Zn2+ level and 
thereby significantly impaired the two protease activities in cellulo. Particularly, this approach could also be 
applied to rescue SARS-CoV-2 infected mammalian cells, indicative of potential application to combat corona-
virus infections. Our studies provide the direct experimental evidence that elevated intracellular zinc concen-
tration directly inhibits SARS-CoV-2 replication and suggest the potential benefits to use the zinc supplements for 
coronavirus disease 2019 (COVID-19) treatment.   

1. Introduction 

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV- 
2) is the cause of the current pandemic of coronavirus disease 2019 
(COVID-19) [1]. This worldwide public health crisis has resulted in over 
5.6 million deaths globally by the end of January 2022. Similar to the 
SARS coronavirus (SARS-CoV), SARS-CoV-2 also encoded two essential 
proteases for processing the polyproteins that are translated from the 
viral RNA, the papain-like protease (PLpro, encoded within nsp3) and 3- 
chymotrypsin-like “main” protease (3CLpro or Mpro, encoded by nsp5) 
[2]. Therefore, the two proteases may serve as promising targets of 
potential therapeutic reagents. A series of SARS-CoV-2 protease in-
hibitors have been reported. For example, the approved Human Im-
munodeficiency Virus (HIV) therapeutics Lopinavir and Ritonavir are 
being studied in Phase III clinical trials as 3CLpro inhibitors. And several 

other organic compounds are under consideration in preclinical trials 
[3–5]. Recently, several metal-based compounds have also been re-
ported to exhibit anti-viral properties, such as Au complexes, bismuth 
complexes and Re(I) tricarbonyl complexes [6–9]. Despite great effort, 
there is still no effective antiviral treatment for COVID-19. Due to the 
rapid spread and increasing number of infected patients worldwide, 
treatments of cost-effective, safe with minimal side-effects and easy 
application are urgently warranted. 

Structural analysis of SARS-CoV-2 PLpro and 3CLpro reveals that the 
catalytic center of PLpro consists of a cysteine and a histidine, while the 
active site of 3CLpro is comprised of a cysteine, a histidine and an 
aspartic acid. The imidazole group in histidine, the carboxyl group in 
aspartic acid and especially the thiol group in cysteine are expected to 
form coordination bonds with transition metal ions. Hence, the pro-
teolytic activities of these two enzymes could be potentially abrogated 

* Corresponding author. 
E-mail addresses: xiawei5@mail.sysu.edu.cn (W. Xia), cesmzw@mail.sysu.edu.cn (Z.-W. Mao).   

1 These two authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Journal of Inorganic Biochemistry 

journal homepage: www.elsevier.com/locate/jinorgbio 

https://doi.org/10.1016/j.jinorgbio.2022.111777 
Received 19 January 2022; Received in revised form 18 February 2022; Accepted 22 February 2022   

mailto:xiawei5@mail.sysu.edu.cn
mailto:cesmzw@mail.sysu.edu.cn
www.sciencedirect.com/science/journal/01620134
https://www.elsevier.com/locate/jinorgbio
https://doi.org/10.1016/j.jinorgbio.2022.111777
https://doi.org/10.1016/j.jinorgbio.2022.111777
https://doi.org/10.1016/j.jinorgbio.2022.111777
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinorgbio.2022.111777&domain=pdf


Journal of Inorganic Biochemistry 231 (2022) 111777

2

by transition metal ion binding, which further results in the inhibition of 
SARS-CoV-2 replication as reported previously [10,11]. Accumulating 
evidence supports for a close relationship between intracellular metal 
concentration and innate immunity. For example, metal analysis 
demonstrated that total zinc content was elevated within activated 
macrophages infected with bacterial or fungal pathogens [12,13]. 
Recent studies also showed that manganese ion was released from cell 
organelles and accumulated in the cytosol upon virus infection [14]. The 
change of intracellular metal concentration endows the host cell with 
stronger capability to counteract infection. 

Herein, we report that the zinc gluconate, a commonly used oral zinc 
supplement, is a potent inhibitor of the two essential SARS-CoV-2 pro-
teases, PLpro and 3CLpro in vitro and in cellulo. Co-crystallography of 
3CLpro and zinc gluconate showed that free Zn2+ bound to the catalytic 
dyad to impair protease activity. Importantly, treatment of zinc gluco-
nate in combination with hinokitiol ionophore significantly abrogated 
the protease activities in cellulo and inhibited SARS-CoV-2 replication in 
mammalian cells, indicating that zinc could be a potent inhibitor to 
suppress SARS-CoV-2 replication (Scheme 1). Inhibition of SARS-CoV-2 
replication by zinc-hinokitiol drug combination described here may 
shed light on development of a safe and easy-to-use approach to treat 
COVID-19. 

2. Results 

To investigate whether transition metal ions could impact SARS- 
CoV-2 polyprotein processing, an in vitro proteolytic assay was 
designed to screen for metal ions against activities of 3CLpro (or PLpro) 

using a fluorogenic peptide as substrate [15]. As shown in Fig. 1, the 
presence of divalent transition metal ions Co2+, Ni2+, Cu2+ and Zn2+

substantially retarded the activities of both PLpro and 3CLpro. For 
PLpro, Co2+, Ni2+, Cu2+ and Zn2+ inhibited 54%, 36%, 98% and 98% of 
the proteolytic activity, respectively (Fig. 1A). Whereas, the proteolytic 
activity of 3CLpro was abrogated by 36%, 74% and 97.6% in the pres-
ence of Co2+, Cu2+ and Zn2+ (Fig. 1B). In particular, 50 μM Zn2+ could 
completely abolish the activities of both PLpro and 3CLpro. Moreover, 
fluorescence-based protein thermal shift assays (F-TSA) with different 
metal ions also demonstrated that Zn2+ was the most potent metal ion to 
decrease the melting temperatures of PLpro and 3CLpro, indicative of 
destabilization of the two proteases after Zn2+-binding (Fig. 1C and D). 
The destabilization of the two proteases observed here was probably due 
to the conformational distortion upon Zn2+ binding, since Zn2+ is not a 
physiological ligand for the proteases. 

To further investigate Zn2+-binding properties of the two proteases, 
we examined the Zn2+-binding capability of PLpro and 3CLpro using 
inductively coupled plasma mass spectrometry (ICP-MS). Apo-PLpro 
contains 0.85 ± 0.09 molar equivalents (eq.) of Zn2+, which is consis-
tent with the study that PLpro has a conserved zinc-finger site [16]. In 
contrast, no bound Zn2+ content was detected for apo-3CLpro. After 
incubation with 5 eq. of Zn2+, Zn2+-saturated PLpro had increased 
binding capacity with 1.90 ± 0.01 eq. of Zn2+ per monomer, indicative 
of an additional Zn2+ site. Whereas 3CLpro (monomer) was capable to 
bind 1.24 ± 0.01 eq. of Zn2+ (Fig. S1). In consistent, isothermal titration 
calorimetry (ITC) experiments also demonstrated that PLpro bound 1.23 
± 0.01 eq. of Zn2+ with a dissociation constant value (KD) of 2.17 ±
0.36 μM, while 3CLpro (monomer) bound 0.79 ± 0.01 eq. of Zn2+ with a 

Scheme 1. The mechanism of how a combination treatment of Zn2+-hinokitiol inhibits intracellular SARS-CoV-2 replication.  
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similar KD value of 4.08 ± 0.66 μM (Fig. S2). 
To elucidate the inhibitory activity of Zn2+ for PLpro and 3CLpro in 

vitro, the half-maximal inhibitory concentration (IC50) values for Zn2+

inhibition were calculated. As shown in Fig. 2A, B, the IC50 values of 
Zn2+ for SARS-CoV-2 PLpro and 3CLpro were 0.53 ± 0.04 μM and 0.54 
± 0.04 μM, respectively. The calculated submicromolar IC50 values are 
comparable to reported potent small molecule inhibitors, such as 
Boceprevir with an IC50 value of 4.13 ± 0.61 μM for 3CLpro. In addition, 
the inhibition of Zn2+ to the deubiquitination activity of PLpro was also 
examined using the ubiquitin-AMC substrate as described previously. 

And the result revealed that 0.1 μM Zn2+ could lead to 95.7% inhibition 
of PLpro activity (Fig. S3). The Michaelis-Menten saturation curves of 
PLpro and 3CLpro were also plotted before and after Zn2+-binding. 
Unexpectedly, the kcat and Km of the two proteases were both decreased 
after Zn2+-binding, whereas the kcat/Km values kept unchanged, 
implying the Zn2+ is an uncompetitive inhibitor for both PLpro and 
3CLpro (Fig. S4). Collectively, the results indicated that Zn2+ had a high 
affinity to PLpro and 3CLpro to inhibit their proteolytic activities in vitro. 

We subsequently try to examine the binding mode of Zn2+ to PLpro 
and 3CLpro by solving the co-crystal structures of Zn2+-bound PLpro and 

Fig. 1. Identification of inhibitory metal ions for SARS-CoV-2 PLpro and 3CLpro. Bar charts show the relative protease activities of PLpro (A) and 3CLpro (B) after 
incubation with 50 μM different metal ions, respectively. Fluorescence-based protein thermal shift assays of SARS-CoV-2 PLpro (C) and 3CLpro (D), respectively. Each 
experiment was performed in triplicates. The data are shown in mean ± sd. 

Fig. 2. Inhibition of the protease activities of PLpro (A) and 3CLpro (B) by Zn2+ at varying concentrations in vitro. Dose-response curves for half-maximum inhibitory 
concentration (IC50) values were determined by nonlinear regression. 
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3CLpro. Despite great effort, we were unable to obtain PLpro crystals. 
However, we found that the catalytic residue mutant PLproC112S had 
almost the same Zn2+-binding capacity before and after incubation with 
excess amount of Zn2+, with 0.85 ± 0.01 and 0.71 ± 0.01 eq. of Zn2+

respectively (Fig. S5), indicative of a loss of the additional Zn2+-site 
besides the zinc-finger. The biochemical experiment results demon-
strated that Zn2+ bound to the catalytic center to inhibit the proteolytic 
activity of PLpro. 

Fortunately, purified 3CLpro yielded three-dimensional crystals in a 
reservoir solution containing 15% PEG20000 and 100 mM 2-(N-mor-
pholino)ethanesulfonic acid (MES), pH 6.5. Zn2+ was soaked into 
3CLpro crystal in reservoir solution that contained 5 mM Tris(2- 
carboxyethyl)phosphine (TCEP) and 2 mM zinc gluconate for 17 h. 
Protein crystals were transferred into a cryoprotective solution con-
taining the reservoir solution supplemented with 15–20% glycerol (v/v) 
and flash frozen in liquid nitrogen. The crystals of Zn2+-soaked 3CLpro 
belong to C2 space group and diffracted to a resolution of 2.45 Å. Initial 
phases were obtained by molecular replacement with PHASER & Molrep 
program in CCP4 package using the apo-form SARS-CoV-2 3CLpro (PDB: 
6M2Q) as a search model. The final structure model contains one SARS- 
CoV-2 3CLpro monomer in one asymmetric unit and refined to a Rwork of 
20.1% and Rfree of 24.2% (Table S2). The overall structure of Zn2+- 
SARS-CoV-2-3CLpro adopts a typical 3CLpro structure fold with domain 
I (residues 10–99), II (residues 100–184), III (residues 201–300) and a 
long loop region (residues 185–200) connecting domain II and III [17]. 
Structural superimposition reveals that the apo- and Zn2+-SARS- CoV-2- 
3CLpro structures are quite similar with a backbone r.m.s.d. value of 0.3 
Å. 

Two sites with redundant electron density in one asymmetric unit 
were observed, which are assigned as the Zn2+ binding sites (Fig. 3A and 
S6). One site is in the dyad catalytic center (site I), and the other one is 
located on the surface of the protein structure (site II) (Fig. 3A). The 
coordination residues of the tetrahedral Zn2+ binding site I involve 
Cys145, His41, His164 and a water molecule (Fig. 3B). Distances be-
tween the Zn2+ and the sulfur atom in the thiol group of Cys145, the 
nitrogen atom in the imidazolyl group of His41, the oxygen atom in the 
main chain of His164 and the water molecule are 2.4 Å, 2.1 Å, 3.9 Å and 
4.4 Å, respectively. For the site II, Cys156, Asp153 and Asp155 are 
involved in binding (Fig. S7). The distances between Zn2+ and the sulfur 
atom in the thiol group of Cys156, the two carbonyl oxygen atoms of 
Asp153 and the two carbonyl oxygen atoms of Asp155 are 2.6 Å, 2.3 Å, 
3.1 Å, 2.7 Å and 3.1 Å, respectively. It is worth noting that ICP-MS 

results revealed that the 3CLpro (monomer) could only bind 1 molar 
equivalent of Zn2+. This discrepancy is probably due to the weak asso-
ciation of Zn2+ to the highly exposed binding site II during crystal 
soaking. It is worth noting that the Zn2+ coordination sites here are 
different from recently reported 3CLpro-Zn2+ complex structures 
[18,19]. In the 1.9 Å high-resolution 3CLpro-Zn2+complex structure 
(PDBID: 7DK1), only one Zn2+ site was identified and coordinated with 
the sidechain of Cys145, His41 and two water molecules. The discrep-
ancy on the Zn2+-binding site is probably due to the different crystal 
packing. 

To exclude the possibility that Zn2+ binding to the site II impairs 
3CLpro activity, we further constructed a 3CLpro double-mutant 
3CLproD155A/C156S to abolish the binding site II. In vitro proteolytic ac-
tivity assays showed that the activity of 3CLproD155A/C156S was compa-
rable to wild-type (WT) 3CLpro, suggesting that the overall structure of 
3CLpro was not altered by mutations (Fig. S8). However, addition of 
Zn2+ also inhibited the activity of 3CLproD155A/C156S with a calculated 
IC50 value of 1.54 ± 0.05 μM, which is similar to the value of WT-3CLpro 
(Fig. S9). Collectively, the results indicated that Zn2+ bound to the 
catalytic site (site I) of 3CLpro and thereby inhibited the proteolytic 
activity. 

Subsequently, we would like to investigate whether Zn2+ could 
impact the proteolytic activities of PLpro and 3CLpro in cellulo. Previous 
study indicated that the free intracellular Zn2+ concentration was 
maintained in nanomolar to picomolar ranges to avoid cytotoxicity, 
though Zn2+ is an essential trace element [20]. Since the KD values be-
tween the two proteases and Zn2+ are both in the micromolar range, 
elevation of the intracellular Zn2+ concentration is desired to interfere 
with the activity of the two proteases in cellulo. Hinokitiol (Hino) is a 
small molecular natural product that was reported to promote 
mammalian cell uptake of divalent metal ions [21]. Therefore, we tested 
the possibility to use Hino as an ionophore to elevate intracellular Zn2+

concentration. A fluorescent Zn2+ indicator 2-[2-[2-[2-[bis(carboxylato-
methyl)amino]-5-methoxyphenoxy]ethoxy]-4-(2,7-difluoro-3-oxido-6- 
oxo-4a,9a-dihydroxanthen-9-yl)anilino]acetate (FluoZin-3) was used to 
examine the free intracellular Zn2+ concentration in cells. As show in 
Fig. S10, only weak green fluorescence could be detected in resting COS- 
7 cell, which was in line with that the low concentration of free Zn2+ in 
cytoplasm in most mammalian cell lines. When treated with a combi-
nation of 125 μM Hino and 16 μM Zn2+ at 37 ◦C for 30 min, the fluo-
rescent signal enhanced substantially, indicative of elevated 
intracellular free Zn2+ concentration. 

Fig. 3. Crystal structure of the Zn2+-3CLpro. (A) Overall structure of Zn2+-3CLpro homodimer with two potential Zn2+-binding sites. The structure is shown as 
cartoon model. The two chains are colored in salmon and grey, respectively. Zinc ions are shown in orange spheres. (B) Zn2+ binding to the catalytic site of SARS- 
CoV-2 3CLpro. The ligand residues are shown in sticks model. The coordinated water molecule is shown in red sphere. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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To investigate the proteolytic activity of PLpro and 3CLpro in cellulo, 
we subsequently established a cell-based luciferase reporter assay sys-
tem (Fig. 4A). In brief, firefly luciferase (Luc) reporter gene is fused with 
polyubiquitin (UB), which leads to the quick degradation of luciferase in 
proteasome. A PLpro (or 3CLpro) cleavage site is inserted between Luc 
and UB. In the presence of PLpro (or 3CLpro), proteolytic cleavage on 
this site will set free the luciferase and the luciferase activity could be 
detected. We applied the luciferase assay to examine the proteolytic 
activities of SARS-CoV-2 PLpro and 3CLpro using nsp2/3 and nsp4/5 
peptide as linker between Luc and UB, respectively. As shown in Fig. 4B 
and C, the luciferase reporter assays results revealed that 32 μM Zn2+ in 
combination with 125 μM Hino could remarkably suppress the in cellulo 
proteolytic activity of SARS-CoV-2 PLpro and 3CLpro by 78% and 75%, 
respectively. Together, the results demonstrated that the in cellulo pro-
teolytic activities of SARS-CoV-2 PLpro and 3CLpro would be inhibited 
with increasing intracellular Zn2+ concentrations. 

As we demonstrated that increasing intracellular Zn2+ concentration 
was potent to abrogate PLpro and 3CLpro activities in cellulo, we envi-
sioned that this approach would also be applied to inhibit SARS-CoV-2 
replication in cell. Therefore, virus infection experiments were per-
formed to test the hypothesis. Previous studies demonstrated that Hino 
exhibited relative toxicity toward mammalian cell and addition of Mg2+

can reduce the cytotoxicity of Hino [22]. To avoid the cytotoxicity effect 
of Hino, checkerboard method was used to examine the virus inhibition 
effects of different combinations of Hino and zinc gluconate in the 
presence of 30 mM MgCl2. In brief, Vero-E6 cells were infected with 
SARS-CoV-2 at a multiplicity of infection (MOI) of 0.05 with a treatment 
of different concentrations of zinc gluconate and Hino for 24 h. The 
nucleus of retained Vero-E6 cells were stained with 4, 6-diamidino-2- 

phenylindole (DAPI) and virus nucleocapsid (N protein) in the infec-
ted cells were blotted and quantified by green immunofluorescence as 
described in the Supporting Information (Fig. S11). The results are 
shown in Fig. 5, high dosage of Zn2+ and Hino (60 μM) combinations 
were relatively toxic to Vero-E6 cells, resulting no detectable DAPI 
signals. However, Zn2+ toxicity was significantly attenuated after 
reducing Hino concentration. Especially, a combination of 30 μM Hino 
and 125 μM zinc gluconate exhibited no detectable cytotoxicity toward 
Vero-E6 cell but remarkably inhibited the SARS-CoV-2 replication by 
80%. The results clearly indicated that treatment with proper dosage of 
zinc-Hino mixture could efficiently inhibit intracellular SARS-CoV-2 
replication without significant cytotoxicity. 

3. Discussions 

As the second most abundant element in the cell, Zn2+ mainly 
functions as a cofactor of metalloenzyme [23]. Majority of intracellular 
zinc presents as protein-bound form and is proven essential for proper 
folding and activity of various intracellular enzymes and transcription 
factors. The intracellular concentration of free zinc ion at physiological 
condition is maintained at a relatively low level, since free zinc ions are 
relatively toxic and may even trigger apoptosis at elevated concentra-
tions [24]. Furthermore, Zn2+ also exerts a critical role in mediating 
innate immunity. Zinc deficiency could lead to dysfunction of human 
immune system, such as decreased antibody production, reduced natu-
ral killer cell activity and impaired T cell proliferation [25]. Recent 
studies also reported the relationship between zinc deficiency and SARS- 
CoV-2 infection. In particular, a very recent observational cohort study 
with 249 COVID-19 patients demonstrated that serum zinc levels lower 

Fig. 4. Increasing intracellular Zn2+ concentration with hinokitiol impairs the proteolytic activities of SARS-CoV-2 PLpro and 3CLpro in cellulo. (A) Schematic 
illustration of the proteolytic assays in cellulo. The HEK293 cells co-express the protease (PLpro or 3CLpro) and polyubiquitin (UB)-fused firefly luciferase (Luc). A 
protease cleavage site is inserted between Luc and UB. Proteolytic cleavage on this site will set free the luciferase. Bar charts show the relative luciferase activity of 
cell lysates of HEK293 cells that expressed PLpro (B) or 3CLpro (C) after treatment of 125 μM Hino and varying concentrations of zinc gluconate. Each experiment 
was performed in triplicates. The data are shown in mean ± sd. ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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than 50 μg/dL correlated with worse clinical presentation and higher 
mortality, implying that low zinc levels favor SARS-CoV-2 replication in 
infected cells [26]. 

While accumulating clinical data implied the association of the in-
dividual zinc status with risk of infection and severe progression of 
COVID-19, direct research evidence regarding the impact of zinc on 
SARS-CoV-2 replication is so far missing. Our in vitro biochemical and 
structural studies revealed that Zn2+ was a highly potent inhibitor of 
PLpro and 3CLpro, the two essential proteases of SARS-CoV-2 in vitro. 
Furthermore, cell culture studies demonstrated that increasing cellular 
Zn2+ uptake by ionophore could result in PLpro and 3CLpro dysfunction 
in cellulo. More importantly, enhanced Zn2+ importation with proper 
combination of Hino and zinc gluconate could efficiently inhibit SARS- 
CoV-2 replication in Vero-E6 cells without significant cellular toxicity. 
Our findings provide the direct experimental evidence that SARS-CoV-2 
infected cells could be rescued by increasing of intracellular free Zn2+

concentration. 
According to the calculated KD values between Zn2+ and proteases in 

vitro, the intracellular free Zn2+ concentrations in our experimental 
condition should reach micromolar level. It is significantly higher than 
the reported eukaryotic intracellular free Zn2+ concentration in the 
resting state, which is in the nanomolar to picomolar ranges [20]. 
Therefore, the ionophore Hino is applied together with zinc gluconate to 
increase intracellular zinc level. The results implied that mammalian 
cells could tolerate relatively increased intracellular free Zn2+ concen-
trations. Indeed, it has been reported that the intracellular concentra-
tions of free Zn2+ could also dramatically increased in many cells in 
response to various stimuli. For example, it is reported that cell surface 
Fcε receptor I activation could directly induce a release of Zn2+ from 
endoplasmic reticulum (ER) to increase intracellular free Zn2+ concen-
tration, which is called zinc wave [27]. In addition, free Zn2+ could also 
be released into cytosol from Zn2+-bound metallothionein in response to 
cellular redox signals [28,29]. Also, it should be noted that high intra-
cellular concentrations would be toxic to mammalian cells, leading to 
excess reactive oxygen species (ROS) production or even apoptosis. Our 
study here provides the proof-of-concept that increasing intracellular 

free zinc concentration could be a potential approach to treat SARS-CoV- 
2 infection. It is worth noting that a recent study also demonstrated that 
the natural ionophore quercetin could increase the antiviral potency of 
Zn2+ [19]. However, how to preciously control the intracellular free 
Zn2+ concentration to allow efficient inhibition of viral replication but 
minimal cytotoxicity warrants further investigation. 

In summary, we demonstrated that Zn2+ could inhibit the proteolytic 
activities of SARS-CoV-2 proteases, PLpro and 3CLpro in vitro. Crystal 
structure of Zn2+-bound form 3CLpro showed that Zn2+ bound to the 
catalytic site of 3CLpro and abrogated the proteolytic activity. In cellulo 
proteolytic assay and intracellular virus infection results further indi-
cated that elevated intracellular free Zn2+ concentration had significant 
impacts on SARS-CoV-2 replication in mammalian cells. Our findings 
not only provide the direct evidence that zinc inhibits SARS-CoV-2 
replication in mammalian cells, but also suggest the potential benefits 
of zinc supplementation in the treatment of COVID-19. 

4. Materials and methods 

4.1. Protein purification 

SARS-CoV-2 PLpro and 3CLpro were expressed and purified as 
described in supporting information. Protein purity was at least 95% 
determined by SDS-PAGE. 

4.2. In vitro proteolytic activity assays 

The detailed procedures of proteolytic assays were described in 
supporting information. In brief, two fluorogenic peptide substrates 
Dabcyl-FRLKGGAPIKG(Edans)V and MCA-AVLQSGFR-Lys(Dnp)-Lys- 
NH2 were used to measure the proteolytic activities of PLpro and 
3CLpro, respectively. The concentrations of PLpro and 3CLpro were 1 
μM and 0.5 μM. The initial reaction rates and substrate concentrations 
were fitted to Michaelis-Menten curve using Graphpad software to 
obtain Vmax and Kcat values. 

4.3. SARS-CoV-2 3CLpro protein crystallization and structure 
determination 

For SARS-CoV-2 3CLpro protein crystallization, 200 nL 3CLpro with 
concentration of 10.81 mg/mL were mixed with 200 nL reservoir solu-
tion consisting of 15% PEG 20000 and 100 mM MES, pH 6.5. Crystals 
were obtained by hanging drop diffusion at 20 ◦C. The Zn2+-bound 
3CLpro crystals were obtained by soaking 3CLpro crystals with 2 mM 
zinc gluconate for 17 h. Protein crystals were subsequently transferred 
into a cryoprotective solution containing the reservoir solution supple-
mented with 25% glycerol (v/v) and flash frozen in liquid nitrogen. X- 
ray diffraction data were collected at the beamline 08ID-1 of Canadian 
Macromolecular Crystallography Facility (CMCF). Crystallographic data 
reduction and scaling were processed using XDS and Aimless, respec-
tively. The structures were solved by PHASER & Molrep with CCP4 
program and the SARS-CoV-2 3CLpro structure (PDB code 6M2Q) was 
used as a searching model. Subsequent model building and refinement 
were carried out in CCP4 and Refmac.2 Crystallographic data statistics 
are summarized in Table S2. 

4.4. In cellulo proteolytic activity assay 

The construction of in cellulo 3CLpro/PLpro proteolytic activity re-
porters (UB-CS-Luc) is described in another manuscript (in preparation). 
In brief, the reporter gene, firefly luciferase (Luc) is fused with poly-
ubiquitin (UB) which leads to the quick degradation of luciferase in 
proteasome. A PLpro/3CL protease cleavage site was inserted between 
Luc and UB. The protein sequence for nsp2/3 cleavage site was 
FTLKGG↓APTKV and for nsp4/5 cleavage site was TSAVLQ↓SGFRK. The 
cleavage on this site by PLpro/3CLpro set free the luciferase, the activity 

Fig. 5. Inhibition of SARS-CoV-2 replication in Vero-E6 cells by Hino-zinc 
gluconate. The X-axis represents concentrations of zinc gluconate ranging 
from 0 to 150 μM, the Y-axis represents concentrations of Hino ranging from 
0 to 60 μM, and the Z-axis represents virus survival. N/A indicates that few cells 
survived after treatment with drugs. Each experiment was repeated 
in duplicate. 
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of which could be detected using luciferase activity assay. HEK293T 
cells were co-transfected with the plasmid encoding PLpro (or 3CLpro), 
the corresponding UB-CS-Luc reporter gene and the pRL-TK (Renilla 
luciferase expression plasmid) as an internal control. 24 h post- 
transfection, the cells were treated with or without 125 μM hinokitiol, 
30 mM MgCl2 and various concentrations of zinc gluconate (0–32 μM). 
After 24 h treatment, the cells were collected and subjected to dual- 
luciferase reporter assays (Dual-Glo® Luciferase Assay System) 
following the manufacturer’s instruction and the luciferase activities 
were quantified on Synergy H1 Hybrid Multi-Mode Reader (BIOTEK). 
Each experiment was performed in triplicate. 

4.5. Antiviral activity of zinc gluconate 

To evaluate the antiviral efficacy of zinc gluconate, Vero-E6 cells 
were cultured overnight in 96-well cell-culture plate with a density of 2 
× 104 cells/well. Cells were pre-treated with the different concentra-
tions of the indicated zinc gluconate (0–150 μM)-hinokitiol (0–60 μM)- 
MgCl2 (30 mM) for 1 h. The SARS-CoV-2 virus (MOI of 0.05) was sub-
sequently added to allow infection for 1 h. Virus-drug mixtures were 
then replaced with fresh medium that only contains zinc gluconate- 
hinokitiol-MgCl2. After 24 h, the plate was fixed with 4% para-
formaldehyde (PFA). The SARS-CoV-2 nucleocapsid protein (N protein) 
in infected cell was detected with a polyclonal rabbit antibody against 
SARS-CoV-2-N protein followed by a goat-anti rabbit IgG antibody 
(Alexa Fluor® 488, ab150077). Cell nuclei were labelled with the DAPI 
nucleic acid stain. The fluorescence images were acquired with a Celigo 
Imaging Cytometer. 

Data availability 

Structure of Zn2+-bound 3CLpro has been deposited at the RCSB 
Protein Data Bank (www.rcsb.org) with a PDB code of 7D64. 
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