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One Sentence Summary: Single gold compound not only significantly inhibits SARS-CoV-2 
replication in lung and but also directly suppress lung inflammatory injury in COVID-19 mice, it 
is with great potential to effectively treat COVID-19. 
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Abstract:  

The virus replication and lung inflammation are basic targets for COVID-19 treatment. To 

effectively treat COVID-19, the best chemical drug should combine inhibition of SARS-CoV-2 

replication and direct suppression of inflammatory cytokine expression together. Our SARS-

CoV-2 main protease (Mpro) crystal structure studies revealed Au(I), derived from auranofin (AF) 

or gold cluster (GA), could specifically bind thiolate of Cys145 of SARS-CoV-2 Mpro. GA or AF 

could well inhibit Mpro activity and significantly decrease SARS-CoV-2 replication in cell. Cell 

studies showed that either AF or GA could down-regulate NFκB pathway, therefore significantly 

inhibit inflammatory cytokine level of IL-6, IL-1β, TNF-α in macrophage and bronchial 

epithelial cell, respectively. The lung viral load in GA treated COVID-19 mice (15mg/kg.bw) is 

significantly lower than that in normal saline (NS, 0.9% NaCl) treated COVID-19 mice, and 

pathological studies revealed GA treatment (score ~1.8) significantly reduced lung inflammatory 

injury compared with NS treated COVID-19 mice (score ~3). After normal mice were treated by 

GA (15mg/kg), the Au ingredient well distributed into lungs and there are no pathological 

changes in main organs when compared with control mice. The toxicity results revealed GA is 

more safety than auranofin for cell/mice/rat. The rat pharmacokinetics studies show GA is with 

high bioavailability (> 90%) in vivo.    
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Main Text:  

                                                                                                                                                                             

The COVID-19 pandemic is threatening human in the world now. There are more than 30 

million COVID-19 patients and over 1 million of them were dead by the end of September 2020. 

To date, there are no drugs to effectively treat this disease. Until now, the drug screening strategy 

has mainly focused on identifying antibodies that can perfectly block key proteins of SARS-

CoV-2 to inhibit virus replication or well suppress inflammatory cytokines level to decrease lung 

injury (1, 2). In principle, chemical drugs are of unique advantages in dealing with the COVID-

19 pandemic: the chemical drugs are easily produced in large scale with low cost thus satisfy the 

huge amount of COVID-19 patients of low income in the world, and they can be easily handled, 

stored and distributed to the patients living in various natural and social environment. Now, 

several traditional chemical drugs are being used to treat COVID-19, but they have been far from 

satisfying in treatment of COVID-19 in clinic (3, 4, 5, 6, 7, 8). For example, Remdesivir could 

inhibit SARS-CoV-2 replication but couldn’t directly suppress the inflammatory cytokines level 

and protect lung from inflammation injury in severe patients (4, 8), and Ruxolitinib and 

Acalabrutinib could directly suppress inflammatory cytokines level to save severe patients’ life 

but could not inhibit virus replication to help patients quickly recover (5, 7).  

We propose a new concept of chemical drug treating COVID-19: a single drug not only directly 

suppresses inflammatory cytokines level but also inhibits SARS-CoV-2 replication, such drug 

would synergize two therapy effects to produce more promising outcome for COVID-19 

treatment. US FDA has approved AF to treat amebiasis as orphan-drug and to treatment 

Rheumatoid arthritis (RA), respectively. There are no reports to disclose gold compounds could 

treat COVID-19 in vivo, neither to reveal how these compounds work in molecular/cellular level 
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to against COVID-19. We speculate gold compounds are potential candidates to fulfill the 

aforementioned new concept chemical drugs. Firstly, we are with insight that gold compounds 

might inhibit SARS-CoV-2 replication via directly targeting the thiolate of Cys145 of Mpro of 

COVID-19. It is known that Mpro is a chemical drug target as it plays a key role in SARS-CoV-2 

replication. Many compounds have been screened to interact with the thiolate of Cys145 as it is 

the conserved residue of the catalytic dyad of Mpro (9, 10). Previous reports and our published 

papers both discussed the Au(I) ions derived from gold compounds could inactivate kinds of 

enzyme by directly interacting their key Cys residues in vitro/vivo (11, 12, 13, 14, 15, 16, 17). 

Secondly, gold compounds are widely known to inhibit inflammatory cytokines associated with 

rheumatoid arthritis (RA), thus they have the potential to counter the inflammation in COVID-19 

(2, 5, 7). For example, Auranofin (AF) is FDA approved drug for treating RA (11, 12, 13, 16) 

and it can well suppress inflammatory cytokines of IL-6, IL-1β, TNF-α in RA patients. AF has 

the potential to treat COVID-19 because these inflammatory cytokines play an important role in 

lung injury of severe patients (2, 5, 7). However, AF has severe side effects for RA patients. 

Recently, we have disclosed a gold compound, the gold cluster (GA), which produces very good 

outcome in RA treatment and is more safety comparing with AF (14, 15, 18). In the present 

study, we verify AF or GA could treat COVID-19 via synergy the direct suppression 

inflammatory cytokine level and inhibit SARS-CoV-2 replication in vitro/vivo.   

Results 

Crystal structure of SARS-CoV-2 Mpro complex with Au(I) derived from AF or GA 

In order to examine the structural basis of AF and GA activities in more details, we determined 

the SARS-CoV-2 Mpro crystal structures in the AF incubating form, the GA incubating form, and 
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the native form (Figure 1, Figure S3, S4, and Table S1). Generally speaking, the Mpro 

structures treated with the gold compounds have a high similarity, and they are all similar to the 

crystal structures of the apo SARS-CoV-2 Mpro determined most recently (9, 10). However, in 

the AF or GA treated structures, densities of two Au(I) ions were found clearly to be near to the 

thiol residues Cys145 and Cys156, which were confirmed by the anomalous difference Fourier 

maps (Figure 1B and Figure S3b, S3c). They are defined as Au(I) 1 and Au(I) 2, respectively. 

This suggests that the AF or GA can provide Au(I) ions which bind to the thiolate of Cys145 and 

Cys156 of Mpro protein via Michael addition reactions (17). The overall structure of Au(I)-Mpro 

complex presents a homodimeric form (Figure 1A), with each monomer comprising three main 

domains (Figure 1B), like the SARS-CoV-2 Mpro reported previously (9, 10). Domains I and II 

are β-barrels, which together resemble the chymotrypsin structure with the active site located in a 

cleft between them, whereas domain III are mainly composed of α-helices. The Au(I) 1 is in the 

active pocket of the Mpro, and it is coordinated by the S atom of Cys145 (Figure 1B, 1C), which 

is the key conserved residue contributing to the catalytic dyad. The Au(I) 2 is at the outer area of 

Mpro and is coordinated by the S atom of Cys156 (Figure 1B). Temperature factor analysis 

shows that the occupancy of two Au(I) ions is partial, indicating that the Au(I) ions are 

introduced into the Mpro gradually from AF or GA. 

Comparison of the state of Au(I)-Mpro with the native state of Mpro shows the introduction of 

Au(I) does not induce the obvious Mpro conformational change (Figure 1C). The Au(I) 1 ion 

specifically binds to the conserved Cys145 and it is trapped in the active pocket (Figure 1C), 

indicating that it can block the active site and inhibit the catalytic function of the key residues of 

the catalytic dyad. For AF or GA treated Mpro, the distances between the Cys145 and Au(I) is 

2.2Å and 2.3Å ,respectively. Such a short bond length confirms that the Au(I) covalently binds 
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to S atom of Cys145 (Figure 1C, Figure S3). Once Au(I) bonds the Cys145, the distance 

between the catalytic dyad Cys145 and His41 change from 3.7Å to 3.9Å (Figure 1C). Although 

there are 12 Cys residues in Mpro monomer (Cys16, Cys22, Cys38, Cys44, Cys85, Cys117, 

Cys128, Cys145, Cys156, Cys160, Cys265, Cys300), only Cys145 and Cys156 specifically bind 

to the Au(I). To further verify Au(I) ions covalently binding to the S atom of Cys145 and 

Cys156, the interaction energies between Au and Mpro protein were calculated by density 

functional theory (DFT) methods. The bond dissociation energies (EBD’s) between Au(I) and 

Mpro are 46.1 kcal mol−1 for Cys145 and 26.5 kcal mol−1 for Cys156, respectively (Figure 1D). 

Such large EBD’s suggest that the Au atoms firmly bind to Cys145 and lock the active pocket of 

Mpro, which efficiently inhibit the catalytic activity.  

AF or GA inhibited SARS-CoV-2 Mpro activity, suppress SARS-CoV-2 replication and inhibit 

inflammatory cytokine expression in cell 

To exam whether AF or GA can well inhibit Mpro activity. The IC50 of AF or GA was 

determined via the reported method (19). In order to characterize Mpro activity, we used a 

fluorescence resonance energy transfer (FRET) assay. To do this, a fluorescence labeled 

substrate, (EDNAS-Glu)-Ser-Ala-Thr-Leu-Gln-Ser-Gly-Leu-Ala-(Lys-DABCYL)-Ser, derived 

from the auto-cleavage sequence of the viral protease was chemically modified for enzyme 

activity assay. For inhibiting Mpro activity in vitro, IC50 of AF is ~0.46 µM (Figure 2A) and that 

of GA is ~3.30 µM (Figure 2B), respectively. Compared with the IC50 of reported compounds 

(0.67µM for Ebselen), AF shows very strong ability to inhibit Mpro in vitro (9, 10). 

We further studied the EC50 of AF or GA to see if these gold compounds could significantly 

inhibit SARS-CoV-2 replication in Vero cell in the Biosafety Level-3 Lab of China CDC via the 
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following reported methods (6). The EC50 of AF is ~0.83 µM (Figure 2C) and that of GA is 

~7.32µM (Figure 2D), respectively. The EC50 of FA is very close to that of Remdesivir in 

SARS-CoV-2 infected Vero cell (6). Recently, Mukesh Kumar et al. reported that AF could well 

inhibit SARS-CoV-2 replication in infected Huh cell and the EC50 of AF was ~1.4 µM, and they 

explained that inhibition of SARS-CoV-2 replication may be induced by gold compound 

suppressing the thioredoxin reductase activity and inducing ER stress of host cell (20). Based on 

our crystal structure studies and Mpro activity data, we believe that gold compounds inhibit 

SARS-CoV-2 replication via Au(I) binding to Cys145 of Mpro and further suppressing it activity 

in host cell. 

Most recently, a clinical study revealed that severe COVID-19 patients have a hyper-

inflammatory immune response associated with macrophage activation (5). By using the RA 

treatment drugs, Ruxolitinib, to inhibit the activation of NFκB pathway in macrophages, down-

regulation of the expression level of IL-6, IL-1β, TNF-α were acquired and the oxygenation and 

clinical status of most severe patients on supplemental oxygen improved relatively rapidly. This 

clinical study matches viewpoints of the recent review papers (21, 22, 23, 24, 25). To further 

verify the fact that AF or GA can well inactivate NFκB in macrophage cells and further down-

regulate expression of IL-6, IL-1β, TNF-α cytokine therein, the macrophage line RAW264.7 

were cultured and incubated with a serial dose of AF or GA for 24 hours, respectively. The low 

dose of AF (1.2 µM) significantly suppressed IL-6, IL-1β and TNF-α expression levels in the 

macrophages (Figure 2E). GA of high dose (40µM) significantly suppressed inflammatory 

macrophage producing IL-6, IL-1β, TNF-α (Figure 2E). In inflammatory macrophages, the 

nuclear factor NFκB is the key signaling pathways that regulate the inflammatory mediator 

genes. Inflammatory factors can induce the activation of the IκB kinase (IKK) complex, cause 
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subsequent degradation of IκB proteins, and release p-p65 which enters the nuclei to induce the 

expression of TNF-α, IL-1β and IL-6.  In Figure 2E, AF or GA treatment could well decrease 

IKK phosphorylation level, this further suppressed IκB phosphorylation and inhibit p65 

phosphorylation.  AF of low dose (1.2 µM) could well inhibit phosphorylation of IKK, IκB, and 

p65, thus suppress the NFκB activation (Figure 2E). In contrast, GA of high dose (40 µM) could 

significantly inhibit phosphorylation of IKK, IκB, and p65, thus suppress NFκB activation in 

inflammatory macrophage (Figure 2E). For COVID-19, virus infected bronchial epithelial cell 

would activate NFκB pathway to express inflammatory cytokine, these cytokines will activate 

macrophage into inflammatory status (22, 23, 24). We also carried studies to verify gold 

compound could inactivate NFκB pathway and suppress inflammatory cytokine express level in 

inflammatory human bronchial epithelial cells (Figure 2F). AF in low dose of (0.15µM) and GA 

of high dose (20 µM) could significantly inhibit phosphorylation level of IKK, IκB, p65 to 

suppress NFκB activation, thus well inhibit IL-6, IL-1β, and TNF-αinflammatory cytokine 

expression in cell (Figure 2F). Although the aforementioned data showed AF is more active to 

suppress inflammatory cytokine in cell studies. However, previous reports revealed that GA (5 

mg/kg.bw) could well treat RA when compared with auranofin (6 mg~9 mg/kg.bw) (11, 12, 14, 

15), this implied that the therapy efficiency is similar when AF and GA applied in RA treatment 

in vivo even they show significant different potency in cell studies. 

The toxicity study of AF or GA compounds in vitro/vivo 

As the safety features of AF or GA are key parameter for their later animal studies, we firstly 

checked the gold compounds’ toxicity in Vero E6 cell, bronchial epithelial cells, and 

macrophages as these cells play key role in SARS-CoV-2 replication and inflammatory cytokine 

production, respectively (5, 6, 22, 23, 24). For human bronchial epithelial cells (16HBE), CC50 
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of AF is about ~0.6 µM while the GA shows no cell toxicity even at a concentration of 100 µM 

in cell culture media for 48 hrs (Table 1 and Figure S5a). For Vero E6 cell, CC50 of AF is 

about ~2.2 µM and GA show none cell toxicity when 100 µM gold clusters were introduced in 

cell culture media for 48 hrs (Table 1 and Figure S5b). And for macrophages (RAW264.7), 

CC50 of AF is about ~2.4 µM and GA show no cell toxicity when its dose increased to 100 µM 

in cell culture media for 48 hrs (Table 1 and Figure S5c). For mice acute toxicity, the 

intraperitoneal LD50 for AF is about ~33.8 mg/kg (26), and that for GA is over ~1000 mg/kg 

(none mice dead, see Supplementary Materials for detail). For rat acute toxicity, the 

intraperitoneal LD50 for AF is ~25.5 mg/kg and that for GA is about ~288 mg/kg.bw (14, 26). 

For rat/mice RA treatment, oral AF in dose of 6~9 mg/kg.bw and intraperitoneal injection GA at 

5 mg/kg.bw both  significantly suppress inflammatory cytokine level and get similar outcome to 

RA rat/mice (13, 14, 15, 16). The aforementioned cell, mice and rat toxicity, and RA mice/rat 

treatment data all imply that GA are more safety than AF when consider their treatment COVID-

19 in vivo.  

GA significantly suppress SARS-CoV-2 replication in lung and protect lung from 

inflammatory injury in COVID-19 mice model 

The COVID-19 mice model was generated following recently reported method and detailed 

procedures are illustrated in Figure 3A (27). Briefly, twelve BLAC/C mice were divided into 3 

groups, mice were anesthetized with pentasorbital sodium and transduced intranasally with 

2.5×108 FFU of Ad5-ACE2 in 50 μL DMEM. Five days post transduction, the mice received a 

dose of 15 mg/kg.bw GA via intraperitoneal injection (i.p.) 1 hour before SARS-CoV-2 

infection. An equivalent volume of normal saline (NS, 0.9% NaCl) was administered as a 

control. Then mice were infected intranasally with SARS-CoV-2 (1×105 PFU) in a total volume 
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of 50 μL DMEM. After virus infection at day 0, mice received GA or NS treatment for three 

time as illustrated in Figure 3A. All mice were euthanized at day 4 and the body weight loss, 

SARS-CoV-2 RNA copies in lung, lung pathological change, key inflammatory cytokine level 

(IL-6, IL-1β, TNF-α) in lung were studied.  

The COVID-19 mice model was successfully produced. In the SARS-COV-2 infected mice 

treated by NS, significant body weight loss (Figure 3B), higher SARS-CoV-2 RNA copies in 

lung (Figure 3C), and severe bronchopneumonia and interstitial pneumonia and infiltration of 

lymphocytes within alveolar were clearly observed (Figure 3D). The pathological scores of mice 

lung tissue were assessed by grading the injury from 0 to 4 in accordance with the INHAND 

scoring standard, the average pathological score of virus infected mice treated by NS is about ~3 

(Figure 3E). The body weight loss of GA treated mice was slighter when compared with that of 

NS treated COVID-19 mice (Figure 3B). The number of viral RNA copies in lung of GA treated 

mice was with about ~4×log104, it was significant lower than the NS treated infected mice 

~5×log105 (Figure 3C). We further evaluate the therapeutic effect through a histopathological 

analysis of lung tissue of the mice. The SARS-CoV-2 infected mice treated with NS showed 

severe lung inflammation. The alveolar septum, bronchus, bronchioles and perivascular 

interstitium were significantly widened, along with more lymphocytes and a small number of 

neutrophils infiltrated. Also, a small number of lymphocytes and exfoliated epithelial cells were 

found in the lumen of local bronchioles of NS treated mice (Figure 3E, Figure S6). Treatment 

with GA abrogated the characteristic signs of lung inflammation in SARS-CoV-2 infected mice. 

Local alveolar septum, bronchi, bronchiole and perivascular interstitial widening significantly 

decreased. Although there was still some lymphocytic infiltration, the mucosal epithelium of 

bronchus and bronchioles was intact, and there was no foreign body in the lumen, which was 
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comparable to lung tissue sections of the mock mice that were not infected by the SARS-CoV-2. 

In Figure 3D, the mean pathological score obtained from histopathological lung observation 

further demonstrated that GA significantly (p < 0.001) reduced pathological scores (~1.8) 

compared with those of SARS-CoV-2 infected mice treated with NS (~3.0). The inflammatory 

cytokines in lung of the mice were shown by immuno-fluoresce imaging, and the IL-6, IL-1β, 

TNF-α express level in lung of GA treated mice was lower than that of NS treated mice. The GA 

treatment of COVID-19 mice significantly protect lung from injury via inhibiting virus 

replication and suppressing the inflammatory cytokine expression in SARS-CoV-2 infected 

mice. 

The bio-distribution, tissue pathologic, and pharmacokinetic studies of GA in mice/rat  

In aforementioned COVID-19 model study, BLAC/C mice were treated with GA in dose of 15 

mg/kg.bw for 4 times. To check the tissue distribution of Au ingredient and see if Au ingredient 

induced tissue side effects, six normal BLAC/C mice in the treatment group were 

intraperitoneally injection of 15mg/kg.bw GA 4 times for 1 time/day, and the mice in the control 

group were injected with NS in same way. During this study, we didn’t observe any side effects 

in the GA treated mice on aspects of movement, outlooking, sleeping, and eating behaviors. The 

pathological images of mouse brains, hearts, livers, lungs, spleens, and kidneys were showed in. 

For mouse tissue sections dyed by Hematoxylin-eosin (HE), no pathological change was found 

when compared GA with NS treated mice, which implied 15mg/kg.bw GA treatment is safe for 

mice in this study (18). The Au ingredient distribution in mice organs was analysis by ICP-

MASS and the result shown in Table 2. In lung, the Au element concentration is ~51.07µg/g, 

which accountable for GA inhibiting virus replication and suppressing inflammatory cytokine 
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level therein. The gold ingredient distribution in hearts, livers, kidneys, brains, and spleens can 

be beneficial for COVID-19 treatment as they can potentially inhibit SARS-CoV-2 replication 

and suppression inflammation cytokine level therein. As shown in Table 2, the Au ingredient 

mainly concentrated on spleen, heart, and kidney. The high level of Au in kidney implied the Au 

ingredient may quickly excrete via urine, this is consistent with the following pharmacokinetics 

data of GA in rat model (Table 3).  

When gold compounds are applied in later preclinical animal studies to against COVID-19, the 

pharmacokinetics parameter should be clarified firstly. The pharmacokinetics study of gold 

cluster via intraperitoneal injection rat was shown in Table 3. After rats are intraperitoneally 

injected 5 mg/kg.bw of GA for one time, Au concentration of plasma was tested in different time 

point and kinetic characteristics of gold cluster in rats were analyzed. According to the calculated 

parameters, the values of Tmax for GA in male or female rats were 2 hours and the values of Cmax 

for GA in male or female rats were 29.99µg/mL or 31.750µg/mL, respectively. The values of 

t1/2z for GA in male or female rats were 21.626 hr or 11.068 hr, respectively. Combine the data 

analysis of intravenous injection of GA at 5 mg/kg.bw (Table S2), the F values of bioavailability 

(Table 3) for GA in male or female rats were 92.06% or 96.41%, respectively. These data 

confirmed that GA has favorable bioavailability in vivo.  

Discussion 

Gold compounds have been developed for diseases treatment in long history. US FDA has 

approved AF to treatment RA disease and to treat amebiasis, respectively, although it is with 

severe side effects for patients (11, 27). However, there are no reports to disclose whether gold 

compounds could treat COVID-19 or not in vivo. Our studies firstly revealed that Au(I) derived 
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from AF or GA can specifically bind to thiolate of Cys145 of SARS-CoV-2 Mpro although there 

are 12 free Cys residues in Mpro monomer (9,10). As Cys145 is the conserved residue of the 

catalytic dyad of Mpro, such Au(I)-Cys145 binding significantly suppress Mpro activity. Because 

Mpro plays key role in virus replication, therefore AF or GA could significantly inhibit SARS-

CoV-2 replication in cell. In addition, AF or GA could significantly down-regulate NFκB 

activation and further decrease inflammation cytokine expression level of IL-6, IL-1β and TNF-α 

in macrophages and human bronchial epithelial cells, respectively. The COVID-19 mice model 

studies showed that GA effectively inhibited SARS-COV-2 replication in lung and significantly 

protected lung from inflammation injury, and body weight loss of COVID-19 mice were 

obviously suppressed via GA treatment. The mice/rat acute toxicity studies revealed GA is more 

safety than AF in vivo. The pharmacokinetics data confirmed that GA has favorable 

bioavailability, over 90%, GA metabolism well distributed in lung and other organs but has not 

induced pathological changes of these organs. Now, the GA is under further preclinical COVID-

19 studies.   
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Fig. 1. The X-ray crystal structure of gold compounds treated Mpro in Au-S bound state.
(A) The cartoon and surface presentation of Mpro homodimer in Au-S bound state with Chain A
and Chain B colored in green and violet, respectively. (B) The cartoon presentation of one Mpro

monomer with Domain I-III colored in light blue, light pink and pale cyan. Right images, The
enlarged views of the Au(I)-S bound sites. The anomalous difference Fourier maps (blue mesh,
contoured at 5 sigma) are shown for Au(I) 2 and Au(I) 1. The residues His41, Cys145 and
Cys156 are shown in sticks and two Au(I) ions are shown in spheres. (C) Comparison of Au(I)-S
bound state with the native state of Mpro. Superposition of crystal structures of AF treated
(purple), GA treated (yellow) and untreated Mpro (blue). Right images, the catalytic pocket of
native and Au(I)-S bound Mpro in surface presentation and the surrounding residues shown in
sticks. For observation of Au(I)-Cys156 interaction, see Figure S4. (D) DFT calculation of
interaction between Au(I) ions and Cys145 and Cys156 of Mpro, respectively. Left images show
protein binding pockets consisting of amino acids and one Au(I) ions. Right images showed
geometrically relaxed structures for the binding pockets encapsulating the Au(I), all Au−N
atomic distances (in Å) within 5 Å are labeled with the corresponding distances obtained from
the experimental crystal structure given in parentheses for comparison. C, N, O, S, and Au atoms
are displayed in grey, blue, red, pink, and yellow colors, respectively. All H atoms are not shown
for clarity. 
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Fig. 2. AF or GA inhibit Mpro activity, suppress SARS-CoV-2 replication, and inactivate the
NFκB pathway and suppress inflammatory cytokine expression in cells. (A) IC50 of AF. (B)
The IC50 of GA. (C) EC50 of AF. (D) EC50 of GA. (E) For macrophages, low dose of AF
(1.2µM) and high dose of GA (40 µM) significantly down-regulated NFκB activity and inhibit
IL-6, IL-1β, TNF-α inflammation cytokine expression. (F) For human bronchial epithelial cell,
low dose of AF (0.15 µM) and high dose of GA (20 µM) significantly reduce phosphorylation
level of IKK, IκB, and p65 to suppress NFκB activation, thus inhibit IL-6, IL-1β, TNF-α
inflammatory cytokine expression. 
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Fig. 3. The GA or NS treatment of COVID-19 mice. (A) The schematic diagram of GA or NS
treated COVID-19 mice model. (B) The body weight loss of infected mice treated by GA or NS.
(C) The virus RNA copies in lungs of mice at day 4 (unpaired t-test, ***p < 0.001). (D)
Representative Hematoxylin-eosin (HE) staining of lungs from BALB/c mice harvested at the
indicated time. (E) Histological scores of lung inflammation in SARS-CoV-2 infected mice. 
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Table 1. Animal acute toxicity and cytotoxicity of GA and AF 

Animal/cell  
Gold compounds 

GA AF 

BALB/c Mice  LD50 >1000 mg/kg.bw LD50 ~33.8 mg/kg.bw 

SD Rat  LD50 ~288 mg/kg.bw LD50 ~25 mg/kg.bw 

epithelial cell  CC50 >100µM CC50 ~0.6µM 

Vero cell  CC50 >100µM CC50 ~2.2µM 

macrophage  CC50 >100µM CC50 ~ 2.4µM 
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Table 2. Distribution of Au in mice tissue 

Tissue   
 Concentration 

 (µg/g) 

plasma   15.01±0.30 

brain   2.52±0.90 

heart   10.3± 3.0 

lung   51.07± 10 

spleen   292.7± 12 

liver   312.7±7.0 

Spleen    624±2.70 
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Table 3.  The pharmacokinetics of GA in SD Rat  

parameter unit 
value 

ip01（Female） ip02（Male） 

AUC(0-t) mg/L*h 533.680 509.615 

AUC(0-∞) mg/L*h 599.607 785.906 

AµMC(0-t)  6371.497 7609.285 

AµMC(0-∞)  9797.793 26177.773 

MRT(0-t) h 11.939 14.931 

MRT(0-∞) h 16.340 33.309 

VRT(0-t) h^2 83.183 123.090 

VRT(0-∞) h^2 258.916 1045.121 

t1/2z h 11.068 21.626 

Tmax h 2 2 

CLz/F L/h/kg 0.008 0.006 

Vz/F L/kg 0.133 0.199 

Cmax mg/L 31.750 29.990 

F % 96.407 92.060 
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Supplementary Materials  
 
Materials and Methods: 
 
Molecular formula of AF and GA 
The molecular formula of GA is Au29SG27 with a molecular weight of 13, 983 Da, single GA is 
composed of 28 Au atom and 27 glutathione molecules (see reference 14 in manuscript for 
detailed information). The molecular formula of AF is C20H35AuO9PS with a molecular weight 
of 679 Da. 
 
Cloning, expression and purification of SARS-CoV-2 Mpro in E. coil 
The full-length gene encoding SARS-CoV-2 Mpro was optimized and synthesized for Escherichia 
coli (E. coil) expression (GENEWIZ). Then the gene was cloned into a modified pET-28a 
expression vector with an N-terminal (His)6-tag followed by a Tobacco etch virus (TEV) 
cleavage site. The construct was confirmed by DNA sequencing. The plasmid was further 
isolated and transformed into the Escherichia coli Rosetta (DE3) expression strain (Invitrogen). 
The cells containing the plasmids above were grown to an OD600 of 0.8 and induced with 
isopropyl b-D-thiogalactopyranoside (IPTG) to a final concentration of 0.5mM at 16 °C for 14 h.  
Cells were then harvested by centrifugation at 4600g, resuspended in lysis buffer (l20mM 
Tris/HCl, pH 8.0, 20 mM imidazole and 300 mM NaCl) and lysed by French press, the lysate 
was centrifuged at 15 000 g for 50 min. Then the supernatant was loaded on to a Ni-NTA 
column pre-equilibrated with lysis buffer, and washed with 20 mM Tris/HCl, pH 8.0, 300 mM 
NaCl and 50 mM imidazole. The protein was eluted in 20 mM Tris/HCl, pH 8.0, 150 mM NaCl 
and 300 mM imidazole. TEV protease was added to the His tag fused protein and dialyzed 

overnight into anion-exchange chromatography buffer A（20mM Tris/HCl, pH8.0, 20mM NaCl, 
1mM DTT, 1mM EDTA. The protein was further purified using a Resource-Q column of AKTA 
fast protein liquid chromatography (GE Healthcare) by elution with a linear gradient of 20-500 

mM NaCl ,20 mM Tris/HCl，1mM EDTA，1mM DTT and pH 8.0. The purity was analysed by 
SDS/PAGE at each step. The purified and concentrated SARS-CoV-2 Mpro was stored in 20mM 
Tris-HCl (pH7.3), 20mM NaCl, 1mM DTT, 1mM EDTA for enzyme activity assays and 
crystallization.  
 
LC-MASS studies of native Mpro  
In brief, 5 μl of puried Mpro were applied in following studies. Liquid chromatography–mass 
spectrometry analyses were performed in positive-ion mode with a quadrupole-time-of-flight 
mass spectrometer combined with a high-performance liquid chromatograph for detecting the 
molecular weight of native Mpro Mass deconvolution was performed using Agilent MassHunter 
Qualitative Analysis B.06.00 software with BioConfirm Workflow. 
 
Crystallization, data collection and structure determination 
Mpro crystallization screening was carried out at 22 °C using the sitting-drop vapor-diffusion 
technique that 0.7μl 6mg/ml protein solution mixed with an equal volume of reservoir solution. 
Initial crystals were found under the crystallization conditions of the PEG/Ion Screen Kit in 
Crystal Screen (Hampton Research). After optimization, the best crystals of Mpro were obtained 
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under the condition of 200mM KF and 15% PEG 3350 after 4–5 d. Crystals of Mpro were soaked 
in reservoir solutions plus 10mM AF or GA respectively for over 15hr. 
Prior to data collection, all crystals were cryo-protected by plunging them into a drop of reservoir 
solution supplemented with 10–20% glycerol, then flash frozen in liquid nitrogen. The 
diffraction data were collected at the beamlines in Shanghai Synchrotron Radiation Facility and 
were processed using softwares HKL3000 (1) or XDS (2). 
The initial phase was determined by molecular replacement method using the program Phaser 
from CCP4 program suit (3), with the crystal structure of SARS-CoV-2 main protease Mpro in 
complex with an inhibitor N3 (PDB entry 6LU7) as the initial model (4). The refinement was 
carried out using Phenix (5) and Refmac (6), model building was carried out by COOT (7), and 
MolProbity (8) was used to validate the structure. The locations of Au (I) ions were identified 
according to the anomalous difference Fourier maps. Data collection and refinement statistics are 
listed in Table S1. The structural figures were prepared using PyMOL (http://www.pymol.org).  
 
DFT Computation of Au(I)-Mpro binding energy. 
The interaction energies between Au and Mpro protein were calculated by density functional 
theory (DFT) calculations. According to its crystal structure (Figure 1 in manuscript), the 
protein has two binding pockets for Au and each encapsulates an Au atom (Figure 1 in 
manuscript). The two Au atoms are binding with the S atoms of Cys145 and Cys156, 
respectively. To simulate the chemical environment of Au atoms, the residues within 5 Å from 
the Au atoms were considered. Specifically, Ser144, Cys145, Gly146, Arg40, His41, and Val42 
in the first pocket (Figure 1D) and Tyr101, Lys102, Phe103, Asp155, Cys156 and Val157 in the 
second pocket (Figure 1D) were considered. There are four peptide bonds in each pocket. To 
maintain the skeleton structures of the two pockets, positions of C and N atoms of the peptide 
bonds were fixed and all the other atomic positions were allowed to be relaxed during the 
geometry optimizations. The B3LYP functional in conjunction with the SDD basis set for Au 
and the 6-31G(d,p) for nonmetal atoms were applied. The SDD pseudopotential was also applied 
for Au. During geometry optimizations, SMD solvation model was utilized to model the water 
environment. All the calculations were carried out using Gaussian 09 package. 
The bond dissociation energy (EBD) between Au and the protein binding pockets was calculated 
using the following equation, 
EBD = EAu + Eligands – Ecomplex 
where EAu, Eligands, and Ecomplex were the total energies of the complex, ligands of the pocket, and 
Au atom, respectively. Eligands was obtained by single-point energy calculation based on the 
optimized geometries of complexes with Au atom removed. 
DFT calculations confirmed that Au atoms preferred to form S−Au bonds with the thiol groups 
(Cys145 in Figure 1D and Cys156 in Figure 1D) of the protein binding pockets, in agreement 
with Figure 1 in manuscript. In addition, the N atoms of Ser144 and Cys145 (Figure 1D) and 
those of Tyr101 and Lys102 (Figure 1D) have distances within 5 Å from the corresponding Au 
atoms, suggesting the considerable electrostatic interactions between N and Au atoms. The bond 
dissociation energies (EBD’s) between Au and the two pockets are 46.1 kcal mol−1 and 26.5 kcal 
mol−1, respectively. Such large EBD’s suggest that the Au atoms are firmly locked the pockets, 
which may efficiently inhibit the protein activity. 
 
IC50 of gold compounds for Mpro 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 16, 2020. ; https://doi.org/10.1101/2020.10.16.342097doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.16.342097


25 
 

When the Auranofin or gold cluster was added into the enzymatic reaction solution, the change 
of initial rates was measured to evaluate their inhibitory effect. The gold molecule inhibit Mpro 
activity reaction mixture included 0.5 μM Mpro protein, 20 μM substrate (EDNAS-Glu)-Ser-Ala-
Thr-Leu-Gln-Ser-Gly-Leu-Ala-(Lys-DABCYL)-Ser)  (ChinaPeptides Co.,Ltd, Suzhou) and 
molecules from aforementioned gold compound. IC50 values of two gold compounds were 
measured using 0.5 μM protein, 20 μM substrate and 11 different inhibitor concentrations of 
compounds, respectively. Fluorescence intensity was monitored by the multimode plate reader 
(Bio-rad), excitation at 340nm and emission at 535nm. All experiments were performed in 
triplicate. 
 
EC50 of gold compounds in Vero cell 
Experiments with SARS-CoV-2 were performed under biosafety level 3 (BSL-3) conditions at 
Chinese Center for Disease Control and Prevention, P. R. China. Vero cells were infected with 
SARS-CoV-2 at a multiplicity of infection (MOI) of 0.015 diluted in DMEM/F12 without FCS 
at 37°C for 1 h. Cells were washed with DMEM/F12 with 10% FCS and supplemented with 
auranofin or gold cluster in different concentrations. For solvent control, cells were only treated 
with 1% DMSO. 48 hours after infection (h.p.i.), cells supernatant were collected and virus RAN 
was subjected to qRT-PCR. All experiments were performed in triplicate. 
 
Western blot analysis of NFκB and inflammatory cytokine in macrophage and bronchial 
epithelial cell 
 RAW 264.7 or 16HBE cell were seeded into 6 well plates at a density of 2 × 106cells/well. After 
incubation without or with TNFα (50ng mL−1) and different concentration of auranofin or gold 

clusters for 24 h, the cells were collected and lysed with RIPA buffer (50 mmol L−1Tris‐HCl, pH 

7.4, 150 mmol L−1 NaCl, 1% Triton X‐100, 1% sodium deoxycholate, 0.1% SDS, 1 mmol 
L−1 sodium orthovanadate, 50 mmol L−1 NaF, and 1 mmol L−1ethylenediaminetetraacetic acid) 
along with protease inhibitor (Roche Molecular Biochemicals). The lysate was centrifuged at 13 
000 rpm for 10 min, and the supernatant was stored for subsequent analysis. The concentration 
of protein was determined using a microplate spectrophotometer (SpectraMax M4, Molecular 
Devices, USA) at a wavelength of 595 nm. An equal quantity of protein (50 µg) was separated 

by 10% SDS‐PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane (0.45 µm, 

Millipore, USA). After blocking, the membrane was incubated with specific antibodies for COX‐

2 (Cell Signaling Technologies, 12282, 1:1000), IL‐1β (Cell Signaling Technologies, 12703, 

1:1000), IL ‐ 6 (Cell Signaling Technologies, 12912, 1:1000), TNF ‐ α (Cell Signaling 

Technologies, 11948, 1:1000), phosphor‐p65 (Cell Signaling Technologies, 3033, 1:1000), p65 

(Cell Signaling Technologies, 3034, 1:1000), phosphor ‐ IκBα (Cell Signaling Technologies, 
2859, 1:1000), IκBα (Cell Signaling Technologies, 4812, 1:1000), IKKα (Cell Signaling 

Technologies, 2682, 1:1000), IKKβ (Cell Signaling Technologies, 8943, 1:1000), phosphor‐
IKKα/β (Cell Signaling Technologies, 2697, 1:1000), followed by incubation with an appropriate 
secondary antibody conjugated to horseradish peroxidase (Beyotime Biotechnology, China).  
 
Cell toxicity of gold compounds in Vero E6, RAW264.7 and 16HBE cell line 
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Serial dose of auranofin or gold cluster were added into cell culture media, respectively. After 48 
hrs incubation with different cell line, cell viability was checked by CCK8 (Beyotime, China) 
following kits instruction, all studies were carried in triplicate. All cells were obtained from 
ATCC with authentication service. 
 
The studies of mice LD50 
100 adult female BALB/c mice for experiments were conducted in compliance with regulations 
of the National Act on the use of experimental animals (China) and were approved by the 
Institutional animal care and ethic committee at the Chinese Academy of Sciences (approved No. 
SYXK (jing) 2014-0023). Their weights ranged between (18g~22g). Mice were housed in plastic 
cages, each cage contained 10 mice. Animals were kept under controlled temperature of 25 ± 2 
oC for12 hours under light and 12 hours dark cycle throughout the experiment. The LD50 was 
studied by a “staircase method” with increasing doses of GA. Ten doses of 100, 200, 300, 400, 
500, 600, 700, 800, 900, 1000mg/kg b.wt., were given to 10 groups of mice (10 in each) for the 
determination of intraperitoneal LD50 in female mice. Animals were observed for the 2, 6, and 
24 hours for any toxic symptoms. After 24 hours, number of died animals was counted in each 
group and LD50 determined by the method of Karber. In this study, none mice were dead within 
24 hour after GA were injected. 
 
The body weight loss, virus load in lung, and lung pathologic studies of GA treated 
COVID-19 mice  
 
Virus and cells 
Specific pathogen-free 6 week old female BALB/c mice were purchased from SiPeiFu 
Laboratory Animal Co (Beijing, China). All protocols were approved by the Institutional Animal 
Care and Use Committees of National, Institute for Viral Disease Control & Prevention, Chinese 
Center for Disease Control and Prevention. The SARS-CoV-2 strains used in this research were 
isolated from COVID-19 patient (BetaCoV/Wuhan/IVDC/-HB -01/2020, EPI_ISL_402119) and 
passaged on Vero cells. The human serotype 5 adenoviral vector expressing human ACE2 under 
the control of the CMV promoter was a gift kindly provided by Dr. Zhao Juncun. 
Viral RNA extraction and RT-qPCR 

Viral RNA was extracted from 100 μL supernatant of infected cells using the automated nucleic 

acid extraction system (TIANLONG, China), following the manufacturer’s recommendations. 
SARS-COV-2 virus detection was performed using the One Step PrimeScript RT-PCR kit 
(TaKaRa, Japan) on the LightCycler 480 Real-Time PCR system (Roche, Rotkreuz, 
Switzerland). The following primers targeting ORF1a were used in the study: 
Forward primer: 5�-AGAAGATTGGTTAGATGATGATAGT-3�;  
Reverse primer: 5�-TTCCATCTCTAATTGAGGTTGAACC-3�;  
Probe 5�-FAM-TCCTCACTGCCGTCTTGTTG ACCA-BHQ1-3�. 
Transduction and infection of mice 
COVID-19 mice generated as previously reported (reference 1 in manuscript), 12 mice were 
divided into 3 groups with four mice each, mice were anesthetized with pentasorbital sodium and 
transduced intranasally by 2.5×108 FFU of Ad5-ACE2 in 50 μL DMEM. Five days post 
transduction, 1 h before infection, mice received a dose of 15 mg/kg GA intraperitoneal injection 
(i.p.) in a volume of 150 μL, an equivalent volume of NS was administered as a control. Then 
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mice were infected intranasally with SARS-CoV-2 (1×105 PFU) in a total volume of 50 μL 
DMEM. Mice received GA or NS i.p. treatment for three days. All mice were weighted at every 
day and euthanized at 4dpi. The lung homogenates were weighed and prepared in differential 
volume of NS (0.1 g tissue with 0.5 mL NS) and crushed for 10 min and then centrifuged at 3000 

rpm for 10 min at 4 ℃. The 100 μL supernatant of lung homogenates were collected to extract 
viral RNA and qRT-PCR were used to assess the SARS-CoV-2 RNA copies.  
Pathological Examination of mice 
Animals were anesthetized and the lungs were fixed in 4% (v/v) paraformaldehyde solution for 
48 hours, and the paraffin sections (3-4 μm) were prepared routinely. The paraffin sections were 
stained with Hematoxylin and Eosin (H&E) to identify histopathological changes in the lungs. 
The histopathology of the lung tissue was observed by light microscopy. 
All work with SARS-CoV-2 was conducted in the Biosafety Level 3 (BSL3) Laboratories of 
National Institute for Viral Disease Control & Prevention, Chinese Center for Disease Control 
and Prevention. 
 
Bio-distribution, side effects, and pharmacokinetics study of gold compounds in mice/rats 
BALB/c female Mice and SD Rats for experiments conducted in compliance with regulations of 
the National Act on the use of experimental animals (China) and were approved by the 
Institutional animal care and ethic committee at the Chinese Academy of Sciences (approved No. 
SYXK (jing) 2014-0023). The mice were intraperitoneally injected at dose of 15mg/kg for 4 
times (one time/day by 4 days). The 6 hours after the last GA injection, the mice were 
anesthetized and half of the organ were analysized by ICP-MASS to check the Au ingredient in 
blood, brain, heart, lung, liver, spleen, and kidney. Half of the main tissues were fixed in 4% (v/v) 
paraformaldehyde solution for 48 hours, and the paraffin sections (3-4 μm) were prepared 
routinely. The paraffin sections were stained with Hematoxylin and Eosin (H&E) to identify 
histopathological changes. The Au ingredient in half of organs were with ICP-MS (Thermo-X7). 
After intraperitoneal injection or intravenous injection of 5mg Au/kg.bw for male and female SD 
rat, respectively, bloods were collected from jugular vein at serial time point. The blood content 
of Au was analyzed with ICP-MS (Thermo-X7). PK parameters were determined using a non-
compartmental analysis with PKSolver. 
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Figure S1. The purification of SARS-CoV-2 Mpro. (a), The SDS-PAGE gel of Mpro-His tag and
Mpro. (b), Size-exclusion chromatography profile of native Mpro. 
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Figure S2. The mass spectra of native Mpro. 
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Figure S3. The structure of Mpro treated by GA. (a) The cartoon presentation of one Mpro

monomer. (b, c) The enlarged views of the Au(I)-S bound sites. The anomalous difference
Fourier maps (blue mesh) are shown for Au(I)2 (b) and Au(I)1 (c).  
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Figure S4. Comparison of Au(I) 2-binding pocket with native. (a) and Au(I)-S(Cys156) bound
Mpro (b) in surface presentation and the surrounding residues shown in sticks. 
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Figure S5. Cell viability of AF and GA. (a) 16HBE cell viability when cell exposed serial dose
of AF or GA for 48 hrs, respectively. (b) Vero E6 viability when cell exposed serial dose of AF
or GA for 48 hrs, respectively. (c) RAW264.7 cell viability when cell exposed serial dose of AF
or GA for 48 hrs, respectively. 
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Figure S6. The lung sections of normal mice, NS treated mice, and GA treated mice. 
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Table 1. Data collection and refinement statistics 

 Mpro-AF treated Mpro-GA treated Mpro-Native 

Data collection    

Wavelength (Å) 0.86 0.98 0.98 

Space group C2 C2 C2 

Cell dimensions    

   a, b, c (Å) 114.3, 54.0, 44.7 113.8, 53.8, 44.6 113.9, 53.8, 44.7 

α, β, γ (°)  90.0, 101.8, 90.0 90.0, 102.0, 90.0 90.0, 101.5, 90.0 

Resolution (Å) 50-2.75 (2.90-
2.75) a 

50-1.72 (1.75-
1.72) a 

50-1.77 (1.80-
1.77) a 

Rmerge 0.094 (0.154) 0.089 (0.823) 0.070 (0.542) 

〈 I/σ(I)〉 14.0 (7.0) 33.8 (2.2) 24.3 (2.4) 

Completeness (%) 96.4 (80.9) 99.8 (100.0) 99.3 (95.9) 

Redundancy 5.4 (3.4) 6.2 (6.0) 6.6 (4.9) 

Refinement    

Resolution (Å) 50-2.75 50-1.72 50-1.77 

No. reflections 6,781 27,941 25,369 

Rwork/ Rfree 0.196/0.230 0.199/0.237 0.209/0.254 

No. atoms    

   Protein 2,329 2,329 2,329 

   Au  2 2 0 

   Water 111 235 239 

B-factors 34.8 37.8 23.5 

Rmsd bond length (Å) 0.006 0.008 0.008 

Rmsd bond angle (°) 1.0 1.0 1.0 

Ramachandran Plot    

Favoured (%) 97.7 97.7 99.0 

Allowed (%) 2.3 2.3 0.7 

Outliers (%) 0 0 0.3 
a The values in parenthesis mean those of the highest resolution shell. 
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Table S2. Rat Intravenous injection 5 mg/kg.bw of gold cluster 

Parameters Unit 
Parameter value 

iv 01（F） iv 02（M） 

AUC(0-t) mg/L*h 641.972 465.165 

AUC(0-∞) mg/L*h 823.672 556.880 

AUMC(0-t)  8616.252 5459.131 

AUMC(0-∞)  19606.123 10532.811 

MRT(0-t) h 13.422 11.736 

MRT(0-∞) h 23.803 18.914 

VRT(0-t) h^2 110.213 91.859 

VRT(0-∞) h^2 598.942 399.534 

t1/2z h 16.967 13.389 

CLz L/h/kg 0.006 0.009 

Vz L/kg 0.149 0.173 
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