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ABSTRACT. The Covid-19 outbreak requires prompt response, but developing Covid-19-specific
antivirals/vaccine takes time. Near-term alternatives are needed. Based on evolutionary and
physical principles of the key factors controlling the reactivity of Zn-bound Cys, we have identified
putative labile Zn-sites in Covid-19 that can be targeted by Zn-ejector drugs, leading to Zn?* release
and viral structure/function disruption. We propose assessing the efficacy of FDA-approved Zn-

ejector drugs such as disulfiram combined with interferon to treat Covid-19 infected patients.



An outbreak of respiratory sickness caused by a novel coronavirus (Covid-19) has become a
serious public threat and disrupted many lives. Covid-19 has resulted in >73,500 confirmed cases
in 29 countries and >1,800 deaths at the time of writing. These numbers are escalating, but no
proven curative treatment for Covid-19 is available. However, the marketed drug pair (lopinavir-
ritonavir) used to treat HIV infections showed anti-CoV activity in non-randomized trials of SARS
patients,! and is being assessed for efficacy and safety in Covid-19 infected patients.> * This
indicates the timeliness of repurposing FDA-approved drugs to treat Covid-19-infected patients
since developing clinically useful Covid-19-specific therapeutics takes time. Immediate strategies
that could save lives are desperately needed. Here, we identify putative druggable Zn-sites in three
Covid-19 proteins and propose that Zn-ejector drugs such as disulfiram (an anti-alcoholism drug)

can be used to disrupt Covid-19 protein structure/function (Figure 1).
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Figure 1. Schematic diagram to illustrate Zn** release by Zn-ejector drugs such as disulfiram.

Zn* is needed for the replication of many viruses and has been shown to play a crucial role in
viral infections.* It is an essential cofactor in Zn-finger proteins by inducing protein folding and
stabilizing the local structure.’-¢ Certain Zn-finger cores can serve as therapeutic drug targets for

viral infection.”!? These contain labile Zn-sites where the Zn-bound thiolates can react with Zn-



ejectors, leading to loss of viral protein structure/function (Figure 1). Our previous studies showed
that such reactive Zn-bound cysteines are generally found in Zn-Cys, or Zn-Cys;His sites lacking
hydrogen bonds to any Zn-bound Cys(S™), which would reduce the thiolate’s negative charge and
thus reactivity (Supplementary Figure S1).%!! We then used these guidelines to identify new drug

targets; i.e., proteins containing reactive cysteines bound to an essential structural Zn?*.1012

We proposed that Zn-ejecting agents, FDA-approved or in clinical trials (Supplementary Table
S1), can be used to target the predicted labile Zn-sites: We showed that disulfiram, a cysteine
modifier," could eject Zn?* from the predicted labile Zn-Cys, site in the hepatitis C virus (HCV)
NSS5A protein, inhibiting viral replication, and that inhibition was enhanced when disulfiram was
combined with interferon-a.!® Subsequently, disulfiram was found to eject Zn?>* and inhibit
replication in other viruses, notably MERS-CoV and SARS-CoV PLpro papain-like proteases
(PLpro).'* Based on these findings, our aim is to determine if the Covid-19 virus contains

druggable Zn-sites that can be targeted by clinically used Zn-ejectors.

To identify putative Covid-19 druggable Zn-sites, we analyzed the virus genome (GenBank:
MN908947.3) and focused on the replicase polyprotein pplab because its cleavage products,
nonstructural protein (nsp) 7 to nsp16, serve to direct coronavirus RNA synthesis and processing.'s
Since viruses belonging to the order Nidovirales such as coronaviruses share conserved core
replicase domains; e.g., RNA-synthesizing enzymes,”” we searched the pplab sequence for
conserved domains using the Conserved Domain Database'® and found 18 such domains
(Supplementary Table S2). Next, we searched the Protein Data Bank (PDB)!’ for < 3A structures
from other coronaviruses sharing similar function and high sequence identity to each conserved

domain found in the Covid-19 polyprotein using BLASTp'8 (Supplementary Scheme S1). We then



checked each structure for Zn-(Cyss/Cys;His) sites lacking hydrogen bonds to the Zn-bound

Cys(S).

Putative labile Zn-sites with no hydrogen bonds to all Zn-bound thiolates were found in SARS-
CoV structures of PLpro cysteine protease (4mOw_A, 3e9s_A, 5tI7_B) and nspl0 Zn-finger
protein (2xyq_B, 2fyg_A, 5c8u_A, 5nfy_O, 5nfy_P, 2ga6_F, 2ga6_R,5c8t_C). Such a labile Zn-
site was also found in the recent SARS-CoV nspl3 helicase structure (6jyt_B). To obtain the
corresponding Covid-19 nsp13 sequence, we aligned the SARS-Cov helicase and the Covid-19

pplab sequences using BLASTp!® and obtained excellent alignment (Supplementary Table S3).

Table 1. Predicted Covid-19 Drug Target Proteins and their Templates for Building Models

nCoV , | Template protein Zn-ligands Known
. Template . .
domain® in template Zn-ejectors
PLpro AI‘IZOAW_A SARSCOV Flpro 190, C193, Disulfiram
(83%) C225,C227
2xycl_B SARS—COV n§p10 C117.C120,
nspl0 20A in complex with nsp16 None
C128,C130
(98%)
nspl3 or OytB | SARS-Cov C50,C55,
helicase 28 A helicase C72. H75 None
(99%) ’

“Conserved domain found by Conserved Domain Database.! °PDB entry, chain ID and resolution

of protein with highest % sequence identity with nCoV target protein in parentheses.'*

Covid-19 nsp10/nsp13 and PLpro 3d-structures derived from the SARS-CoV structures in Table
| using the SCRWL4!" and MODELLER? program, respectively (Supplementary Figure S2)
confirm the absence of hydrogen bonds to the Zn-bound thiolates. Furthermore, a 3d-structure of
the Covid-19 PLpro with the catalytic cysteine covalently modified by disulfiram obtained using
QM/MM energy minimization shows that the active site can accommodate a covalent adduct with

the catalytic cysteine (Supplementary Figure S3).



To our knowledge, we are the first to combine knowledge of conserved coronavirus domains
and the key factors controlling Zn-bound cysteine reactivity'' to identify new drug sites in Covid-
19. The labile Zn-sites discovered in Covid-19 PLpro, nsp10 and nsp13 are attractive drug targets,
as they play vital structural/catalytic roles: The Zn-binding ability of PLpro, residing in nsp3, is
crucial for structural integrity and protease activity.?! The labile Zn-site in nsp10 transcriptional
factor plays a critical structural role.?? The Zn-binding domain of nsp13 helicase, which catalyzes
dsRNA/dsDNA unwinding, is crucial for helicase activity.”> We propose to disrupt these drug
target protein structures/functions using Zn-ejector drugs such as disulfiram. Previous
experimental studies support our proposal:'* Disulfiram was found to inhibit SARS-CoV PLpro
by ejecting Zn?* thus destabilizing the protein and by modifying its catalytic cysteine.!* Since the
Covid-19 and SARS-CoV PLpro domains share high (83%) sequence identity and structural
similarity, disulfiram may likewise inhibit Covid-19 PLpro by targeting conserved Zn-bound and
catalytic cysteines (Figures | and 2).
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Figure 2. Schematic diagram to illustrate possible mechanism of attack by disulfiram in the

cysteine protease active site

Disulfiram has been used since 1951 with a recommended daily dose of <500 mg. It is safe?*

and cheap (<US$2 per pill in Taiwan). In combination with interferon, disulfiram may



synergistically inhibit Covid-19 replication, as found for HCV.!° Disulfiram may serve as a multi-
target drug acting at various virus life cycle stages: It can inhibit Covid-19 replication by targeting
Zn-bound cysteines in PLpro, nspl0 and nspl3, and catalytic cysteines in cysteine proteases
(PLpro and 3CLpro) that catalyze polyprotein cleavage.” By targeting vital cysteines in multiple
conserved domains, disulfiram might exhibit a higher barrier to Covid-19 resistance than some

antiviral agents, as mutations of Zn-binding/catalytic cysteines would render the virus nonviable.!°

In summary, this study provides a novel strategy combining conserved protein domains with
the key factors controlling Zn-bound Cys reactivity to discover previously unknown druggable
Zn-sites in Covid-19 PLpro, nsp10, and nsp13 domains. It presents an avenue for treating Covid-
19-infected patients using clinically safe Zn-ejecting drugs to attack conserved catalytic and/or Zn-
bound cysteines in multiple targets; thus, assessing their efficacy combined with interferon in
clinical settings would be of great interest. Our strategy based on evolutionary and physical
principles is general and can be used to identify druggable Zn-sites in conserved domains of other
viruses. Importantly, it offers a possible strategy to tackle future outbreaks of pandemic viruses:
FDA-approved drugs for a certain conserved domain may be repurposed to target the same
conserved domain found in a new infectious virus. Furthermore, by targeting conserved domains

with druggable Zn-sites, drugs may be used to treat several types of viruses.

ASSOCIATED CONTENT

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval

to the final version of the manuscript.



ORCID

Karen Sargsyan: 0000-0001-8931-6308

Ting Chen: 0000-0001-8055-3104

Cedric Grauffel: 0000-0002-9478-4699

Carmay Lim: 0000-0001-9077-7769

Funding Sources

This work was supported by research grants from the Ministry of Science & Technology

(MOST-107-2113-M-001-018) and Academia Sinica (AS-1A-107-L03), Taiwan.

Notes

The authors declare no competing financial interests.
ACKNOWLEDGMENT
We thank Tse Wen Chang and Hanna Yuan for reading this manuscript. We are grateful to Tse

Wen Chang and Zhu Tong for helpful discussion.

ABBREVIATIONS

Covid-19, 2019 novel coronavirus; nsp, nonstructural protein; PDB, Protein Data Bank; PLpro,

papain-like protease

REFERENCE

1. Zumla, A.; Chan, J. F. W.; Azhar, E.1.; Hui, D. S. C.; Yuen, K.-Y ., Coronaviruses —
drug discovery and therapeutic options. Nat. Rev. Drug Discov. 2016, 15, 327-47.

2. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu,
X.; Cheng,Z.; Yu, T.; Xia, J.; Wei, Y.; Wu, W; Xie, X,; Yin, W,; Li, H.; Liu, M.; Xiao, Y ;



Gao, H.; Guo, L.; Xie, J.; Wang, G.; Jiang, R.; Gao, Z.; Jin, Q.; Wang, J.; Cao, B., Clinical
features of patients infected with 2019 novel coronavirus in Wuhan, China. The Lancet 2020.

3. Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F.; Han, Y.; Qiu, Y.; Wang, J.; Liu, Y ;
Wei, Y.; Xia,J. a.; Yu, T.; Zhang, X.; Zhang, L., Epidemiological and clinical characteristics of
99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study. The Lancet
2020.

4. Kar, M.; Khan, N. A_; Panwar, A.; Bais, S. S.; Basak, S.; Goel, R.; Sopory, S.;
Medigeshi, G. R., Zinc Chelation Specifically Inhibits Early Stages of Dengue Virus Replication
by Activation of NF-«B and Induction of Antiviral Response in Epithelial Cells. Front. Immunol.
2019, 10, 2347.

5. Parraga, G.; Horvath, S.; Eisen, A.; Taylor, W. E., Zinc-dependent structure of a single-
finger domain of yeast ADRI1. Science 1988, 241, 1489-1492.

6. Dudev, T.; Lim, C., All-Electron Calculations of the Nucleation Structures in Metal —
Induced Zinc-Finger Folding: Role of the Peptide Backbone. J. Am. Chem. Soc. 2007, 129,
12497-12504.

7. Huang, M.; Maynard, A.; Turpin, J. A.; Graham, L.; Janini, G. M.; Covell, D. G.; Rice,
W. G., Anti-HIV Agents That Selectively Target Retroviral Nucleocapsid Protein Zinc Fingers
without Affecting Cellular Zinc Finger Proteins. J. Med. Chem. 1998, 41, 1371-1381.

8. Briknarova, K.; Thomas, C. J.; York, J.; Nunberg, J. H., Structure of a zinc-binding
domain in the Junin virus envelope glycoprotein. J. Biol. Chem. 2011, 286, 1528.

9. Lee, Y.-M_; Lin, Y .-F.; Lim, C., Factors Controlling the Role of Zn and Reactivity of Zn-
Bound Cysteines in Proteins: Application to Drug Target Discovery. J. Chin. Chem. Soc. 2014,
61, 142-150.

10. Lee, Y.-M.; Duh, Y.; Wang, S.-T.; Lai, M. M. C.; Yuan, H. S.; Lim, C., Using an old
drug to target a new drug site: Application of disulfiram to target the Zn-site in HCV NS5A
protein. J. Am. Chem. Soc. 2016, 138, 3856-3862.

11. Lee, Y.-M.; Lim, C., Factors controlling the reactivity of zinc finger cores. J. Am. Chem.
Soc. 2011, 133, 8691-8703.

12. Lee, Y.-M.; Wang, Y.-T.; Duh, Y.; Yuan, H. S.; Lim, C., Identification of labile Zn-sites
in drug-target proteins. J. Am. Chem. Soc. 2013, 135, 14028-14031.

13.  Lipsky,J.J.; Shen, M. L.; Naylor, S., In vivo inhibition of aldehyde dehydrogenase by
disulfiram. Chem. Biol. Interact. 2001, 130-132, 93—-102.

14. Lin, M. H.; Moses, D. C.; Hsieh, C. H.; Cheng, S. C.; Chen, Y. H.; Sun, C. Y.; Chou, C.
Y ., Disulfiram can inhibit MERS and SARS coronavirus papain-like proteases via different
modes. Antiviral Research 2018, 150, 155-163.

15. Snijder, E. J.; Decroly, E.; Ziebuhr, J., The Nonstructural Proteins Directing Coronavirus
RNA Synthesis and Processing. Adv Virus Res. 2016, 96, 59-126.

16. Marchler-Bauer, A.; Bo, Y.; Han, L.; He, J.; Lanczycki, C. J.; Lu, S.; Chitsaz, F.;
Derbyshire, M. K.; Geer, R. C.; Gonzales, N. R.; Gwadz, M.; Hurwitz, D. I; Lu, F.; Marchler, G.
H.; Song,J. S.; Thanki, N.; Wang, Z.; Yamashita, R. A.; Zhang, D.; Zheng, C.; Geer, L. Y ;
Bryant, S. H., CDD/SPARCLE: functional classification of proteins via subfamily domain
architectures. Nucleic Acids Res. 2017, 45, D200-D203.

17. Berman, H. M .; Battistuz, T.; Bhat, T. N.; Bluhm, W. F.; Bourne, P. E.; Burkhardt, K ;
Feng, Z.; Gilliland, G. L.; Iype, L.; Jain, S.; Fagan, P.; Marvin, J.; Padilla, D.; Ravichandran, V ;
Schneider, B.; Thanki, N.; Weissig, H.; Westbrook, J. D.; Zardecki, C., The Protein Data Bank.
Acta Crystallogr., Sect. D: Biol. Crystallogr. 2002, 58, 899-907.



18. Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.;
Madden, T. L., BLAST+: architecture and applications. BMC Bioformatics 2009, 10, 421.

19. Canutescu, A. A.; Shelenkov, A. A.; Dunbrack, R. L., Jr., A graph-theory algorithm for
rapid protein side-chain prediction. Protein Sci. 2003, 12,2001-2014.

20. Webb, B.; Sali, A., Comparative Protein Structure Modeling Using MODELLER. Curr.
Protoc. Bioinformatics 2016, 54,5.6.1-5.6.37.

21. Ratia, K.; Saikatendu, K. S.; Santarsiero, B. D.; Barretto, N.; Baker, S. C.; Stevens, R. C.;
Mesecar, A. D., Severe acute respiratory syndrome coronavirus papain-like protease: Structure
of a viral deubiquitinating enzyme. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 5717-5722.

22. Joseph, J. S.; Saikatendu, K. S.; Subramanian, V.; Neuman, B. W.; Brooun, A.; Griffith,
M.; Moy, K.; Yadav, M. K.; Velasquez, J.; Buchmeier, M. J.; Stevens, R. C.; Kuhn, P., Crystal
Structure of Nonstructural Protein 10 from the Severe Acute Respiratory Syndrome Coronavirus
Reveals a Novel Fold with Two Zinc-Binding Motifs. J. Virol. 2006, 7894-7901.

23. Jia,Z.; Yan, L.; Ren, Z.; Wu, L.; Wang, J.; Guo, J.; Zheng, L.; Ming, Z.; Zhang, L..; Lou,
Z.; Rao, Z., Delicate structural coordination of the Severe Acute Respiratory Syndrome
coronavirus Nsp13 upon ATP hydrolysis. Nucleic Acids Res. 2019, 47, 6538—6550.

24. Srinivasan, T. N.; Suresh, T. R.; Vasantha, J., Adverse effects of disulfiram and patient
compliance. Indian J. Psychiatry 1996, 38, 47-50.

25. Anand, K.; Ziebuhr, J.; Wadhwani, P.; Mesters, J. R.; Hilgenfeld, R., Coronavirus Main
Proteinase (3CLpro) Structure: Basis for Design of Anti-SARS Drugs. Science 2003, 300, 1763-
1767.



10



