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In response to the COVID-19 pandemic, we began a project in March 2020 to identify
small molecule inhibitors of SARS-CoV-2 enzymes from a library of chemical compounds
containing many established pharmaceuticals. Our hope was that inhibitors we found
might slow the replication of the SARS-CoV-2 virus in cells and ultimately be useful in the
treatment of COVID-19. The seven accompanying manuscripts describe the results of
these chemical screens. This overview summarises the main highlights from these
screens and discusses the implications of our results and how our results might be
exploited in future.

Coronaviruses encode multiple enzymes important for viral replication [1], and any of these could be
attractive drug targets. We identified inhibitors of seven enzymes, described in the accompanying
papers. Table 1 summarises the viral enzymes that control SARS-CoV-2 replication, and the best hits
obtained for each that we screened.
Our screens identified several drugs that might be repurposed to treat COVID-19. Suramin, which

we identified as inhibiting both nsp13 RNA helicase and nsp12/7/8 RdRp, is used to treat African
sleeping sickness and river blindness [2,3]. Interestingly, suramin also affects the growth of a wide
range of viruses, in part by interfering with virus-receptor interactions [2,4–6]. Two of the nsp14 cap
methyltransferase inhibitors are also clinically relevant. Trifluperidol is used in the treatment of mania
and schizophrenia. Lomeguatrib is an inhibitor of O6-methylguanine-DNA-methyltransferase [7] and
has been used to enhance the effects of DNA alkylating agents including Temozolomide. A better
understanding of the side effects associated with the doses of these drugs required to suppress viral
growth is needed before considering them for clinical use.
Other inhibitors are further from the clinic. PF-03882845, another nsp14 cap methyltransferase

inhibitor, is a non-steroidal mineralocorticoid antagonist [8] which has been shown to be orally
bioavailable and well-tolerated in humans. GSK-650394, which we found as an RdRp inhibitor, is an
inhibitor of serum and glucocorticoid-activated kinase (SGK1) [9]. Interestingly, GSK-650394 has
previously been shown to inhibit Influenza virus replication in cell models [10]. Dihydrotanshinone I
was the best nsp3/PLpro inhibitor we found and also inhibited viral growth in vitro.
Dihydrotanshinone I is a naturally occurring compound from the plant Salvia miltiorrhiza and did
not exhibit cytotoxicity in our experiments. Further tests of efficacy and toxicity in animal models
might determine whether dihydrotanshinone I has potential in the clinic.
Our screens also identified compounds that might be leads for further drug development. For

example, by optimising the peptide sequence of a peptidomimetic Caspase inhibitor we found in the
screen, we were able to generate an inhibitor of nsp5 Main protease with an IC50 of less than 1 nano-
molar. Though this drug (Z-AVLD-FMK) was relatively ineffective in preventing virus replication in
cell culture, it represents a good starting point for developing better, perhaps more bioavailable, inhi-
bitors. It may ultimately be important to obtain atomic resolution structures of each of the enzymes
with their inhibitors to inform the chemistry required to improve inhibitor efficacy.
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Our inhibitors, taken together, comprise a nascent ‘chemical toolbox’ for studying SARS-CoV-2. Such a
toolbox could be used to study the roles of these enzymes in the intracellular phase of the coronavirus cycle,
identifying major vulnerabilities. Moreover, by determining the effects of combinations of inhibitors on viral
growth, novel approaches to combination therapies may be identified. In this regard, the efficacy of the nsp14
methyl transferase inhibitors was enhanced by combination with remdesivir, suggesting an interesting possibil-
ity for a combination therapy. Nsp14/10 has been hypothesised to act as a ‘proofreading exonuclease’ during
virus replication [11–13]. Interestingly, nsp14/10 exonuclease inhibitors did not exhibit any additive effects
with remdesivir. Remdesivir acts as a delayed chain terminator, terminating three nucleotides after its incorpor-
ation [14,15], and thus may evade proofreading by nsp14/10. It will be interesting to examine this possibility
with the purified proteins and to determine if nsp14/10 inhibitors make direct chain terminators more effective
in inhibiting viral replication. Many of the enzymes we examined are highly conserved in coronaviruses. It will
be important to test these inhibitors across a wide range of coronaviruses.
By interfering with the intracellular phase of the virus life cycle, these inhibitors may cause accumulation of

partially replicated, or partially capped cytoplasmic RNAs. Such structures are known to elicit cellular antiviral
responses, so the inhibitors we have identified may, in addition to directly inhibiting viral replication, also
facilitate cellular responses to viral infection. Further work is needed to investigate this possibility.
There are many other classes of viruses that have the potential to cause serious health problems in the

future. Structural viral coat proteins tend to evolve rapidly, making it difficult to develop vaccines before new

Table 1 Summary of the best hits from each of the seven screens

Enzyme Inhibitor Description

Enzymatic
inhibition
(IC50)

Inhibition
of virus
growth (EC50)

Nsp3 papain-like
protease

Dihydrotanshinone I a naturally occurring compound extracted from Salvia
miltiorrhiza

0.5 mM 8 mM

Nsp3 de-mono ADP
ribosylase

Not screened n/a n/a n/a

Nsp5 main protease Calpain inhibitor I synthetic tripeptide (ALLN) aldehyde; potent inhibitor of
cysteine proteases

2.0 mM 0.3 mM

Z-AVLD-FMK FMK derivative based on nsp5 cleavage sequence <1 nM 65 mM

Nsp12/7/8
RNA-dependent RNA
polymerase (RdRp)

GSK-650394 serum and glucocorticoid-activated kinase-1 and 2 inhibitor. 31 mM 7.6 mM
C646 Histone acetyltransferase (p300) inhibitor 6 mM 19 mM1

Suramin (also NF 023,
PPNDS, Evans Blue,
Diphenyl Blue)

Used to treat African sleeping sickness and river blindness. 0.5 mM 10 mM

Nsp13 RNA helicase FPA-124 Akt inhibitor. Induces apoptosis. 9 mM 14 mM1

Suramin (also NF 023,
PPNDS, Evans Blue,
Diphenyl Blue)

Used to treat African sleeping sickness and river blindness. 1 mM 10 mM

Nsp14 mRNA G-N7
cap methyltransferase

PF-03882845 Non-steroidal mineralocorticoid antagonist. Orally bioavailable. 1 mM 11 mM
Trifluperidol Anti-psychotic butyrophenone 13 mM 15 mM
Inauhzin Cell permeable SIRT1 deacetylase inhibitor. 23 mM 13 mM
Lomeguatrib O6-methylguanine-DNA-methyltransferase (MGMT) inhibitor

used in combination with temozolomide in melanoma
treatment. Well tolerated alone.

60 mM 60 mM

Nsp14/10
exoribonuclease

Patulin Mycotoxin produced by Aspergillus and Penicillium 2 mM 5 mM1

Aurintricarboxylic acid Inhibits wide range of enzymes in nucleic acid metabolism.
Previously shown to inhibit SARS replication.

10 mM 10 mM

Nsp15
endoribonuclease

NSC 95397 Cdc25 phosphatase inhibitor 43 mM none

Nsp16/10 ribose
20-O-cap
methyltransferase

Not screened n/a n/a n/a

1Cytotoxic compounds.
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threats emerge; however the enzymology involved in viral replication evolves more slowly, suggesting that inhi-
bitors with broad efficacy across viral groups could be developed and would be useful as frontline defence while
vaccines are developed. We hope that this project will help convince governments to coordinate efforts to
develop antivirals to virus groups before they become problems.

Competing Interests
The author declares that there are no competing interests associated with this manuscript.

References
1 Snijder, E.J., Decroly, E. and Ziebuhr, J. (2016) The nonstructural proteins directing coronavirus RNA synthesis and processing. Adv. Virus Res. 96,

59–126 https://doi.org/10.1016/bs.aivir.2016.08.008
2 Wiedemar, N., Hauser, D.A. and Maser, P. (2020) 100 years of suramin. Antimicrob. Agents Chemother. 64, e01168-19 https://doi.org/10.1128/AAC.

01168-19
3 Brun, R., Blum, J., Chappuis, F. and Burri, C. (2010) Human African trypanosomiasis. Lancet 375, 148–159 https://doi.org/10.1016/S0140-6736(09)

60829-1
4 Salgado-Benvindo, C., Thaler, M., Tas, A., Ogando, N.S., Bredenbeek, P.J., Ninaber, D.K. et al. (2020) Suramin inhibits SARS-CoV-2 infection in cell

culture by interfering with early steps of the replication cycle. Antimicrob. Agents Chemother. 64, e00900-20 https://doi.org/10.1128/AAC.00900-20
5 Ren, P., Zou, G., Bailly, B., Xu, S., Zeng, M., Chen, X. et al. (2014) The approved pediatric drug suramin identified as a clinical candidate for the

treatment of EV71 infection-suramin inhibits EV71 infection in vitro and in vivo. Emerg. Microbes Infect. 3, e62 https://doi.org/10.1038/emi.2014.60
6 Nishimura, Y., McLaughlin, N.P., Pan, J., Goldstein, S., Hafenstein, S., Shimizu, H. et al. (2015) The suramin derivative NF449 interacts with the 5-fold

vertex of the enterovirus A71 capsid to prevent virus attachment to PSGL-1 and heparan sulfate. PLoS Pathog. 11, e1005184 https://doi.org/10.1371/
journal.ppat.1005184

7 Ranson, M., Middleton, M.R., Bridgewater, J., Lee, S.M., Dawson, M., Jowle, D. et al. (2006) Lomeguatrib, a potent inhibitor of
O6-alkylguanine-DNA-alkyltransferase: phase I safety, pharmacodynamic, and pharmacokinetic trial and evaluation in combination with temozolomide in
patients with advanced solid tumors. Clin. Cancer Res. 12, 1577–1584 https://doi.org/10.1158/1078-0432.CCR-05-2198

8 Orena, S., Maurer, T.S., She, L., Eudy, R., Bernardo, V., Dash, D. et al. (2013) PF-03882845, a non-steroidal mineralocorticoid receptor antagonist,
prevents renal injury with reduced risk of hyperkalemia in an animal model of nephropathy. Front. Pharmacol. 4, 115 https://doi.org/10.3389/fphar.
2013.00115

9 Sherk, A.B., Frigo, D.E., Schnackenberg, C.G., Bray, J.D., Laping, N.J., Trizna, W. et al. (2008) Development of a small-molecule serum- and
glucocorticoid-regulated kinase-1 antagonist and its evaluation as a prostate cancer therapeutic. Cancer Res. 68, 7475–7483 https://doi.org/10.1158/
0008-5472.CAN-08-1047

10 Alamares-Sapuay, J.G., Martinez-Gil, L., Stertz, S., Miller, M.S., Shaw, M.L. and Palese, P. (2013) Serum- and glucocorticoid-regulated kinase 1 is
required for nuclear export of the ribonucleoprotein of influenza A virus. J. Virol. 87, 6020–6026 https://doi.org/10.1128/JVI.01258-12

11 Bouvet, M., Imbert, I., Subissi, L., Gluais, L., Canard, B. and Decroly, E. (2012) RNA 30-end mismatch excision by the severe acute respiratory syndrome
coronavirus nonstructural protein nsp10/nsp14 exoribonuclease complex. Proc. Natl Acad. Sci. U.S.A. 109, 9372–9377 https://doi.org/10.1073/pnas.
1201130109

12 Eckerle, L.D., Becker, M.M., Halpin, R.A., Li, K., Venter, E., Lu, X. et al. (2010) Infidelity of SARS-CoV Nsp14-exonuclease mutant virus replication is
revealed by complete genome sequencing. PLoS Pathog. 6, e1000896 https://doi.org/10.1371/journal.ppat.1000896

13 Ferron, F., Subissi, L., Silveira De Morais, A.T., Le, N.T.T., Sevajol, M., Gluais, L. et al. (2018) Structural and molecular basis of mismatch correction
and ribavirin excision from coronavirus RNA. Proc. Natl Acad. Sci. U.S.A. 115, E162–E171 https://doi.org/10.1073/pnas.1718806115

14 Gordon, C.J., Tchesnokov, E.P., Woolner, E., Perry, J.K., Feng, J.Y., Porter, D.P. et al. (2020) Remdesivir is a direct-acting antiviral that inhibits
RNA-dependent RNA polymerase from severe acute respiratory syndrome coronavirus 2 with high potency. J. Biol. Chem. 295, 6785–6797 https://doi.
org/10.1074/jbc.RA120.013679

15 Kokic, G., Hillen, H.S., Tegunov, D., Dienemann, C., Seitz, F., Schmitzova, J. et al. (2021) Mechanism of SARS-CoV-2 polymerase stalling by remdesivir.
Nat. Commun. 12, 279 https://doi.org/10.1038/s41467-020-20542-0

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 2535

Biochemical Journal (2021) 478 2533–2535
https://doi.org/10.1042/BCJ20210426

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/478/13/2533/915903/bcj-2021-0426.pdf by The Francis C

rick Institute user on 09 July 2021

https://doi.org/10.1016/bs.aivir.2016.08.008
https://doi.org/10.1128/AAC.01168-19
https://doi.org/10.1128/AAC.01168-19
https://doi.org/10.1128/AAC.01168-19
https://doi.org/10.1016/S0140-6736(09)60829-1
https://doi.org/10.1016/S0140-6736(09)60829-1
https://doi.org/10.1016/S0140-6736(09)60829-1
https://doi.org/10.1016/S0140-6736(09)60829-1
https://doi.org/10.1128/AAC.00900-20
https://doi.org/10.1128/AAC.00900-20
https://doi.org/10.1038/emi.2014.60
https://doi.org/10.1371/journal.ppat.1005184
https://doi.org/10.1371/journal.ppat.1005184
https://doi.org/10.1158/1078-0432.CCR-05-2198
https://doi.org/10.1158/1078-0432.CCR-05-2198
https://doi.org/10.1158/1078-0432.CCR-05-2198
https://doi.org/10.1158/1078-0432.CCR-05-2198
https://doi.org/10.3389/fphar.2013.00115
https://doi.org/10.3389/fphar.2013.00115
https://doi.org/10.1158/0008-5472.CAN-08-1047
https://doi.org/10.1158/0008-5472.CAN-08-1047
https://doi.org/10.1158/0008-5472.CAN-08-1047
https://doi.org/10.1158/0008-5472.CAN-08-1047
https://doi.org/10.1158/0008-5472.CAN-08-1047
https://doi.org/10.1128/JVI.01258-12
https://doi.org/10.1128/JVI.01258-12
https://doi.org/10.1073/pnas.1201130109
https://doi.org/10.1073/pnas.1201130109
https://doi.org/10.1371/journal.ppat.1000896
https://doi.org/10.1073/pnas.1718806115
https://doi.org/10.1074/jbc.RA120.013679
https://doi.org/10.1074/jbc.RA120.013679
https://doi.org/10.1038/s41467-020-20542-0
https://doi.org/10.1038/s41467-020-20542-0
https://doi.org/10.1038/s41467-020-20542-0
https://doi.org/10.1038/s41467-020-20542-0
https://creativecommons.org/licenses/by/4.0/

	Author's overview: identifying SARS-CoV-2 antiviral compounds
	Abstract
	Competing Interests
	References


