

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83251-703-1
DOI 10.3389/978-2-83251-703-1

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Covid-19: Targeting essential sars-cov-2 proteins for drug discovery

Topic editors

Wenshe Ray Liu – Texas A&M University, United States

Matthew Bogyo – Stanford University, United States

Jun Wang – The State University of New Jersey, United States

Andrzej Joachimiak – Argonne National Laboratory (DOE), United States

Citation

Liu, W. R., Bogyo, M., Wang, J., Joachimiak, A., eds. (2023). Covid-19: Targeting essential sars-cov-2 proteins for drug discovery. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83251-703-1





Table of Contents




Structure-Based Virtual Screening and Identification of Potential Inhibitors of SARS-CoV-2 S-RBD and ACE2 Interaction

Jiacheng Xiong, Yusen Xiang, Ziming Huang, Xiaohong Liu, Mengge Wang, Guangbo Ge, Hongzhuan Chen, Jianrong Xu, Mingyue Zheng and Lili Chen

Inhibition of SARS-CoV-2 by Targeting Conserved Viral RNA Structures and Sequences

Shalakha Hegde, Zhichao Tang, Junxing Zhao and Jingxin Wang

Corrigendum: Inhibition of SARS-CoV-2 by Targeting Conserved Viral RNA Structures and Sequences

Shalakha Hegde, Zhichao Tang, Junxing Zhao and Jingxin Wang

Targeting SARS-CoV-2 Proteases for COVID-19 Antiviral Development

Zongyang Lv, Kristin E. Cano, Lijia Jia, Marcin Drag, Tony T. Huang and Shaun K. Olsen

An Enhanced Hybrid Screening Approach to Identify Potent Inhibitors for the SARS-CoV-2 Main Protease From the NCI Compound Library

Shuhua G. Li, Kai S. Yang, Lauren R. Blankenship, Chia-Chuan D. Cho, Shiqing Xu, Hongbin Wang and Wenshe Ray Liu

Potential Inhibitors Targeting Papain-Like Protease of SARS-CoV-2: Two Birds With One Stone

Haihai Jiang, Peiyao Yang and Jin Zhang

Crystallization of Feline Coronavirus Mpro With GC376 Reveals Mechanism of Inhibition

Jimmy Lu, Sizhu Amelia Chen, Muhammad Bashir Khan, Raelynn Brassard, Elena Arutyunova, Tess Lamer, Wayne Vuong, Conrad Fischer, Howard S. Young, John C. Vederas and M. Joanne Lemieux

The Molecular Basis of the Effect of Temperature on the Structure and Function of SARS-CoV-2 Spike Protein

Faez Iqbal Khan, Kevin A. Lobb and Dakun Lai

Hydrazones and Thiosemicarbazones Targeting Protein-Protein-Interactions of SARS-CoV-2 Papain-like Protease

Wiebke Ewert, Sebastian Günther, Francesca Miglioli, Sven Falke, Patrick Y. A. Reinke, Stephan Niebling, Christian Günther, Huijong Han, Vasundara Srinivasan, Hévila Brognaro, Julia Lieske, Kristina Lorenzen, Maria M. Garcia-Alai, Christian Betzel, Mauro Carcelli, Winfried Hinrichs, Dominga Rogolino and Alke Meents

Insights Into Drug Repurposing, as Well as Specificity and Compound Properties of Piperidine-Based SARS-CoV-2 PLpro Inhibitors

Dale J. Calleja, Nathan Kuchel, Bernadine G. C. Lu, Richard W. Birkinshaw, Theresa Klemm, Marcel Doerflinger, James P. Cooney, Liana Mackiewicz, Amanda E. Au, Yu Q. Yap, Timothy R Blackmore, Kasiram Katneni, Elly Crighton, Janet Newman, Kate E. Jarman, Melissa J. Call, Bernhard C. Lechtenberg, Peter E. Czabotar, Marc Pellegrini, Susan A. Charman, Kym N. Lowes, Jeffrey P. Mitchell, Ueli Nachbur, Guillaume Lessene and David Komander

Inhibitors of SARS-CoV-2 PLpro

Dale J. Calleja, Guillaume Lessene and David Komander

Self-Masked Aldehyde Inhibitors of Human Cathepsin L Are Potent Anti-CoV-2 Agents

Jiyun Zhu, Linfeng Li, Aleksandra Drelich, Bala C. Chenna, Drake M. Mellott, Zane W. Taylor, Vivian Tat, Christopher Z. Garcia, Ardala Katzfuss, Chien-Te K. Tseng and Thomas D. Meek

Druggable targets and therapeutic development for COVID-19

Xiaohua Duan, Lauretta A. Lacko and Shuibing Chen

Structural similarities between SARS-CoV2 3CLpro and other viral proteases suggest potential lead molecules for developing broad spectrum antivirals

Khushboo Bafna, Christopher L. Cioffi, Robert M. Krug and Gaetano T. Montelione



		ORIGINAL RESEARCH
published: 27 September 2021
doi: 10.3389/fchem.2021.740702


[image: image2]
Structure-Based Virtual Screening and Identification of Potential Inhibitors of SARS-CoV-2 S-RBD and ACE2 Interaction
Jiacheng Xiong1,2†, Yusen Xiang3†, Ziming Huang1,2, Xiaohong Liu1,2,4, Mengge Wang3, Guangbo Ge3, Hongzhuan Chen3, Jianrong Xu5,6*, Mingyue Zheng1,2* and Lili Chen3*
1State Key Laboratory of Drug Research, Drug Discovery and Design Center, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai, China
2College of Pharmacy, University of Chinese Academy of Sciences, Beijing, China
3Institute of Interdisciplinary Integrative Medicine Research, Shanghai University of Traditional Chinese Medicine, Shanghai, China
4Shanghai Institute for Advanced Immunochemical Studies, School of Life Science and Technology, ShanghaiTech University, Shanghai, China
5Academy of Integrative Medicine, Shanghai University of Traditional Chinese Medicine, Shanghai, China
6Department of Pharmacology and Chemical Biology, Shanghai Jiao Tong University School of Medicine, Shanghai, China
Edited by:
Wenshe Ray Liu, Texas A&M University, United States
Reviewed by:
Kai S. Yang, Texas A&M University, United States
Nand Kishore, Indian Institute of Technology Bombay, India
* Correspondence: Lili Chen, llchen@shutcm.edu.cn; Mingyue Zheng, myzheng@simm.ac.cn; Jianrong Xu, janker.xu@gmail.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Chemical Biology, a section of the journal Frontiers in Chemistry
Received: 13 July 2021
Accepted: 09 September 2021
Published: 27 September 2021
Citation: Xiong J, Xiang Y, Huang Z, Liu X, Wang M, Ge G, Chen H, Xu J, Zheng M and Chen L (2021) Structure-Based Virtual Screening and Identification of Potential Inhibitors of SARS-CoV-2 S-RBD and ACE2 Interaction. Front. Chem. 9:740702. doi: 10.3389/fchem.2021.740702

The emergence and rapid spread of SARS-CoV-2 have caused a worldwide public health crisis. Designing small molecule inhibitors targeting SARS-CoV-2 S-RBD/ACE2 interaction is considered as a potential strategy for the prevention and treatment of SARS-CoV-2. But to date, only a few compounds have been reported as SARS-CoV-2 S-RBD/ACE2 interaction inhibitors. In this study, we described the virtual screening and experimental validation of two novel inhibitors (DC-RA016 and DC-RA052) against SARS-CoV-2 S-RBD/ACE2 interaction. The NanoBiT assays and surface plasmon resonance (SPR) assays demonstrated their capabilities of blocking SARS-CoV-2 S-RBD/ACE2 interaction and directly binding to both S-RBD and ACE2. Moreover, the pseudovirus assay revealed that these two compounds possessed significant antiviral activity (about 50% inhibition rate at maximum non-cytotoxic concentration). These results indicate that the compounds DC-RA016 and DC-RA052 are promising inhibitors against SARS-CoV-2 S-RBD/ACE2 interaction and deserve to be further developed.
Keywords: SARS-CoV-2, angiotensin-converting enzyme 2 (ACE2), spike protein receptor-binding domain (S-RBD), structure-based virtual screening, protein-protein interaction (PPI) inhibitors
INTRODUCTION
There is an ongoing pandemic of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 is a kind of positive single-stranded RNA virus with an envelope structure (Gorbalenya et al., 2020; Yao et al., 2020). It was the seventh known coronavirus able to infect humans (Chen et al., 2020). The human infection caused by SARS-CoV-2 can induce severe pulmonary disease and complications with significant morbidities and mortalities (Sun et al., 2020; Yang X. et al., 2020; Zhang J.-j. et al., 2020). According to the released statistics from the World Health Organization (WHO), the numbers of confirmed cases and deaths of COVID-19 worldwide have so far exceeded 180 million and four million with a continuous upward tendency (https://covid19.who.int/table). Despite the disastrous effect of COVID-19 on public health, civil society, and the global economy, there is currently still no specific drug available against it. Hence, the search for effective treatment strategies for SARS-CoV-2 infections is in urgent demand.
The invasion of SARS-CoV-2 into host cells relies on the spike protein on the surface of its envelope (Walls et al., 2020). In humans, the primary receptor of the SARS-CoV-2 spike protein is angiotensin-converting enzyme 2 (ACE2) (Wang et al., 2020; Zhang H. et al., 2020). SARS-CoV-2 spike protein recognizes and binds to ACE2 through the receptor-binding domain (Xu et al., 2021). Then it is hydrolytically activated by transmembrane protease serine 2 (TMPRSS2) and mediates subsequent virus-host cell membrane fusion (Figure 1A) (Hoffmann et al., 2020). The binding affinity between spike protein of SARS-CoV-2 and ACE2 has been determined to be low to ∼15 nM and 10 to 20 fold higher than that reported in SARS-CoV in 2002, which may be an important cause of the extremely high transmissibility of SARS-CoV-2 (Wrapp et al., 2020). Considering such a critical role of the interaction between spike protein receptor-binding domain (S-RBD) and ACE2 in the entry of the SARS-CoV-2 into host cells, the inhibition of such interaction is considered as a particularly attractive strategy for the development of treatments for SARS-CoV-2 infections (Li et al., 2020; Monteil et al., 2020; Yang J. et al., 2020).
[image: Figure 1]FIGURE 1 | The routes of SARS-CoV-2 invade into host cells (A) and several representative inhibitors against SARS-CoV-2 S-RBD/ACE2 interaction (B).
Recently, virtual screening and high throughput screening studies targeting SARS-CoV-2 S-RBD/ACE2 interaction have discovered several small molecule inhibitors (Figure 1B) (Carino et al., 2020; Fu et al., 2020; Hanson et al., 2020; Yu et al., 2020; Zhu et al., 2021). Nevertheless, the antiviral activities of some compounds, such as corilagin, glycoursodeoxycholic acid, and glycyrrhizic acid, are not clear (Carino et al., 2020; Hanson et al., 2020; Yu et al., 2020). Visudyne shows intense antiviral activity against SARS-CoV-2 pseudovirus. However, its cytotoxicity data is not reported (Fu et al., 2020). Besides, demethylzeylasteral and cediranib have undergone pseudovirus and cytotoxicity tests, but only demethylzeylasteral shows slight inhibitory activity (approximately 7%) against SARS-CoV-2 pseudovirus under nontoxic concentration (Zhu et al., 2021). Hence, there remains a critical need and challenge to discover safe and effective inhibitors against the interaction between S-RBD and ACE2.
In this study, we identified two novel inhibitors (named DC-RA016 and DC-RA052) against SARS-CoV-2 S-RBD/ACE2 interaction through structure-based virtual screening and biological experiments. NanoLuc binary technology (NanoBiT)-based binding and surface plasmon resonance (SPR) assay demonstrated that DC-RA016 and DC-RA052 could bind to both S-RBD and ACE2, blocking the interaction between them. Additionally, the pseudovirus assay and cytotoxicity experiment showed that both DC-RA016 and DC-RA052 have moderate inhibition ability to SARS-CoV-2-S pseudovirus and low cytotoxicity. In addition, the preliminary pharmacophore analysis and the mechanism action study of DC-RA016 were carried out to further uncover the inhibitory mechanism of the compound on SARS-CoV-2 S-RBD/ACE2 interaction. Therefore, these two compounds are promising new inhibitors of SARS-CoV-2 S-RBD/ACE2 interaction and worth further development.
MATERIALS AND METHODS
Structure-based Virtual Screening and 2D Similarity Search
The whole virtual screening process was carried out using Schrödinger Suite 2017 on a Linux server with four 6-core Intel Xeon E5-4607 CPUs and 32 GB of memory. The crystal structure of the SARS-CoV-2 S-RBD bound to ACE2 (PDB code: 6M0J) was obtained from the Protein Data Bank (PDB) for the docking studies. This crystal structure was prepared using the Protein Preparation Wizard module with default parameters. The process of protein preparation included the determination of valence bonds, the addition of hydrogen atom, removal of water molecule and heteroatom, optimization of hydrogen bond network, optimization of the orientation of Asn, Gln, and His, and restrained structural optimization. Finally, a grid box containing the contact interface of SARS-CoV-2 S-RBD/ACE2 complexes was generated with the Receptor Grid Generation module by manually setting the central coordinate. The size of the grid box was defined as 30 × 30 × 30 Å.
Small molecules in the SPECS commercial compound database were selected for virtual screening. In order to avoid false positives caused by pan assay interference compounds (PAINS), the compounds containing PAINS structural alert were removed with the Structure Filter module in Canvas. Subsequently, the three-dimensional coordinates, different stereoisomers, and protonation states at pH 7.0 ± 2.0 of remaining compounds were generated with LigPred Module. The resulting structures were used for docking.
The final molecular docking was performed with the Virtual Screening Workflow module. All treated molecules were first docked into the defined interface pocket in standard precision mode. Then the top poses were further docked in extra precision mode.
The structural similarity between the two molecules was calculated using the 1024-dimensional Morgan fingerprints with radius two and the Tanimoto coefficient. The calculation of fingerprints and the Tanimoto coefficient were both implemented with the RDkit python package.
Compounds
The tested compounds were purchased from SPECS (Zoetermeer, Netherlands) and used directly without further purification. All compounds were first dissolved in DMSO and subsequently diluted to the final bioassay concentration.
Determination of SARS-CoV-2 S-RBD/ACE2 Inhibitors by NanoBiT-Based Assay
The initial screening and 50% inhibitory concentration (IC50) determination of SARS-CoV-2 S-RBD/ACE2 interaction inhibitors were conducted as previously described (Yu et al., 2020). Briefly, SARS-CoV-2 S-RBD-LgBiT (S residues 319–591) and SmBiT-ACE2 (ACE2 residues 19–615) fusion plasmids were transiently co-transfected into HEK293 cells in a 6-well plate using FuGENE HD transfection reagent (Promega, Madison, WI). After 6 h, the HEK293 cells were reseeded into a 384-well plate for screening the active compounds. The compounds were added at indicated concentrations and plates were incubated for 3 h. After the addition of Nano-Glo live Cell Assay reagent, luminescence was determined using the Envision plate reader (EnVision, Perkin Elmer, Waltham, MA, United States). To exclude the false positives, the cytotoxicity of the compounds on the HEK293 cells and the inhibitory effects of the compounds on NanoLuc (HEK293/Nanoluc stable cells) were also measured, respectively. The activities of the compounds were evaluated using the inhibitory effects on SARS-CoV-2 S-RBD/ACE2 interaction (NanoBiT inh%), NanoLuc luciferase (NanoLuc inh%) and the cell proliferation (Cytotox inh%, CC50) on HEK293 cells.
SARS-CoV-2-S Pseudovirus-Based Inhibition Assay
Three separate plasmids including pAX2, pHB-Rluc and pcDNA3.1-SARS-CoV-2-S were obtained from Precedo (Anhui, China). HEK293T cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Corning Inc., Corning, NY, United States) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (ExCell Bio, Shanghai, China) and 1% penicillin-streptomycin under a humidified atmosphere containing 5% CO2 at 37°C. HEK293T cells grown to 70% confluency were co-transfected with the above-mentioned plasmids using LipoFiter 3.0 transfection reagent (Hanbio, Shanghai, China) according to the manufacturer’s instruction. After 6 h of transfection, HEK293T cells were refreshed with DMEM containing 10% FBS and SARS-CoV-2-S pseudoviruses in the supernatant was harvested at 48 h, filtered using a 0.45 μm membrane (Jet Bio-Filtration, Guangzhou, China) and stored in aliquots at −80°C until use. Subsequently, HEK293T cells were transiently transfected with pcDNA3.1-ACE2 (Precedo, Anhui, China) or with vector alone. Transfected HEK293T cells were incubated with the indicated concentrations of test compounds at 37°C for 1 h. Then, SARS-CoV-2-S pseudovirus and Polybrene (6 μg/ml) (Absin, Shanghai, China) were added to infect the cells for 24 h. After that, the cells were further cultured with fresh DMEM containing 10% FBS for an additional 24 h. Then cells were lysed with Cell Lysis Buffer (Promega, Madison, WI, United States), and the luciferase activity was detected using a Multilabel Reader (SpectraMax Paradigm, Molecular Devices, CA, United States). The inhibition rate (%) was calculated by the equation: (the luminescence of the test compounds/the maximum luminescence after transfection for SARS-CoV-2-S pseudovirus) × 100%. IC50 values were determined via nonlinear regression analysis using GrapPad Prism software 8.0 (GraphPad Software, Inc., San Diego, CA, United States). The cytotoxicity of the test compounds was determined using the CellTiter-Glo (CTG) Luminescent Cell Viability Assay (Promega, Madison, WI, United States) according to the manufacturer’s protocols. Selectivity index (SI) for each compound was calculated by dividing CC50 (cytotoxicity on HEK293T cells) by IC50 (the inhibitory activity against SARS-CoV-2-S pseudovirus). The maximum non-cytotoxic concentration (MNCC) was defined as the concentration required to retain cell viability by 90% and calculated according to the previously published method (Cheng et al., 2013). The inhibition of the compounds to SARS-CoV-2-S pseudovirus infectivity at MNCC was fitted based on the inhibition curve and expressed as the inhibition ratio (%I).
SPR–Based Assay
A BIAcore T200 instrument (GE Healthcare Life Sciences, United States) was used to evaluate the binding affinity of the test compounds to human ACE2 or SARS-CoV-2 S-RBD as previously described (Li et al., 2017). Briefly, both proteins were respectively immobilized on the different channels of CM5 sensor chip by a standard amine-coupling approach at a flow rate of 10 μL/min in 10 mM sodium acetate buffer (pH 4.0). The sensor surface was activated with a 7 min injection of the mixture of 50 mM N-hydroxysuccinimide (NHS) and 200 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). Then 10 μg/ml of human ACE2 or 50 μg/ml of SARS-CoV-2 S-RBD was injected for 420 s and the surface was blocked with 1 M ethanolamine, pH 8.5. Series concentrations of the test compounds were injected into the flow system at a flow rate of 30 μL/min for 90 s, and the dissociation was 120 s. All binding analysis was performed in phosphate buffered saline (PBS) with 0.05% (v/v) Tween-20 and 1% DMSO (pH 7.4) at 25°C. Prior to analysis, double reference subtractions and solvent corrections were made to eliminate bulk refractive index changes, injection noise, and data drift. The binding affinity was determined by fitting to a Langmuir 1:1 binding model within the BIAcore Evaluation software (GE Healthcare Life Sciences, United States).
Statistical Analysis
Statistical analyses were performed using GrapPad Prism software 8.0. One-way ANOVA was used to determine the statistical significance between different groups (*p < 0.05, **p < 0.01, and ***p < 0.001).
RESULTS AND DISCUSSION
Structure-based Virtual Screening
In structure-based virtual screening, the primary thing is to choose the appropriate docking pocket and protein crystal structure. However, according to our observation, the SARS-CoV-2 S-RBD and human ACE2 don’t have druggable pockets near the contact interface in their unbound forms. Only when they are bound together, there is a well-defined pocket presented on their contact interface, which is hence defined as the docking pocket in the current study. A crystal structure of the SARS-CoV-2 S-RBD/human ACE2 complex was obtained from PDB and pretreated for virtual screening. The compounds for virtual screening were obtained from the SPECS database and first filtered by PAINS rules. The 202,829 remaining compounds were docking to the previously selected pocket after ligand preparation. The molecular docking was first carried out in standard precision mode. The top 10% poses ranked by SP score were redocked in extra precision mode. The top 20% candidates ranked by XP score were subsequently subjected to cluster analysis and visual inspection to pick the compounds with diversity and reasonable binding mode. Finally, 109 candidate compounds were selected and then purchased for follow-up biological testing. The whole process of the discovery of inhibitors against the interaction between S-RBD and ACE2 protein is schematically depicted in Figure 2.
[image: Figure 2]FIGURE 2 | The flow chart of the discovery of inhibitors against SARS-CoV-2 S-RBD/ACE2 interaction by structure-based virtual screening.
Identification of SARS-CoV-2 S-RBD/ACE2 Interaction Inhibitors Based on NanoBiT Assay
To discover SARS-CoV-2 S-RBD/ACE2 interaction inhibitors, a NanoBiT-based assay was applied for preliminary screening. 24 of 109 compounds showed the primary inhibitory activities against SARS-CoV-2 S-RBD/ACE2 interaction under 20 and 50 μM concentration, no inhibitory effects on NanoLuc luciferase and cytotoxicity (Supplementary Figure S1). We next assessed these compounds for their antiviral activities against SARS-CoV-2-S pseudovirus. Among of them, five compounds were identified as potential inhibitors against SARS-CoV-2-S pseudovirus (Figure 4A). We further determined IC50 values of these compounds with serially-diluted concentrations for SARS-CoV-2 S-RBD/ACE2 interaction (NanoBiT inh%), NanoLuc luciferase (NanoLuc inh%) and CC50 values for the cytotoxicity (Cytotox inh%) on HEK293 cells (Figure 3). It was shown that DC-RA016, DC-RA052, DC-RA076, DC-RA087 and DC-RA106 exhibited dose-dependent inhibition against SARS-CoV-2 S-RBD/ACE2 interaction, and their IC50 values were 26.63, 62.08, 75.60, 86.17 and 24.73 μM, respectively. These compounds had no obvious inhibitory activities against NanoLuc luciferase (IC50 > 100 μM). It was observed that these compounds were low cytotoxicity with CC50 greater than 100 μM. Thus, the five compounds could disrupt the interaction between SARS-CoV-2 S-RBD and ACE2.
[image: Figure 3]FIGURE 3 | NanoBiT-based SARS-CoV-2 S-RBD/ACE2 interaction assays for five compounds: (A) DC-RA016; (B) DC-RA052; (C) DC-RA076; (D) DC-RA087; (E) DC-RA106. NanoBiT inh%: the inhibition rates against SARS-CoV-2 S-RBD/ACE2 interaction; NanoLuc inh%: the inhibition rates against NanoLuc luciferase; Cytotox inh%: the inhibition rates against the transfected HEK293 cell proliferation. n = 3.
Evaluation of Viral Attachment Inhibitors Using a SARS-CoV-2-S Pseudovirus-Based Inhibition Assay
To evaluate whether the compounds can inhibit the attachment of SARS-CoV-2, a pseudovirus based inhibition assay was established. Due to 24 compounds showing the potent blocking activities against SARS-CoV-2 S-RBD/ACE2 interaction in the initial NanoBiT assay, we next detected the inhibitory activities of these compounds in SARS-CoV-2-S pseudovirus based inhibition assay with the final concentrations of 10 and 100 μM. As shown in Figure 4A, five compounds significantly inhibited SARS-CoV-2-S pseudovirus attachment to ACE2-expressing HEK293T cells at a concentration of 100 μM (p < 0.001). Further experiments showed that DC-RA016, DC-RA052, DC-RA076, DC-RA087, and DC-RA106 exhibited dose-dependent inhibitory activities against pseudovirus attachment with IC50 values of 22.44, 68.00, 8.37, 21.05 and 70.76 μM, respectively (Figures 4B–F). Along with the pseudovirus assay, the cytotoxicity of the five compounds to ACE2-expressing HEK293T cells was also investigated (Figures 4B–F). It could be noted that the compound DC-RA076 showed obvious cytotoxicity (CC50 = 24.73 μM) to ACE2-expressing HEK293T cells with SI of 2.95 and MNCC of 2.64 μM (Table 1), while other four compounds displayed the inhibitory effects on SARS-CoV-2-S pseudovirus attachment without obvious cytotoxicity (CC50 > 100 μM) with SI ranging from 1.41 to 4.75 and MNCC ranging from 13.24 to 95.81 μM (Table 1). It is worth noting that the %I of DC-RA016 (52.08%), DC-RA052 (45.30%), and DC-RA087 (36.74%) is much larger than DC-RA076 (5.75%) and DC-RA106 (0.14%), indicating that the three compounds may have the potential for further structural optimization and fight against SARS-CoV-2. Thus, among the five compounds, DC-RA016, DC-RA052, and DC-RA087 demonstrated the relatively good antiviral effects with low cytotoxicity.
[image: Figure 4]FIGURE 4 | Anti-SARS-CoV-2-S pseudovirus activities and cytotoxicities of several compounds. (A) Determining Anti-SARS-CoV-2-S pseudovirus activities of 24 compounds showing the potent blocking activities against SARS-CoV-2 S-RBD/ACE2 interaction in the initial NanoBiT assay using the two concentrations (10, 100 μM); (B-F) IC50 and CC50 values of five compounds: (B) DC-RA016, (C) DC-RA052, (D) DC-RA076, (E) DC-RA087, (F) DC-RA106; Relative Luminescence (%) standing for the infection of SARS-CoV-2-S pseudovirus (blue), cell viability (purple).
TABLE 1 | Summary of Anti-SARS-CoV-2-S pseudovirus activities and cytotoxicities of five compounds.
[image: Table 1]Determination of Interactions Between the Five Compounds and SARS-CoV-2 S-RBD or ACE2 by SPR Assay
To further validate the inhibitory mechanism of the five compounds against SARS-CoV-2-S pseudovirus attachment, SPR assay was carried out to investigate whether these compounds could directly bind to SARS-CoV-2 S-RBD or ACE2. As shown in Figure 5, DC-RA016, DC-RA052, DC-RA087 and DC-RA106 could bind to human ACE2 (Figures 5A,C,G,I); while DC-RA016, DC-RA052 and DC-RA106 showed binding to SARS-CoV-2 S-RBD (Figures 5B,D,J). All these binding displayed fast kinetics, except for DC-RA087 to human ACE2 (Figure 5G). For DC-RA076, no binding was observed for both targets. DC-RA052 exhibited high affinities to both SARS-CoV-2 S-RBD and ACE2 and the KD values were 21.66 and 34.71 μM, respectively. In spite of concentration-dependent binding curves, saturated binding seemed not reached for DC-RA106, which could lead to poor quality of affinity regression (KD > 100.00 μM). In view of the previous results of the SARS-CoV-2-S pseudovirus-based inhibition assay, compounds DC-RA016 and DC-RA052 were ultimately identified as the two most promising hits blocking the interaction between SARS-CoV-2 S-RBD and ACE2 and SARS-CoV-2 virus attachment.
[image: Figure 5]FIGURE 5 | The binding affinity between the five compounds and SARS-CoV-2 S-RBD or ACE2. Compounds bound to SARS-CoV-2 S-RBD or ACE2. Interactions of SARS-CoV-2 S-RBD or ACE2 with compounds measured by SPR. The SARS-CoV-2 S-RBD or ACE2 was coated on the CM5 sensor chip and serial dilutions of compounds (typically, 1,562.5, 3,125, 6,250, 12,500, 25,000, 50,000 and 100,000 nM) were used as analytes. Changes in plasmon resonance are shown as response units. (A) Binding curves (colored lines) obtained by passing different concentrations of DC-RA016 over immobilized ACE2. (B) Binding curves (colored lines) obtained by passing different concentrations of DC-RA016 over immobilized S-RBD. (C) Binding curves (colored lines) obtained by passing different concentrations of DC-RA052 over immobilized ACE2. (D) Binding curves (colored lines) obtained by passing different concentrations of DC-RA052 over immobilized S-RBD. (E) Binding curves (colored lines) obtained by passing different concentrations of DC-RA076 over immobilized ACE2. (F) Binding curves (colored lines) obtained by passing different concentrations of DC-RA076 over immobilized S-RBD. (G) Binding curves (colored lines) obtained by passing different concentrations of DC-RA087 over immobilized ACE2. (H) Binding curves (colored lines) obtained by passing different concentrations of DC-RA087 over immobilized S-RBD. (I) Binding curves (colored lines) obtained by passing different concentrations of DC-RA106 over immobilized ACE2. (J) Binding curves (colored lines) obtained by passing different concentrations of DC-RA106 over immobilized S-RBD.
Similarity Search and Structure-activity Relationship
Through the 2D similarity search, we found there were a few molecules similar to DC-RA016 in the SPECS database. Hence, 12 analogues of DC-RA016 were purchased to explore the structure-activity relationship of it. Their inhibition ability to the interaction of SARS-CoV-2 S-RBD and human ACE2 were tested by NanoBiT assay. As shown in Table 2, those compounds whose R1 groups were not 3,5-dihydroxy phenyl group all displayed no inhibitory activity against SARS-CoV-2 S-RBD and ACE2 interaction. Among the four compounds having the same R1 group with DC-RA016, two compounds (DC-RA016-9 and DC-RA016-12) could disrupt the interaction between SARS-CoV-2 S-RBD and ACE2 under the concentration of 50 and 20 μM. We further determined their dose-dependent inhibition against SARS-CoV-2 S-RBD/ACE2 interaction, NanoLuc luciferase and cytotoxicity on HEK293 cells. It was found that DC-RA016-12 exhibited the similar activity (IC50 = 26.06 μM) (Supplementary Figure S2A) to DC-RA016 (IC50 = 26.63 μM), while DC-RA016-9 displayed less inhibitory activity (IC50 = 73.84 μM) (Supplementary Figure S2B) than DC-RA016.
TABLE 2 | The activities of DC-RA016 analogues in NanoBiT-based assay.
[image: Table 2]To analyze the mechanism of action of DC-RA016, the binding pose of the compound DC-RA016 on the SARS-CoV-2 S-RBD/ACE2 interface was generated by XP docking. As shown in Figure 6A, DC-RA016 could form strong interactions with the SARS-CoV-2 S-RBD/ACE2 complex interface. The two phenolic hydroxyls of DC-RA016 respectively formed H-bonds with the His-34 of ACE2 and Gly496 of S-RBD. The replacement of the R1 group of DC-RA016 with other structures would disrupt such interaction, which provided the structural explanation for the impaired activity of compounds DC-RA016-1 to DC-RA016-8. Additionally, an electrostatic interaction also occurred between the nitro of DC-RA016 and Asp-30 of ACE2, which accounted for the stronger inhibitory activity of compounds DC-RA016 and DC-RA016-12 than compounds DC-RA016-9, DC-RA016-10, and DC-RA016-11. Compared with DC-RA016, the change of the position of chlorine substitution in DC-RA016-12 didn’t have obvious effects on its inhibitory activity. Moreover, although its R2 group was quite different from that of DC-RA016, DC-RA016-9 still displayed certain inhibitory activity. These results suggested that the R2 group was not the essential pharmacophore of DC-RA016, so we plan to carry further structural modification on this group in the future.
[image: Figure 6]FIGURE 6 | Analysis of binding modes of DC-RA016 and DC-RA052. (A) The lowest energy docked poses of DC-RA016 on the SARS-CoV-2 S-RBD/ACE2 interface. (B) The lowest energy docked poses of DC-RA052 on the SARS-CoV-2 S-RBD/ACE2 interface. (C) Superimposition of the docked poses of DC-RA016 and DC-RA052 (yellow and purple mesh). The green sticks denote ligands, the critical residues in binding cavities are shown as blue sticks (S-RBD) and pink sticks (ACE2), and the overall protein structures are shown as a blue cartoon (S-RBD) and a pink cartoon (ACE2).
The docking analysis on DC-RA052, another important inhibitor, was also carried out. As shown in Figure 6B, Lys-417, Gln-409, Glu-406, Arg-403, Tyr-505 of SARS-CoV-2 S-RBD, and His-34 of ACE2 were found to form H-bonds with DC-RA052. Moreover, the benzene ring and pyridine ring of DC-RA052 formed π-cation interaction with the Arg-408 and Arg-403 of S-RBD. Comparing the binding modes of DC-RA016 and DC-RA052, it could be noted that both DC-RA016 and DC-RA052 interacted with the Arg-403 of S-RBD and His-34 of ACE2. Then, based on the docked complex structures, we calculated the per-residue interaction scores with glide. The results indicated the strong interaction of Arg-403 of S-RBD and His-34 of ACE2 to DC-RA016 and DC-RA052 (Supplementary Table S1). Moreover, as shown in Figure 6C, there was a deep pocket (marked with the red circle) on the SARS-CoV-2 S-RBD/ACE2 interface. Arg-403 of S-RBD and His-34 of ACE2 were both at the edge of this pocket. Hence, we considered Arg-403 of S-RBD and His-34 of ACE2 as two key residues responsible for the binding of ligands to the SARS-CoV-2 S-RBD/ACE2 interface. To explore the reason why the binding of identified inhibitors can influence SARS-CoV-2 S-RBD/ACE2 interaction, the mean effects of mutation of each residue within 5 Å of DC-RA016 and DC-RA052 on the binding affinity of SARS-CoV-2 S-RBD to ACE2 were visualized. The data for visualization was obtained from a previous study, where Starr et al. systematically changed every amino acid in the SARS-CoV-2 S-RBD and determined the effects of the substitutions on ACE2 binding. The mean effects per site were calculated from the set of Δlog10(KD, app) measurements of all missense mutations at a site (Starr et al., 2020). Δlog10(KD, app) represents the log binding constants relative to the wild-type SARS-CoV-2 RBD. As shown in Supplementary Figure S3, the mutations of many residues around DC-RA016 and DC-RA052 such as Ile-418 and Phe-497 could significantly reduce the binding affinity of SARS-CoV-2 S-RBD to ACE2, which mean these residues played key roles in the binding of SARS-CoV-2 S-RBD to ACE2. And yet, binding to the SARS-CoV-2 S-RBD/ACE2 interface, DC-RA016 and DC-RA052 would contact with these residues and interfere with their functions, disrupting the interaction between SARS-CoV-2 S-RBD and ACE2.
CONCLUSION
Prior work has demonstrated that the interaction of SARS-CoV-2 S-RBD and the ACE2 receptor plays a critical role in the virus invasion into the host cell. Hence interference of SARS-CoV-2 S-RBD/ACE2 interaction is regarded as a promising antiviral strategy for SARS-CoV-2. However, only fewer small molecule inhibitors targeting such interaction have been reported so far. In this study, the structural-based virtual screening was conducted to search for the compounds that can inhibit the SARS-CoV-2 S-RBD/ACE2 interaction. The screened compounds were docked by targeting the SARS-CoV-2 S-RBD/ACE2 interface. Subsequently, A NanoBiT-based binding assay was performed to evaluate the inhibition effect of those compounds on SARS-CoV-2 S-RBD/ACE2 interaction resulting in 24 potential inhibitor candidates. Among them, DC-RA016, DC-RA052, and DC-RA087 displayed low cytotoxicity and moderate inhibition ability to SARS-CoV-2-S pseudovirus. Furthermore, the SPR assays identified that DC-RA016 and DC-RA052 could directly bond to both ACE2 and S-RBD. Taken together, the compounds DC-RA016 and DC-RA052 obtained in this study can serve as an ideal starting point for drug design against SARS-CoV-2 S-RBD/ACE2 interaction and SARS-CoV-2 infection. In addition, two biological active analogues of DC-RA016 were discovered through the 2D similarity search. Among them, DC-RA016-12 exhibited similar activity to DC-RA016 in NanoBiT-based assay.
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The ongoing COVID-19/Severe Acute Respiratory Syndrome CoV-2 (SARS-CoV-2) pandemic has become a significant threat to public health and has hugely impacted societies globally. Targeting conserved SARS-CoV-2 RNA structures and sequences essential for viral genome translation is a novel approach to inhibit viral infection and progression. This new pharmacological modality compasses two classes of RNA-targeting molecules: 1) synthetic small molecules that recognize secondary or tertiary RNA structures and 2) antisense oligonucleotides (ASOs) that recognize the RNA primary sequence. These molecules can also serve as a “bait” fragment in RNA degrading chimeras to eliminate the viral RNA genome. This new type of chimeric RNA degrader is recently named ribonuclease targeting chimera or RIBOTAC. This review paper summarizes the sequence conservation in SARS-CoV-2 and the current development of RNA-targeting molecules to combat this virus. These RNA-binding molecules will also serve as an emerging class of antiviral drug candidates that might pivot to address future viral outbreaks.
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INTRODUCTION
SARS-CoV-2’s Life Cycle and “Druggable” Targets
SARS-CoV-2 belongs to the betacoronavirus genus and is an enveloped ssRNA (+) virus with a genome length of about 30,000 nucleotides (RefSeq NC_045512) (Wu et al., 2020). The viral genome is 5’ capped and 3’ polyadenylated (Robson et al., 2020) so that it is recognized and treated as an mRNA by the host cell ribosome. Two-thirds of the viral genome at the 5’-end have two long open reading frames (ORFs), ORF1a and ORF1ab, encoding two replicase-associated polyprotein precursors, pp1a and pp1ab (Figure 1). These polyprotein precursors are cleaved by viral proteases into 16 non-structural proteins (nsps) (Kim et al., 2020), some of which have essential viral functions (Figure 1). For example, an RNA-dependent RNA polymerase (RdRP) complex consisting of nsp12 in pp1ab and nsps7 and 8 in pp1a is required for viral transcription and replication (Hillen et al., 2020). RdRP is the core enzyme in the viral “replication-transcription complex” (RTC) (Fung and Liu, 2019). The RTC then promotes 3’→5’ replication of the (–) viral genome to form a full-length double-stranded (ds) RNA in the endoplasmic reticulum (ER) membrane invaginations (Knoops et al., 2008). This dsRNA then serves as a template for transcribing the genomic and subgenomic RNAs by RTC-mediated transcription in the 5’→3’ direction (Wu and Brian, 2010) (Figure 1). RNA transcription for each coronavirus structural protein is accomplished through a “discontinuous” mechanism. The RTC binds to the leader transcriptional regulatory sequences (TRS-L) in the 5’ UTR and then “hops” onto the body TRS (TRS-B) sequence. These TRS-B sequences locate at the 5’-end of each structural gene for transcription (Zúñiga et al., 2004; Sola et al., 2015). After completing structural protein synthesis and genomic RNA replication, new coronavirus particles are assembled at the host ER and released through the Golgi apparatus to complete the viral life cycle (Sawicki et al., 2007).
[image: Figure 1]FIGURE 1 | SARS-CoV-2 Life cycle and viral targets for antiviral development. ① The virus enters the host cell through endocytosis using spike protein-angiotensin-converting enzyme 2 (ACE2) interaction. ② The host ribosome then translates the positive-sense RNA genome. ③ The long polypeptide precursor is subsequently cleaved by the viral proteases into non-structural proteins (nsp), which will assemble the replication-transcription complex (RTC) for ④ viral RNA genome replication in the 3’→5’ direction and ⑤ transcription in the 5’→3’ direction for the whole genome and sub-genomic sequences. ⑥ The host ribosome further translates the sub-genomic sequences that encode the nucleocapsid proteins. ⑦–⑧ Newly synthesized nucleocapsid components are assembled in the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) to form the infectious virions, which are ⑨ released from the cell by maturation in the budding process. Some anti-SARS-CoV-2 agents illustrated in this figure include spike protein neutralizing antibody bamlanivimab, main protease inhibitors PF-07321332, MPI8, and bepridil, and RdRP inhibitors remdesivir and molnupiravir.
Current drug development pipelines have tackled different steps in the life cycle of SARS-CoV-2 (Figure 1). Spike protein-targeting antibodies (e.g., bamlanivimab) can effectively neutralize the virus and prevent viral entry (Gottlieb et al., 2021). RNA-targeting antisense oligonucleotides (ASO) or small molecules will degrade the viral RNA genome or hinder RNA translation (Li et al., 2021b, Li et al., 2021a.; Lulla et al., 2021; Rosenke et al., 2021; Sun et al., 2021a; Zhang et al., 2021; Zhu et al., 2021). The SARS-CoV-2 main protease (Mpro) is also an attractive drug target. PF-07321332 (Paxlovoid) was developed as an oral drug targeting Mpro and is being tested in a Phase 3 clinical trial (ClinicalTrials.gov Identifier: NCT04960202) (Owen et al., 2021). Other reported Mpro inhibitors such as an FDA-approved drug, bepridil, and a peptoid MPI8 were demonstrated to have efficacy in virus-infected cells (Ma et al., 2021; Vatansever et al., 2021). RdRP inhibitors remdesivir and molnupiravir, which impede the RNA replication/transcription processes, both showed clinical improvement in the COVID-19 patients (Wang et al., 2020; Fischer et al., 2021). In this review, we focused on the RNA-targeting approach, an emerging antiviral pharmacological modality that is complementary to traditional protein-targeting methods. An advantage of ASO-based drug development is the ability to rapidly generate drug candidates, which recognize the primary sequences of viral RNAs. The off-targets of the ASOs can also be quickly identified through experiments or predictive algorithms based on the primary sequences (Hagedorn et al., 2018; Yoshida et al., 2019). Compared to the ASO-based drug discovery, RNA-targeting small molecules are a relatively underdeveloped field. To date, only one non-ribosomal RNA binding molecule, risdiplam, has been approved by the FDA (Jaklevic, 2020). We envision that the chemical space, potency, off-targets for RNA-binding small molecules will be further investigated as therapeutics to antivirals and other human diseases (Hargrove, 2020; Meyer et al., 2020; Ursu et al., 2020). RNA-targeting molecules will probably synergically inhibit viral replication when combined with protein-targeting drugs in cocktail therapies.
Conserved RNA Sequences and Structures in SARS-CoV-2
The mutation rate of SARS-CoV-2 is estimated at 1 × 10−3 substitutions per base (30 nucleotides/genome) per year under neutral genetic drift conditions (van Dorp et al., 2020), or 1 × 10−5–1×10−4 substitutions per base (0.3–3 nucleotides/genome) in each transmission events from population phylodynamic studies (Van Egeren et al., 2021). This rate is much slower than some other RNA viruses, such as influenza A virus (Manzanares-Meza and Medina-Contreras, 2020) and human immunodeficiency virus (HIV) (Van Egeren et al., 2021). As of December 2, 2021, five circulating variants of SARS-CoV-2 are classified as variants of concern (VOC) in the World Health Organization (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/), including B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta), and B.1.1.529 (Omicron) variants. Among these variants, the spike protein (S) harbors most of the nucleotide mutations compared to the original genomic sequence isolated from Wuhan, China, in December 2019 (Figure 2). Some mutations occur beyond the protein-coding region. For example, a prevalent mutation C241U (c.–63C>U) exits in the 5’ untranslated region (UTR) of all four VOCs (Figure 3A).
[image: Figure 2]FIGURE 2 | Nucleotide mutations in five VOCs compared to the original SARS-CoV-2 sequence discovered in Wuhan, China (RefSeq NC_045512). GenBank accession numbers: B.1.1.7 (Alpha): MZ344997, B.1.351 (Beta): MW598419, P.1 (Gamma): MZ169911, and B.1.617.2 (Delta): MZ359841. GISAID accession number: B.1.1.529 (Omicron): EPI_ISL_6795188.
[image: Figure 3]FIGURE 3 | The RNA structure and nucleotide conservation of the (A) PFS element in SARS-CoV-2, (B) 5’ UTR, and (C) 3’ UTR. The ribosome acts on the slippery sequence to produce a –1 PFS is illustrated in (A).
By phylogenetic comparison of SARS-CoV-2, SARS-CoV, and SARS-related bat coronavirus sequences (Ceraolo and Giorgi, 2020), an earlier bioinformatics work from the Das group in 2020 identified 30 RNA regions as SARS-related conserved sequences and predicted 106 regions as SARS-CoV-2 conserved structures (Rangan et al., 2020). Shortly afterward, the RNA structures of SARS-CoV-2 were interrogated by chemical probing (Lan et al., 2020; Manfredonia et al., 2020; Sanders et al., 2020; Zhao et al., 2020; Sun et al., 2021a; Huston et al., 2021), psoralen crosslinking (Ziv et al., 2020), and NMR spectroscopy experiments (Wacker et al., 2020). Among all SARS-CoV-2 RNA structures identified, the 5’ and 3’ UTRs and a region named programmed –1 frameshift (PFS) element (13,459–13,546) in the ORF1a/ab have been intensively studied for their structures, functions, and druggability.
SARS-CoV-2 PFS Element
ORF1a is the 5’-terminal fraction of ORF1ab and has an in-frame stop codon at nucleotide 13,481. The correct translation of ORF1b (3’-terminal ORF1ab), which encodes the viral RdRP (nsp12), requires a PFS that shifts the ORF by –1 nucleotide via a “slippery sequence” to circumvent the ORF1a stop codon (Hagemeijer et al., 2012) (Figure 3A). Although the PFS element was not shown as a conserved structure in Das’ bioinformatics algorithm (Rangan et al., 2020), this region has demonstrated high-degree conservation among SARS-CoV and four VOC of CoV-2 (Figure 3A). The PFS element contains an attenuator hairpin (a negative regulator of the PFS), a slippery sequence (U_UUA_AAC motif), and a pseudoknot structure in betacoronavirus (Hagemeijer et al., 2012; Rangan et al., 2020) (Figure 3A). Once the ribosome recognizes the pseudoknotted structure, tRNAs in the ribosomal P- and A-sites re-bind to the –1 reading frame at the slippery sequence, and the ribosome starts to translate within the new reading frame (Bhatt et al., 2021) (Figure 3A). Without PFS, viral RNA translation would halt at the stop codon (13,481–13,483) within the pseudoknot (Figure 3A). It was demonstrated that the PFS element sequence alone could recapitulate the PFS activity without a protein cofactor in SARS-CoV (Baranov et al., 2005). The pseudoknotted structure was observed in NMR (Liphardt et al., 1999), chemical probing (Huston et al., 2021), cryo-EM (complexed with an elongating ribosome) (Bhatt et al., 2021), and X-ray crystallography (Roman et al., 2021).
SARS-CoV-2 UTRs
In the 5’ UTR (1–265), there are five stem-loops identified, SL1–5 (Figure 3B). SL1 was demonstrated to bind to nsp1 protein and cooperate in recruiting the human ribosome (Vankadari et al., 2020). SL5, which includes the genome start codon, is a four-helix junction essential for viral packaging (Escors et al., 2003) (Figure 3C). It is proposed that the structures of SL1, SL2, and SL4, but not the exact nucleotide sequences, play a more critical role in betacoronavirus function (Yang and Leibowitz, 2015).
In the 3’ UTR, three main secondary structures were elucidated by chemical probing: bulged stem-loop (BSL), SL-1, and the highly variable region (HVR) (Figure 3C). Bioinformatics analysis and reverse genetics suggested the pseudoknotted structure formation at the base stem of BSL and the SL-1 loop in SARS-CoV (Goebel et al., 2004) (Figure 3B). The equilibrium between the double stem-loop and pseudoknot was proposed to be a molecular switch in SARS-CoV RNA transcription (Yang and Leibowitz, 2015). This equilibrium model is also supported by quantitative covariation analysis (Rfam: RF11065) (Mathews et al., 2004). However, the pseudoknot was not observed as a stable structure at 37°C in NMR experiments in a model betacoronavirus, mouse hepatitis virus (MHV) (Stammler et al., 2011). Chemical probing experiments also suggested the unfavorable formation of pseudoknot (Zhao et al., 2020; Huston et al., 2021).
The HVR in the 3' UTR is not essential to betacoronavirus. The HVR can be deleted without affecting viral propagation in cell culture, albeit the HVR-deleted MHV strain has lower pathogenicity in mice (Goebel et al., 2007). Nevertheless, some sub-region of the HVR is highly conserved among betacoronavirus, such as the stable S2M (Rangan et al., 2020) (Figure 3C). The Stem 3 region duplexed by a sequence at the 3’-end of the viral genome and that between BSL and SL-1 (Figure 3C) was shown to be essential for the MHV viability (Goebel et al., 2007; Liu et al., 2013) and phylogenetically conserved (Züst et al., 2008), although chemical probing result suggested that the formation of Stem 3 is not favorable (Zhao et al., 2020). It was demonstrated by psoralen crosslinking that the 3’-end of the genome in the Stem 3 region can bind to the viral 5’ UTR and cyclize the SARS-CoV-2 genome (Ziv et al., 2020).
Among the 106 predicted conserved structured RNA regions by the Das group (Rangan et al., 2020), two locate in the 5’ UTR: SL2–4 and SL5 (SARS-CoV-2-conserved structure-8 and -16), and one reside in the 3’ UTR: BSL-SL-1 region (SARS-CoV-2-conserved structure-33) (structure numbers provided in Rangan et al., 2020).
VIRAL RNA-TARGETING STRATEGIES
RNA-Binding Small Molecules Targeting the SARS-CoV-2 RNA Genome
De novo design of nucleic acid ligands has been pursued for more than 35 years. The field was first pioneered by the Dervan group in optimizing DNA-binding molecules (Dervan, 1986), and then by the Disney group to identify selective RNA-binding molecules. In the recent 15 years, Disney and others have established that “the right” synthetic small molecules can indeed bind to RNA structures, but not the primary sequences, with a high degree of selectivity (Fedorova et al., 2018; Warner et al., 2018; Hargrove, 2020; Ursu et al., 2020).
Viruses make use of their RNA structures to hijack host cell functions and promote viral life cycle progression. These viral RNA structures have been chosen as druggable targets in small-molecule drug development. For example, HIV-1 uses trans-activator protein (Tat) to interact with a highly structured transactivation response (TAR) hairpin in its RNA to enhance the viral transcription (Sophie et al., 1990; Schulze-Gahmen and Hurley, 2018). Peptoid inhibitors targeting the TAR-Tat interaction have been shown to inhibit HIV-1 replication in vitro and in vivo (Hamy et al., 1997).
The discovery of RNA-targeting anti-SARS-CoV or CoV-2 small molecules primarily focused on the PFS element. MTDB was first identified by virtual screening and 3-dimensional (3D) modeling. MTBD can potently bind to the pseudoknot in the SARS-CoV PFS element and inhibit the PFS function in a dual luciferase system (Park et al., 2011) (Figure 4). The dual luciferase assay is widely used in discovering and validating PFS regulators. In this assay, the PFS element was placed in the junction of a Renilla/firefly fusion luciferase, and the fusion luciferase could only be produced when the PFS occurred (Harger and Dinman, 2003). It was demonstrated by small-angle X-ray scattering analysis and reverse genetics that the conformation and function of the pseudoknot in the PFS element between SARS-CoV and SARS-CoV-2 are highly similar (Kelly et al., 2020). Indeed, MTDB can also reduce the SARS-CoV-2 PFS activity by 60% (Kelly et al., 2020).
[image: Figure 4]FIGURE 4 | The small molecules with antiviral activities targeting the SARS-CoV-2 RNA genome.
A mCherry/GFP dual fluorescent protein assay was used in a high-content imaging screen, which identified a novel small-molecule PFS inhibitor, merafloxacin (Figure 4). Merafloxacin had a half-maximal inhibitory concentration (IC50) in the dual fluorescent protein reporter cells at 19 μM and SARS-CoV-2-infected cells at 2.4 μM (Sun et al., 2021b). Merafloxacin belongs to the fluoroquinolone class known to interact with bacterial DNA and gyrase/topoisomerases (Aldred et al., 2014). Merafloxacin had a similar inhibitory effect to the reporter cells with mutated PFS elements, further suggesting that merafloxacin recognizes shape but not the primary sequence of the RNA (Sun et al., 2021b). Comparing MTDB and merafloxacin side-by-side, it was demonstrated that merafloxacin was a more potent inhibitor against PFS in SARS-CoV-2-infected Vero E6 cells (Bhatt et al., 2021).
Amiloride analogs (e.g., DMA-155, Figure 4) targeting the SARS-CoV-2 5’ UTR also exhibited antiviral activity in SARS-CoV-2-infected cells (Zafferani et al., 2020). NMR studies uncovered that SL4, SL5a, and SL6 could all bind to the amilorides (Zafferani et al., 2020). An RNA sequence (RG-1) having a high propensity to form a G-quadruplex (G4) in the SARS-CoV-2 genome was validated in the coding sequence of nucleocapsid phosphoprotein (N) in cells (Zhao et al., 2021). PDP was demonstrated to stabilize RG-1 G4 and reduce the protein levels of the viral N protein by inhibiting its translation both in vitro and in vivo (Zhao et al., 2021).
Several RNA-binding proteins (RBPs) in the host cells (e.g., IGF2BP1, hnRNP A1, and TIA1) were predicted to bind to the SARS-CoV-2 RNA genome (Sun et al., 2021a). Some FDA-approved small-molecule drugs, such as nilotinib, sorafenib, and deguelin, were demonstrated to interfere with essential RBP-viral RNA interactions and reduce the viral titer (Sun et al., 2021a). Strictly speaking, the targets of these drugs are host factors rather than viral RNA structures.
RNA-Binding ASOs Targeting the SARS-CoV-2 RNA Genome
Pharmacological Mechanisms of ASOs
ASOs are RNA or DNA sequences with 15–25 natural or modified nucleotides (Dhuri et al., 2020), which hybridize specifically via Watson-Crick base-pairing to a target RNA and modulate RNA splicing or gene expression (Roberts et al., 2020). ASOs generally act through two mechanisms in human cells: 1) cleaving of the target RNA via ASO-induced ribonuclease (RNase) H1 activity and 2) masking the target RNA from interaction with the human RBPs or the ribosome.
The ASOs used to induce RNase H1 activation are also termed “gapmers”. Gapmers usually contain a central DNA sequence (> 6 nucleotides) that hybridizes with the target RNA (Papargyri et al., 2020). RNase H1 is a ubiquitous ribonuclease found in the nucleus and the cytoplasm of all human cells (Crooke, 2017). RNase H1 specifically recognizes and hydrolyzes the RNA strand of the RNA-DNA heteroduplexes formed between the DNA block in the gapmer and the target RNA. Therefore, gapmers can be used to reduce the unwanted RNA level (i.e., gene knockdown) in a catalytic manner (Meng et al., 2015; Crooke, 2017). The DNA block in a gapmer is usually flanked (capped) by a short sequence of modified nucleotides to prevent exonuclease degradation.
“Masking” ASOs are commonly used as a steric block in the target RNA and, thereby, to modulate RNA splicing and suppress translation. The FDA has approved several ASOs acting through this mechanism to treat a variety of human diseases (Roberts et al., 2020; Tang et al., 2021a). For example, fomivirsen was the first FDA-approved ASO drug to treat cytomegalovirus (CMV) retinitis (approved in 1998; withdrawn in 2006 for lack of medical need) (Stein and Castanotto, 2017). Fomivirsen binds to the immediate early region 2 in the human CMV mRNA, halting the RNA translation of (IE)-2 protein which is crucial for viral replication (Geary et al., 2002). ASOs are also widely used for modulating RNA splicing in rare genetic diseases, such as Duchenne muscular dystrophy (DMD) and spinal muscular atrophy (SMA) (Tang et al., 2021b).
Chemical Modification in ASOs
Several chemical modifications of ASOs have been developed to improve their stability and cellular uptake (Crooke, 2017). For example, replacing the natural phosphodiester bridge with a phosphorothioate group in the ASO would significantly increase its half-life in vivo due to high serum protein binding and nuclease resistance (Temsamani et al., 1993). Phosphorothioate linkage in ASOs retains the RNase H1 recognition and is usually used throughout gapmers (Lulla et al., 2021). Alkylation of the 2’-OH in the ribose with a methoxyethyl group (MOE) in the ASO would enhance the hybridization stability and lessen the nonspecific binding (Dhuri et al., 2020). It is estimated that each MOE substitution increases the melting temperature (Tm) by 2 °C (Freier and Altmann, 1997). Locked nucleic acid (LNA) is a class of modified ribose where the 2’-OH is linked to the 4’-CH via a constrained methylene bridge (Singh et al., 1998). The constrained LNA maintains a preferable conformation in RNA binding and, therefore, would significantly increase the hybridization stability in ASOs (+2–4°C in Tm per LNA substitution) (Koshkin et al., 1998). One or more LNAs can be used in ASOs, and the ASOs with interspersed combination of LNA and DNA nucleotides are also termed “mixmers” (Bernardo et al., 2012). A popular ASO form in clinical use is based on a phosphorodiamidate morpholino oligomer (PMO) skeleton. PMOs have morpholine subunits instead of ribose/deoxyribose and are linked by the phosphorodiamidate group (Dhuri et al., 2020). PMOs have various advantages, including reduced nonspecific binding imparted by the neutral charge and complete nuclease resistance (Dhuri et al., 2020).
Anti-SARS-CoV-2 ASOs
By using 3D antisense modeling, a PMO named PRF3p was optimized to target the Stem 3 region in the PFS element (Li et al., 2021b) (Figure 5). The PRF3p binding disrupted the pseudoknotted structure in the PFS element and inhibited the frameshift, eventually leading to a knockdown of the genes encoded by the ORF1b in the virus-infected 293T cells (Li et al., 2021b). Gapmers S2D, S3D-1, S2D-2, and Slp-2 targeting PFS elements were reported to have efficacy in Huh-7 inoculated with SARS-CoV-2 with a luciferase reporter (Zhang et al., 2021).
[image: Figure 5]FIGURE 5 | (A) Antiviral ASO binding sites in the SARS-CoV-2 genome. (B) Chemical composition of the anti-SARS-CoV-2 ASOs.
A PMO named SBD1 was designed to target the conserved TRS-L region in the SARS-CoV 5’ UTR (Figure 5), and thereby inhibited the “discontinuous” transcription (Li et al., 2021b). The suppression of sub-genomic RNA transcription ultimately led to the reduction of viral structural protein levels and virus titer (Li et al., 2021). Two PMOs, 5’END-1 and 5’END-2, targeted the viral 5’ UTR and were shown to inhibit the translation pre-initiation complex (Rosenke et al., 2021). The 5’-end of ORF1a is also a region for ASO-binding to have antiviral effects. Two 2’-MOE/phosphorothioate-modified ASOs targeting this region, SE_ORF1ab_6449 and SE_ORF1ab_9456, were reported to effectively inhibit SARS-CoV infection in Vero E6 cells (Figure 5) (Sun et al., 2021a). Gapmers 2 and 5 targeting the conserved S2M sequences in the 3’ UTR were demonstrated to have efficacy in degrading the viral RNA genome (Figure 5) (Lulla et al., 2021). The current development of ASO-based anti-SARS-CoV-2 agents is summarized in Table 1.
TABLE 1 | ASO-based anti-SARS-CoV-2 agents that target the viral RNA genome.
[image: Table 1]RNA-Degrading Chimeras
The RNA-degrading chimeras follow a well-established precedent from the protein field, namely, the proteolysis targeting chimera or PROTAC. PROTACs bind to their target protein using a guide arm as “bait”. The effector arm of PROTACs recruits an endogenous E3 ubiquitin ligase resulting in polyubiquitination and subsequent proteasomal degradation of the target protein (Schapira et al., 2019). The Disney group first extended this chimeric degrader concept to the RNA field by creating a ribonuclease targeting chimera (RIBOTAC) (Costales et al., 2018). RIBOTACs have been developed as a new class of chimeric molecules that use a guide arm to bind to the RNA sequence of interest. The effector arm of RIBOTAC would recruit the endogenous ribonuclease (RNase) L, causing degradation of the target RNA without affecting the host transcriptome (Costales et al., 2018; Disney, 2019; Costales et al., 2020; Liu et al., 2020; Meyer et al., 2020).
RNase L plays an essential role in an innate immune response pathway, namely the oligoadenylate synthetase (OAS)-RNase L pathway. In a viral infection, OAS senses dsRNA and synthesizes 2',5'-linked oligoadenylates (2–5A) that activate RNase L by dimerization (Naik et al., 1998). RNase L cleaves single-stranded (ss) RNA preferentially on UA, UG, and UU sites (Floyd-Smith et al., 1981; Wreschner et al., 1981), leading to global RNA degradation, arrest of protein synthesis, and apoptosis (Li et al., 2004). A small-molecule RNase L dimerizer (i.e., activator) was previously discovered (Kd = 18 µM to RNase L monomer), presenting a modest antiviral effect as a single agent against human parainfluenza virus in cells (Thakur et al., 2007). The structure of this RNase L dimerizer was further modified to serve as an RNase L recruiter fragment in RIBOTAC (Costales et al., 2018; Costales et al., 2020; Haniff et al., 2020; Liu et al., 2020). Recently, the Disney group discovered a series of compounds that bound to the attenuator hairpin in the PFS element and used them as the guide arm for the RIBOTAC modality (Haniff et al., 2020). One of the small-molecule RIBOTACs, C5-RIBOTAC, has been shown to reduce SARS-CoV-2 RNA levels in a cellular model (Figure 6A) (Haniff et al., 2020).
[image: Figure 6]FIGURE 6 | Structures of (A) small molecule-based and (B) ASO-based RIBOTACs targeting the SARS-CoV-2 RNA genome.
Following the first small-molecule RIBOTAC report, another type of nucleic acid-based RIBOTAC targeting SARS-CoV-2 demonstrating efficacy in virus-infected cells was also disclosed (Su et al., 2021). This type of RIBOTACs target the spike or envelope protein coding RNA using a 15-nucleotide complementary antisense oligonucleotide (ASO) as the guide arm and a 2',5'-linked tetraadenylate (2–5A4) as an RNase L recruiter (Figure 6B). These RIBOTACs have been shown to reduce viral titer in virus-infected Vero E6 cells (Su et al., 2021).
DISCUSSION
Molecules targeting conserved viral RNA sequences and structures are a newly emerged pharmacological modality that can significantly expand our antiviral arsenal. ASOs that recognize primary viral RNA sequences can be rapidly designed and optimized in early drug discovery. The major obstacles to the clinical use of ASOs are the unfavorable cellular uptake and distribution (Moschos et al., 2011; Geary et al., 2015). Recently, administration by inhalation has shown promising results in ASO delivery in lung tissues (Crosby et al., 2017; Berber et al., 2021), which will probably be useful for the treatment of respiratory viruses, such as SARS-CoV-2. Other technologies in ASO delivery have been advanced in the field, such as liposome-enclosed ASOs (Garbuzenko et al., 2010) and ASOs conjugated with cell-penetrating peptides (CPPs) (McClorey and Banerjee, 2018). These technologies have the potential to further improve the pharmacokinetics of ASOs as antivirals.
Targeting RNA structures will broaden the spectrum of the small-molecule “druggability”. Compared to traditional protein targets in viruses, such as RdRP and proteases, a completely different target specificity will be obtained for RNA ligands. As illustrated in the SARS-CoV-2 5’ UTR, the RNA structures but not the exact sequences are conserved across betacoronavirus strains (Yang and Leibowitz, 2015). Such structural conservation will likely make the structure-recognizing small molecules cross-active within the viral genus. Despite the above promising features, the in vivo activity and toxicity profile of RNA-targeting small molecules as antivirals are still obscure. Major efforts are required to address these issues before RNA-targeting molecules can be used as antiviral drugs in clinics.
CONCLUSION
Fueled by the current advances in RNA-binding small molecules, ASOs, and RNA-degrading chimeras, RNA-targeting strategies have already been demonstrated the use in inhibiting SARS-CoV-2. With further advances in structure modeling for RNAs and understanding of the RNA-ligand interactions, the RNA-targeting drug discovery platforms have the potential to quickly generate antiviral candidates to address future viral outbreaks.
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The emergence of severe acute respiratory syndrome (SARS-CoV-2) in 2019 marked the third occurrence of a highly pathogenic coronavirus in the human population since 2003. As the death toll surpasses 5 million globally and economic losses continue, designing drugs that could curtail infection and disease progression is critical. In the US, three highly effective Food and Drug Administration (FDA)–authorized vaccines are currently available, and Remdesivir is approved for the treatment of hospitalized patients. However, moderate vaccination rates and the sustained evolution of new viral variants necessitate the ongoing search for new antivirals. Several viral proteins have been prioritized as SARS-CoV-2 antiviral drug targets, among them the papain-like protease (PLpro) and the main protease (Mpro). Inhibition of these proteases would target viral replication, viral maturation, and suppression of host innate immune responses. Knowledge of inhibitors and assays for viruses were quickly adopted for SARS-CoV-2 protease research. Potential candidates have been identified to show inhibitory effects against PLpro and Mpro, both in biochemical assays and viral replication in cells. These results encourage further optimizations to improve prophylactic and therapeutic efficacy. In this review, we examine the latest developments of potential small-molecule inhibitors and peptide inhibitors for PLpro and Mpro, and how structural biology greatly facilitates this process.
Keywords: SARS-CoV-2, COVID-19, PLpro, Mpro, 3CLpro, papain-like protease, main protease, protease inhibitors
INTRODUCTION
In the past 2 decades, humans have experienced three major coronavirus outbreaks: severe acute respiratory syndrome (SARS) in 2003, Middle East respiratory syndrome (MERS) in 2012–2013 and, currently, coronavirus disease 2019 (COVID-19) since 2019. Since the first case of COVID-19 was reported in December 2019 in Wuhan, China, this disease has rapidly spread in China and around the world. In early 2020, the novel coronavirus SARS-CoV-2 was identified as the causative agent, and by March 2020, WHO characterized COVID-19 as a pandemic. This outbreak has resulted in over 240 million confirmed cases and over 5 million related deaths to date. The virus has caused huge economic loss globally due to mandatory lockdowns and quarantines.
Two major efforts from the drug discovery industry battling COVID-19 focused on developing vaccines to prevent infection and drugs to treat patients. Currently, there are three vaccines that are being administrated in the Unites States: Johnson and Johnson’s Janssen, Pfizer-BioNTech, and Moderna. The vaccines were shown to be effective in preventing infection and alleviating symptoms. However, a significant number of people remain unvaccinated. At the time of preparation of this manuscript, new cases and new variants are still emerging.
Several treatments like fever treatment, oxygen supplementation, and mechanical ventilation are used as supportive care, but a SARS-CoV-2–specific antiviral has been the focus of scientists worldwide. Activity assays, drug screening, computational analysis, and structure determination techniques have all been well developed since 2003. Drug development for COVID-19 had built upon knowledge and experience from SARS research and quickly generated exciting prospects, which will be discussed extensively below (Ho, 2003; Lapinsky and Hawryluck, 2003).
Currently, there are over 6,500 records of clinical trials on the official website (clinicaltrials.gov). However, drugs that are approved to treat COVID-19 are scarce. Veklury (Remdesivir) is a Food and Drug Administration (FDA)–approved antiviral drug that interferes with the activity of RNA-dependent RNA polymerase and is approved for use in adults and pediatric patients [12 years of age and older and weighing at least 40 kg (about 88 pounds)] for the treatment of COVID-19 requiring hospitalization (Warren et al., 2016; Siegel et al., 2017; Gupta et al., 2019; Li et al., 2020). The FDA has issued Emergency Use Authorization (EUA) for several monoclonal antibody treatments for COVID-19 for the treatment of mild or moderate COVID-19 in adults and pediatric patients (ages 12 and up) (Baum et al., 2020). In addition, now, Pfizer has announced an oral therapeutic called Paxlovid that inhibits the activity of SARS-CoV-2 main protease (Mpro) and can reduce the risk of hospitalization or death by 89% (Owen et al., 2021; Pfizer 2021). Merck has also recently announced an oral therapeutic called Molnupiravir that interferes with RNA-dependent RNA polymerase and reduces the risk of hospitalization or death by approximately 50% (Sheahan et al., 2020). Merck and Pfizer are pursuing EUA, and if granted, Paxlovid and Molnupiravir would be the first orally administered COVID-19 antiviral treatments with game changing potential in the battle against the pandemic.
Despite these many advances, the search for COVID-19–specific treatments is far from over. New SARS-CoV-2 virus strains are emerging, and some showed an increase in transmissibility and severity in infections. Development of new drugs targeting different components of the virus can potentially override the risk of new mutations. Structure-guided drug discovery has been a useful method for many viruses. Ongoing efforts to identify antivirals for SARS-CoV-2 have focused on three NSPs (nonstructural proteins): nsp3 papain-like protease (PLpro), nsp5 Mpro, and nsp12 RNA-dependent RNA polymerase. From here, we are going to look at the function and structure of the two SARS-CoV-2 proteases essential for viral replication (PLpro and Mpro) and how structural biology facilitates the development of inhibitors targeting these two proteases.
PAPAIN-LIKE PROTEASE AND MAIN PROTEASE ARE TWO IMPORTANT PROTEASES FOR SARS-COV-2
SARS-CoV-2 belongs to the clade B of genus betacoronavirus. The viral genome is made up of a single-stranded positive-sense RNA of about 29.8–29.9 kbp in size. At 5’ of SARS-CoV-2 genome, there are two overlapping ORFs: ORF1a and ORF1b. ORF1b utilizes a programmed −1 ribosomal frameshift that allows translation of nsp11-nsp16 after the stop codon of ORF1a (Figure 1) (Kelly et al., 2020; Giri et al., 2021). Other ORFs encode four conserved structural proteins—spike (S), envelope (E), membrane (M), and nucleocapsid (N)—and six accessory proteins (Kim et al., 2020). ORF1a and ORF1b encode polyprotein 1a and 1b (pp1a and pp1b), which are cleaved into 16 NSPs by protease activity of two cysteine proteases: PLpro and Mpro.
[image: Figure 1]FIGURE 1 | Cleavage sites of PLpro and Mpro. SARS-CoV-2 ORF1a is processed by PLpro and Mpro into Nsp1-Nsp11.
PLpro specifically identifies and cleaves peptide bonds between nsp1 and nsp2 (LNGG↓AYTR), nsp2 and nsp3 (LKGG↓APTK), and nsp3 and nsp4 (LKGG↓KIVN), liberating three proteins: nsp1, nsp2, and nsp3 (Figure 1) (Harcourt et al., 2004). In SARS-CoV-2, nsp3 contains 1,945 residues with a mass of ∼212 kDa. PLpro is a domain of nsp3—a large multi-domain protein (amino acid residues 746–1,060) that is an essential component of the replication and transcription complex (RTC) (Lei et al., 2018). The enzyme is located in nsp3 between the SARS unique domain and a nucleic acid-binding domain. It is highly conserved and found in all coronaviruses (Lei et al., 2018). When two copies are present in MERS, a single PLpro was found in SARS-CoV-1 and SARS-CoV-2 (Woo et al., 2010; Mielech et al., 2014).
In addition to its ability to hydrolyze the peptide bonds linking nsp1/nsp2, nsp2/nsp3, and nsp3/nsp4, PLpro also cleaves ubiquitin (Ub) and ISG15 [interferon (IFN)–stimulated gene 15] substrates (Figure 1) (Ratia et al., 2014; Li et al., 2016). Ub is a small regulatory protein found in most eukaryotic organisms (Komander and Rape 2012). It affects most eukaryotic cellular pathways by covalently modifying an amino group on substrates by a cascade of three enzymes: E1, E2, and E3 (Komander and Rape, 2012; Lv et al., 2017; Yuan et al., 2017; Lv et al., 2018). Ub can also serve as a substrate of ubiquitination modification on one of its amino groups and, most importantly, on the side chains of K48 and K63 forming K48-linked and K63-linked poly-Ub chains. These chains interact with different Ub binding domains and lead to protein degradation and various cellular signaling events, including innate immunity (Komander and Rape 2012). K63-linked poly-Ub was shown to activate the TAK1 kinase complex, which, in turn, phosphorylates and activates IKK (Deng et al., 2000; Wang et al., 2001). IKK phosphorylates NF-κB inhibitory proteins IκB (Karin 1999). Phosphorylated IκB is ubiquitinated by SCF complex, forming K48-linked poly-Ub chains, which is the signal for proteasome degradation. Freed NF-κB translocates into nucleus and activates transcription of a plethora of genes (Hayden and Ghosh, 2008).
ISG15 is a ubiquitin-like modifier. It is conjugated to substrate with an enzyme cascade similar to Ub (Perng and Lenschow, 2018). ISG15 is induced by type I IFN, and ISG15 can directly inhibit viral replication and modulate host immunity (Perng and Lenschow, 2018). The protease activity of SARS-CoV-2 PLpro toward K48-linked poly-Ub chains and ISG15 is important in restricting innate immunity (Perng and Lenschow, 2018; Klemm et al., 2020). With the presence of the protease activity of SARS-CoV-2 PLpro, there is a decrease in ISGylation of IFN regulatory factor 3, and decreases in phosphorylation of TBK1, which is an activation event of the NF-κB pathway (Shin et al., 2020).
Mpro is the protein encoded from nsp5. Mpro cleaves two large overlapping polyproteins pp1a and pp1ab at 11 conserved sites, including its own N-terminal and C-terminal autoprocessing sites. SARS-CoV-1 Mpro and SARS-CoV-2 Mpro exhibit highly overlapping substrate specificities (Rut et al., 2021). The enzyme has a recognition sequence of Leu-Gln↓(Ser, Ala, Gly), where ↓ marks the cleavage site (Figure 1) (Anand et al., 2003; Hilgenfeld, 2014). It is responsible for the cleavage of pp1a/1ab to produce the mature of nsp4–16. This protease is called the Mpro because it plays a major role in processing replicase polyproteins and thus facilitates viral gene expression and replication.
SARS-COV-2 PAPAIN-LIKE PROTEASE STRUCTURE
PLpro is a cysteine protease with rich cysteine content; in addition to catalytic C111, there are 10 other cysteines, of which four coordinate a structural zinc atom. Mutation of the cysteines coordinating zinc causes loss of activity (Barretto et al., 2005). A high concentration of reducing reagent is usually applied to keep the protein in the active state (Rut et al., 2020a); otherwise, oxidation of the catalytic cysteine is observed (Lin et al., 2018). Wild-type (WT) PLpro was also reported to have a poor crystallization property (Osipiuk et al., 2021a).
SARS-CoV-2 PLpro lacks the N-terminal M1 residue compared to SARS-CoV-1 PLpro, which results in being smaller by one residue (Patchett et al., 2021), but maintains 83% sequence identity to SARS-CoV-1 PLpro. Several structures of apo SARS-CoV-2 PLpro have been reported, including WT structures (PDB: 6WZU, 7JRN, and 7NFV) (Osipiuk et al., 2021a) and C111S mutant structures (PDB: 7CJD, 6WRH, 6XG3, 7D47, 7M1Y, and 7K7K) (Osipiuk et al., 2021a; Gao et al., 2021; Zhao et al., 2021). The overall structure SARS-CoV-2 PLpro is similar to PLpro from SARS-CoV-1. It has a Ubl domain whose function is unknown, and a catalytic unit with a right-hand scaffold that is comprised of three domains Finger, Palm, and Thumb (Figure 2A). The Thumb–Palm–Fingers catalytic unit and the conserved catalytic triad resemble the structure of Ub-specific proteases (USPs), although with low sequence identity, whereas the Ubl domain is not present in USPs (Mielech et al., 2014; Hilgenfeld, 2014). Thumb domain is comprised of six α-helices and a small ß-hairpin. The Finger subdomain is made of six ß-strands and two α-helices and includes a zinc-binding site formed by four cysteine residues (C189, C192, C224, and C226). Zinc binding is essential for structural integrity and protease activity (Barretto et al., 2005). The Palm domain is comprised of six ß-strands. The catalytic residues C111, H272, and D286 are located at the interface between the Thumb and Palm domains. Most variations in the structures are at Finger domain and G266–G271 loop (also named BL2 loop or BL loop) containing Y268 and Q269 (Figure 2A) (Rut et al., 2020a; Shin et al., 2020; Smith et al., 2020; Ma et al., 2021a; Osipiuk et al., 2021a; Fu et al., 2021; Gao et al., 2021; Shan et al., 2021; Shen et al., 2021). This loop adopts different conformations in structures of the PLpro in different states: apo, substrate bound, and different inhibitor bound.
[image: Figure 2]FIGURE 2 | Structure of PLpro with Ubl. (A) Crystal structure of SARS-CoV-2 PLpro is shown as cartoon to demonstrate its four domains (PDB: 6WZU): Ubiquitin-like domain Ubl (gray), Thumb domain (teal), Palm domain (slate), and Finger domain (marine). BL loop is colored orange. Sulfur atom of C111 and Zinc ion are shown as spheres. (B) Crystal structure of SARS-CoV-2 PLpro in complex with ubiquitin is shown as cartoon (PDB 6XAA). PLpro is colored as in panel A and ubiquitin is colored yellow. (C) Crystal structure of SARS-CoV-1 PLpro in complex with K48-linked diUb is shown as cartoon (PDB 5E6J). S1 (proximal) Ub is colored yellow, and S2 (distal) Ub is colored lime. (D) Crystal structure of SARS-CoV-2 PLpro in complex with K48-linked diUb is shown as cartoon (PDB: 7RBR). S1 Ub is colored yellow. S2 (distal) Ub is disordered, and its position is outlined. (E) Crystal structure of SARS-CoV-2 with Ub (PDB: 6XAA) is superimposed with the crystal structure of SARS-CoV-2 with ISG15 (PDB: 7RBS). The rotation of ISG15 CTD compared to Ub at S1 site is highlighted.
SARS2-COV-2 PAPAIN-LIKE PROTEASE INTERACTS WITH UBIQUITIN AND UBIQUITIN-LIKE MODIFIER ISG15 AT S1 AND S2 SITES
Like the three Ub binding sites (S1’, S1, and S2) arrangement observed in the USP family of deubiquitinases (DUBs), S1–S2 sites of SARS-CoV-1 PLpro have been well characterized to interact with Ub and ISG15. Although the K48-linked diUb and two tandem Ubl domains of a single ISG15 sit on the S1 and S2 sites share the same arrangement, there are significant differences in how the Ubl domains sit on the enzyme.
At S1 of SARS-CoV-2 PLpro, both hydrophobic and hydrophilic interactions are involved in the contact with Ub (Figure 2B) (PDB: 6WZU). L199 and Y207 from Finger domain of PLpro make hydrophobic contacts with Ub globular domain. E167 from Thumb domain forms salt bridge with R42, T225, and R232 from Finger domain, M208 from Palm domain, and R166 from Thumb domain are involved in hydrogen bonds (H bonds) contacts with Ub (Chou et al., 2014; Ratia et al., 2014). E168A and E168R mutants from SARS-CoV-1, which have equivalent position of E167 of SARS-CoV-2, do not affect peptide substrate cleavage and greatly decreased DUB activity in SARS-CoV-1 PLpro (Chou et al., 2014). This validates the S1 site interaction between PLpro and Ub yet indicates that the ORF1a peptide cleavage utilizes an alternative binding mechanism independent of S1.
The structure of a K48-linked di-Ub with SARS-CoV-1 PLpro complex reveals an extended di-Ub binding and conformation across both S1 and S2 sites, rather than sitting across the S1–S1’ position; this makes SARS PLpro specific for cleavage of K48-linked polyubiquitin chains (Figure 2C) (Békés et al., 2016). This is consistent with the observation that di-Ub K48-linked chain by itself is a competing substrate and is resistant to cleavage by PLpro (Ratia et al., 2014). The position of S1 Ub in this structure is similar to the mono-Ub SARS PLpro structures. At the S2 site, Ub contacts the residues 62–74 from the α-helix following Ubl domain with the hydrophobic I44 patch. As a result, the K48-linked di-Ub bound to SARS PLpro is stabilized in an extended conformation that is different from prior structures of K48-linked poly-Ub chains (Cook et al., 1992).
On the basis of the high sequence similarity between PLpro from SARS-CoV-1 and SARS-CoV-2, it was expected that the two proteases process K48-linked poly-Ub chains and ISG15 modification similarly. However, several research groups independently reported PLpro from the two viruses have differences in their activity toward K48-linked poly-Ub chains (Klemm et al., 2020; Shin et al., 2020; Rut et al., 2020a; Patchett et al., 2021; Osipiuk et al., 2021b). Interestingly, Ub interacts with SARS-CoV-1 and SARS-CoV-2 PLpro at S2 and S1 sites very similarly besides minor differences caused by sequence variation between SARS-CoV-1 and SARS-CoV-2 PLpro (Shin et al., 2020; Rut et al., 2020a; Patchett et al., 2021). A recent structure of SARS-CoV-2 PLpro with Lys48-linked di-Ub shows a highly similar structure (Figure 2D) (Osipiuk et al., 2021b). A S2 site mutation (F69S/E70K/H73G) was shown to greatly reduce Ub chain cleavage activity by SARS PLpro (Patchett et al., 2021).
At S1, SARS-CoV-2 has T225 compared to V226 in SARS-CoV-1, and SARS-CoV-2 has K232 compared to Q233 in SARS-CoV-1 (Patchett et al., 2021). SARS-CoV-1 PLpro amide nitrogen from the side chain of Q233 forms an H bond with the backbone carboxylate of A46, and in SARS-CoV-2, PLpro side chain amine group of K232 also forms H bond with backbone carboxylate of A46. SARS-CoV-1 PLpro V226 forms hydrophobic contacts with the backbone of E64 and S65, whereas SARS-CoV-2 PLpro T225 forms hydrophobic contact with the side chain of Q62 and the main chain of E64 and S65. Swapping residue between SARS-CoV-1 and SARS-CoV-2 PLpro changes the features of these two proteases, proving that these minor differences in contacts are important for accounting the difference in activities toward K48-linked Ub chain between PLpro from SARS-CoV-2 and SARS-CoV-1 (Patchett et al., 2021). Shin et al. found a T75L mutant partially recovered cleavage by SARS-CoV-2 PLpro toward K48-linked poly-Ub chains (Shin et al., 2020). Our research shows that the S2 mutant T75L/D179E only partially recovers SARS-CoV-2 PLpro activity toward K48-linked poly-Ub cleavage, whereas the S1 mutant T225V/K232Q significantly improves SARS-CoV-2 PLpro cleavage of K48-linked poly-Ub chains. The corresponding swapped mutant in SARS-CoV-1 PLpro (V226T/Q233K) has reduced activity (Patchett et al., 2021). These results indicated that the differences in the primary sequence at both S1 and S2 both contributed to the difference in the activity of SARS-CoV-1 and SARS-CoV-2 PLpro toward K48-linked Ub, and variation in S1 may take a dominant role. In the recent structure of SARS-CoV-2 PLpro with K48-diUb, only weak electron density is observed for the distal domain (Osipiuk et al., 2021b). This also supports the concept of the S1 site as a major driver for Ub chain substrate recruitment.
ISG15 has two tandem Ub-like folds: NTD and CTD. ISG15 binds to PLpro in a S1–S2 arrangement similar to K48-linked diUb, with the CTD occupying S1 and NTD occupying S2, yet there are apparent differences. At S1 site, ISG15 CTD has different binding modes with PLpro compared to Ub (5TL6 (Daczkowski et al., 2017), 6XA9 (Klemm et al., 2020), and 6YVA (Shin et al., 2020). When crystalized with SARS-CoV-2 PLpro, ISG15 CTD shows a ∼40° rotation compared to S1 Ub (Figure 2E) (Klemm et al., 2020; Shin et al., 2020). As a result, ISG15 CTD loses contact with the Finger domain and gains contact with the Thumb domain, where a new set of contacts is formed including PLpro S170, Y171, and Q174, contacting G126, P128, and E130 from ISG15 (Klemm et al., 2020; Shin et al., 2020; Patchett et al., 2021). MERS PLpro, SARS-CoV-1, and SARS-CoV-2 PLpro share the same binding mode to the ISG15 CTD (Daczkowski et al., 2017; Clasman et al., 2020; Shin et al., 2020). In SARS-COV-1, based on different binding modes of Ub and ISG15, PLpro N156E resulted in selective decrease of activity in ISG15 cleavage assays, with minor impact on Ub cleavage (Békés et al., 2016). We recently found that S170A/Y171A/Q174A triple mutant is active on mono-Ub but deficient in ISG15-VS labeling (Patchett et al., 2021).
At S2, the structure of SARS-CoV-2 PLpro engages ISG15 NTD. In comparison to the free ISG15 structure, ISG15 NTD rotates about 90°, similar to the conformation when bound to MERS PLpro (Daczkowski et al., 2017; Shin et al., 2020). Comparison of binding modes at the S2 site of ISG15 and K48-linked diUb shows both Ubl domains sit on a hydrophobic site around F69 for SARS-CoV-2 and F70 for SARS-CoV. Distal Ub uses its I44 patch to interact with F70 and flanked by L8 and H68, whereas ISG15 uses M23 and an aliphatic part of E27 side chain to interact with F70. As a result, the globular domain of ISG15 NTD and distal Ub are rotated relative to each other (Békés et al., 2016; Shin et al., 2020).
P1–P4 Sites
Close to the catalytic site, four C-terminal residues (73–76) of Ub are bound to the narrow active site channel of PLpro (Chou et al., 2014). The positions occupied by the last four residues of Ub were named P4 (L73), P3 (R74), P2 (G75), and P1 (G76) sites. Amino acid residues around the P4–P1 sites are conserved between SARS-CoV-1and SARS-CoV-2, including the conserved catalytic triad of PLpro. The substrate binding channel is very narrow at the P1 and P2 sites, consistent with the high specificity of glycine residues at these two sites (Figure 3A) (Rut et al., 2020a). The P1 and P2 sites have polar interactions with substrate, including H bond with G271 and G163, and van der Waals contacts to L163 and Y164. The substrate binding channel becomes solvent exposed at P3 site and wide at the P4 site to accommodate larger side chains of leucine and arginine. Importantly, the loop β11–12 strand or BL loop forms the boundary of P3–P4 sites (Figure 3A) (Hu et al., 2005). The BL loop is highly dynamic among apo structures, and it adopts different conformations, including its movement in both backbone and side chains. In PDB accessions 7D47 and 6W9C, BL loops are in an open conformation, whereas in PDB accessions 6WZU, 6WRH, 6XG3, 7NFV, 7D6H, and 7D7K, the BL loops are closed (Figure 3B). Adding to the backbone movement, the side chains of two residues Y268 and Q269 adopt various rotamers. Upon binding of substrate, BL loop closes and locks substrate in position for catalysis. G271 forms H bond with G76 from Ub. Y268 and Q269 are involved in van der Waals contact with L71, R72, L73, and R74 from Ub. The plasticity of Y269 from SARS PLpro was exploited for drug discovery targeting Baez-Santos et al. (Báez-Santos et al., 2014a; Báez-Santos et al., 2015). New inhibitors targeting SARS-CoV-2 also take advantage of plasticity in this region involving corresponding residue Y268, which will be discussed in the following sections.
[image: Figure 3]FIGURE 3 | Active site and catalysis. (A) Close-up view of catalytic pocket PLpro with Ub bound. The last four residues of Ub occupy P1–P4 sites of the substrate binding pocket: P1 by G76, P2 by G75, P3 by R74, and P4 by L73. P1–P4 sites are highlighted by circles. (B) Apo structures of SARS-CoV-2 PLpro are superimposed and shown as cartoon (PDB open: 6W9C and 7D47; close: 6WZU, 6WRH, 6XG3, 7NFV, 7D6H, and 7D7K). Side chains of residue Y268 and Q269 are shown as thin sticks. BL loops in open conformation are colored pink and closed. Conformations are colored orange. (C) Close-up view of catalytic triad of SARS-CoV-2 PLpro (PDB 6WZU). (D) Schematic drawing of catalytic cycle of SARS-CoV-2 PLpro. In unliganded “E” state, the imidazole group of H272 attacks C111 thiol group to lower its pKa. In the “ES” state, when substrate enters the active site, thiolate attacks the carbon atom of amide bond and forms the first tetrahedral intermediate (“FP” state). The negative charge is transferred to amide oxygen and is stabilized by the oxyanion hole. The amine product is release upon breakage of peptide bond (“F” state). A water molecule attacks the carbonyl and forms the second tetrahedral intermediate (“FQ” state). Lastly, the elimination of cysteine from the intermediate frees the N-terminus of the substrate (“EQ” state) and the enzyme is restored to the “E” state.
Catalytic Triad
Next to the P1 site, SARS-CoV-2 PLpro has a canonical cysteine protease catalytic triad comprising C111, H272, and D286) (Báez-Santos et al., 2015; Rut et al., 2020a; Shin et al., 2020; Osipiuk et al., 2021a) (Figure 3C) D286 forms an H bond with the side chain of H272, therefore, restricting its rotation. This action aligns H272, so its side chain faces C111 for catalysis. In the first step, C111 is deprotonated by the basic side chain of H272 to increase its reactivity. Then the amide bond of substrate is nucleophilic attacked by the deprotonated C111. This results in the formation of tetrahedral intermediate and subsequent breakage of amide bond. C111 forms a thioester intermediate with the carboxyl-terminus (C-terminus) of the substrate. The carboxyl oxygen under attack now has a negative charge and is stabilized by the oxyanion hole including W106. H272 protonates the amine and restores its deprotonated form. The thioester bond is subsequently hydrolyzed, releasing the carboxylic acid substrate fragment, and the enzyme is restored (Figure 3D).
INHIBITORS AGAINST SARS-COV-2 PAPAIN-LIKE PROTEASE
GRL0617 and Its Analogs Inhibit SARS-CoV-1 Papain-Like Protease
In 2008, Ratia et al. screened a structurally diverse library of 50,080 compounds for inhibitors of PLpro with RLRGG-AMC (7-amido-4-methylcoumarin) fluorescent substrate. Authors included 5 mM DTT in the assay to prevent electrophiles from non-specifically binding the catalytic cysteine (Ratia et al., 2008). This screening campaign found compound 7724772 that inhibited PLpro with an IC50 (half-maximal inhibitory concentration) value of 20.1 ± 1.1 μM (Table 1). A series of derivatives were synthesized and tested for potency. Refinement by the addition of a naphthyl group and an amino group to the ortho-methyl benzene ring resulted in the more potent compound GRL0617 (Table 1). It has an IC50 = 0.6 ± 0.1 μM toward SARS-CoV-1 PLpro. Compound 6 has one more Ac group than GRL0617, and it has decent potency with IC50 = 2.6 μM and EC50 (half-maximal effective concentration) = 13.1 μM (Table 1) (Ratia et al., 2008). Both GRL0617 and compound 6 inhibited SARS-CoV-1viral replication in Vero E6 cells with an EC50 value of 14.5 and 13.1 μM, respectively. It is also encouraging that they had no associated cytotoxicity (Ratia et al., 2008).
TABLE 1 | GRL0617-like inhibitors I.
[image: Table 1]X-ray structure of the SARS-CoV-1 PLpro-GRL0617 complex was solved at a resolution of 2.5 Å (Figure 4A). The structure shows that the GRL0617 binds at P3–P4 position, in proximity but not within the catalytic site. The interaction between GRL0617 and PLpro is stabilized through H bonds and hydrophobic interactions. The 1-naphthyl group forms hydrophobic interactions with the aromatic rings of Y265 and Y269. P248 and P249 residues line the substrate binding pocket, and they are known to accommodate the leucine residue at the P4 position of PLpro substrates (Figure 4A) (Ratia et al., 2006). The di-substituted benzene ring occupies the putative P3 position and stacks against the aliphatic portions of G164, D165, and Q270. The ortho-methyl group is lined by the side chains of Y265, Y274, and L163, and the amino group is surrounded by the side chain oxygen of Q270 and E168 and the hydroxyl of Y269 (Figure 4A) (Ratia et al., 2008). Comparison of the unbound and inhibitor-bound structures reveals a significant conformational difference in the BL loop that it moves toward GRL0617 and gains contacts with the inhibitor. Along with the movement of backbone, the side chains of Y269 and Q270 close over the inhibitor (Figure 4A) (Ratia et al., 2008). Importantly, GRL0617 was unable to inhibit HAUSP, USP18, UCH-L1, UCH-L3, and a papain-like protease (PLP2) from the human coronavirus NL63. The high specificity and low cytotoxicity make GRL0617 an ideal lead for future refinement (Ratia et al., 2008; Ghosh et al., 2009).
[image: Figure 4]FIGURE 4 | Close-up view of interaction between SARS-CoV-1 PLpro and inhibitors in crystal structures. PLpro is shown as cartoon with sticks representation shown for residues involving contact with inhibitors. Inhibitors are shown as sticks. Hydrogen bonds are labeled with dashed lines. (A) SARS-CoV-1 PLpro with GRL0617 (PDB: 3E9S). (B) SARS-CoV-2 PLpro with GRL0617 (PDB: 7JRN). (C) SARS-CoV-2 PLpro with compound 2 (PDB: 7JIT). (D) SARS-CoV-2 PLpro with compound 3 (PDB: 7JIV).
GRL0617 is Also a Good Inhibitor for SARS-CoV-2 Papain-Like Protease
As the catalytic site including P1–P4 is strictly conserved between S1 and SARS-CoV-2 PLpro, Brendan et al. tested five inhibitors including 7724772 and GRL0617. It was found that GRL0617 inhibited SARS-CoV-2 PLpro IC50 value of 2.4 μM (Freitas et al., 2020). Inhibition of PLpro by GRL0617 was used to confirm the role of PLpro in modulating host immunity through IFN and NF-κB pathways (Shin et al., 2020). Freitas et al. also used GRL0617 directly and found it inhibited SARS-CoV-2 PLpro with IC50 = 2.4 μM (Freitas et al., 2020). GRL0617 is often among the best hits from high-throughput screening campaigns or used effectively as a positive control (Smith et al., 2020; Zhao et al., 2021; Shen et al., 2021; Shan et al., 2021; Fu et al., 2021). Smith et al. (2020) screened several libraries and found disulfiram and GRL0617 as the best leads (Smith et al., 2020). Fu et al. (2021) showed that GRL0617 inhibited the deISGylation activity of PLpro in a cell-based assay. The in vitro IC50 values of GRL0617 against SARS-CoV-2 PLpro were 2.1 ± 0.2 μM (Fu et al., 2021). Shen et al. used an unbiased ChemDiv library (10,000-compound SMART library subset excluding PAINS compounds) and a biased, annotated TargetMol Bioactive library (5,370 compounds) to screen for inhibitors against SARS-CoV-2 PLpro. This screen resulted in a low hit rate, identifying only CPI-169 and the positive control GRL0617 (Table 1) (Shen et al., 2021). Jerzy et al. tested GRL0617 (named compound 1 in their paper) at IC50 value of 2.3 μM in vitro (Osipiuk et al., 2021a). Shan et al. first screened 25 DUB inhibitors and only found GRL0617 (Shan et al., 2021). Authors then screened 35,360 diverse compounds, including lead-like fragments, FDA-approved drugs, and small molecules with reported biological activities and follow-up assays, and found that GRL0617 was the best hit in potency, selectivity, and molecular complexity (Shan et al., 2021). These efforts show GRL0617 is indeed a good lead for inhibition of SARS-CoV-2 PLpro.
The mechanism of inhibition by GRL0617 has been investigated, and Shin et al. showed GRL0617 is ineffective against MERS-PLpro; authors hypothesized that this could be due to the presence of threonine instead of tyrosine at this conserved position (Y268 in SARS-CoV-2 PLpro) (Shin et al., 2020). Accordingly, the mutation of Y268 to either threonine (Y269T) or glycine (Y268G) in SARS-CoV-2 PLpro strongly reduced the inhibitory effect of GRL0617 (Shin et al., 2020). It was believed that GRL0617 functions by blocking the entry of the Ub and ISG15 C-terminus toward the catalytic cleft of the protease, as it occupies the P3–P4 position (Ratia et al., 2008; Shin et al., 2020). Indeed, Fu et al. used NMR to show that 15N-ISG15 caused drastic peak broadening and intensity loss in the 1H,15N-HSQC NMR spectrum with PLpro, and it was recovered by titration of GRL0617, proving the concept that GRL0617 competes with ISG15 for the binding site in PLpro and blocks the binding of Ubl to PLpro (Fu et al., 2021).
Four structures of SARS-CoV-2 PLpro with GRL0617 were reported (Osipiuk et al., 2021a; Gao et al., 2021; Ma et al., 2021a; Fu et al., 2021). Compared to the apo-structure of PLpro C111S (PDB: 6WRH), consistent with previous observations in SARS-CoV-1 PLpro, there is an apparent conformational change of the BL loop that stabilizes GRL0617 binding. The structures show consistent binding mode that GRL0617 occupies the P3–P4 positions of the substrate cleft near the active site (Figure 4A). The BL loop connecting α3 and α4 forms one side of the boundary of this pocket and closes toward the inhibitor compared to apo conformation. This movement is consistent with the observation from SARS-CoV-1 PLpro structures (Ratia et al., 2008). Side chains of both Y268 and Q269 close toward GRL0617 (Figure 4A). The movement of both backbone and side chains of residues uncover hydrophobic region and form polar and hydrophobic interactions with GRL0617. Y269 wedges between substituted benzene group and 1-naphthyl group (Figure 4A). Aliphatic region of Q269 forms van der Waals contact with the benzene ring. The H bonds and hydrophobic interactions between GRL0617 and PLpro are conserved from SARS-CoV-1 to SARS-CoV-2. The 1-naphthyl group forms hydrophobic interactions with the aromatic rings of Y264 and Y268, and it is partially solvent-exposed. P247 and P248 residues set important boundaries for the substrate binding pocket (Figure 4A). The (R)-methyl group points toward Y264 and T301. The carbonyl oxygen of GRL0617 forms an H bond with the backbone nitrogen of N269 (Figure 4A). The di-substituted benzene ring occupies the putative P3 position and stacks against the aliphatic portions of G163, D164, and Q269. The ortho-methyl group is lined by the side chains of Y264, Y273, and L162, and the amino group of aniline is surrounded by the side chain oxygen of Q269 and E167 and the hydroxyl of Y268, forming H bonds with side chain of Y268 and potentially E167 (Figure 4A) (Ma et al., 2021a; Osipiuk et al., 2021a; Fu et al., 2021; Gao et al., 2021). Some minor differences are observed in the three GRL0617 bound CoV-2 PLpro structures. In PDB accessions 7CMD and 7JRN, the side chain of L162 is about 3.7 Å away from ortho–methyl group, whereas in PDB accessions 7JIR and 7CJM, L162 is an outlier that its side chain flips away from GRL0617 and has no contact with the inhibitor. Another amino acid residue that shows a difference is E167 from PDB 7JIR and 7CJM, whose side chain oxygen is ∼3.7 Å from the aniline amine group of GRL0617, likely forming a weak H bond, whereas the same side chains from the other PDBs indicate side chains of E167 flipping away from inhibitor (Ma et al., 2021a; Osipiuk et al., 2021a; Fu et al., 2021; Gao et al., 2021).
Development of GRL0617 Derivatives
The inhibition, structure, and effectiveness of GRL0617 against SARS-CoV-2 PLpro are all in agreement with previously observations with SARS-CoV-1 PLpro. GRL0617 is a promising platform for further development, especially considering its low cytotoxicity and good potency. Some representative compounds are discussed below. Compound 6 (Table 1) was initially reported among a series of derivatives of the initial hit 7724772, along with GRL0617 (Ratia et al., 2008). It was generated by adding an acetyl group to GRL0617. For SARS-CoV-1 PLpro, Compound 6 has similar IC50 value with GRL0617, whereas its EC50 at 13.1 μM is similar to GRL0617 (Ratia et al., 2008). Freitas et al. report that compound 6 has an IC50 value of 5 μM (Freitas et al., 2020). More recently, Fu et al. showed that the in vitro IC50 values of compound 6 against SARS-CoV-2 PLpro were 11 ± 3 μM (Fu et al., 2021).
D164 and E167 are in proximity of the amine of four methyl aniline groups from GRL0617, and Jerzy et al. generated a series of GRL0617 derivatives to derivatize in this region (Osipiuk et al., 2021a). Crystal structures of SARS-CoV-2 PLpro with compounds 2 and 3 were achieved (Table 1) (Figures 4C,D) (PDB: 7JIT, 7JIV, and 7JIW). As expected, the inhibitors bind to the same site in the enzyme as GRL0617, located 8–10 Å away from the catalytic cysteine. Some of the newly designed inhibitors had additional contacts. For example, compound 2 has interactions with its carbamylurea moiety, forming H bonds with Glu167, Tyr268, and water-mediated H bond with K157 (Figure 4C), yet these derivatives including compound 2 had decreased potency (IC50 in the range of 5.1–32.8 μM) for unknown reasons. The new inhibitors were also tested in Vero E6 cells for the SARS-CoV-2 replication. Interestingly, the viral replication assay shows different comparison of potency among inhibitors with biochemical assay. Compounds 2 and 3 are good PLpro inhibitors with IC50 values of 5.1 and 6.4 μM, respectively, but failed in the viral replication assay. Compound 5 was the weakest inhibitor in vitro with IC50 values of 32.8 μM, but it was one of the best performers in the live viral replication assay (EC50 = 2.5 μM). The authors speculated that the differences in cell permeability and solubility could account for the differences (Osipiuk et al., 2021a).
Shen et al. used a more systematic approach that derivatized five regions of GRL0617 (Figure 5) (Shen et al., 2021). Region I is from the amine group of aniline; region II is from the ortho methyl group on derivatized benzene group; region III is from the R methyl group; region IV and region V are achieved by replacing the naphthalene group and further extensions (Figure 5A) (Shen et al., 2021). Refinement at region II (replacing ortho methyl group with -Cl, -Br, -CH = CH, -CF3, or -F) was not successful. Although extra room at region III suggested room for refinement (Ratia et al., 2008), replacing the (R)-methyl group with–Et, –CH2CH2OH, or–CH2CONHCH3 group decreased potency (Shen et al., 2021). The generated derivatives show lower potency than GRL0617. At region I, adding azetidine group to derivatize the amine group from aniline yielded ZN2-184 that has two-fold increase in potency (Table 1). The rational of this modification is the same as Jerzy et al., to gain contact with E167, and Shen et al. found more a favorable group at this site (Shen et al., 2021). At region IV, replacing naphthalene ring with fused heteroaryls, such as benzothiophene, indole, and carbazole with various linkages, had lower potency, likely due to spatial restraints. Replacement of naphthalene with bi-aryl groups like 2-phenylthiophene (ZN-3–80; IC50 = 0.59 μM) increased potency (Table 1). Taking advantage of the extra space next to the naphthalene group, which features hydrophobic residues like P248 and P299, and backbone of G266 (named BL groove), adding basic groups from phenylthiophene significantly improved potency, dropping IC50 to below 500 nM. XR8-89 is the best in the series and has an IC50 value of 0.11 μM (Table 1).
[image: Figure 5]FIGURE 5 | (A) Five regions that were derivatized for refinement of GRL0617. (B and C) Close-up view of interaction between SARS-CoV-1 PLpro and inhibitors in crystal structures. PLpro is shown as cartoon with sticks representation shown for residues involving contact with inhibitors. Inhibitors are shown as sticks. Hydrogen bonds were labeled with dashed lines. (B) SARS-CoV-2 PLpro with XR8-24 (PDB: 7LBS). (C) SARS-CoV-2 PLpro with XR8-89 (PDB: 7LBR).
SPR assays show the extended ligands with basic side chain have significant decreased dissociation rates of XR8-89 and XR8-23 (Shen et al., 2021). To examine the binding mode of the novel PLpro inhibitors, authors obtained co-crystal structures of XR8-24, XR8-65, XR8-69, XR8-83, and XR8-89 with SARS-CoV-2 PLpro (PDB: 7LBR, 7LBS, 7LLF, 7LLZ, and 7LOS) (Table 1). Superposition of the ligand-bound structures shows all inhibitors utilized the same binding mode similar to GRL0617, including closure of BL loop and H bond between amide of inhibitor and D164 and Q269 (Osipiuk et al., 2021a; Gao et al., 2021; Ratia et al., 2008; Ahmad et al., 2021). The analysis of the representative co-crystal structures of XR8-24 and XR8-89 found that the azetidine ring extends into Site I to interact with side chain of E168 (Figures 5B,C) (Shen et al., 2021). The amide group of XR8-24 and XR8-89 is aligned closely with that of GRL0617 in SARS-CoV-2 PLpro (PDB: 7JRN) with the expected two H bonds between amide and the main chain of Q269 on the BL loop and with side chain of D164. In Site IV, the phenylthiophene group sits between P248 and side chain of Y268 at a similar position of naphthalene ring of GRL0617 (Figures 5B,C) (Shen et al., 2021). The thiophene extends further compared to naphthalene group of GRL0618 (Site V), where it takes part in van der Waals interactions with residues P248, Y264, and (Shen et al., 2021). The additional groups that derivatized from phenylthiophene have mostly poor electron density in crystal structures (Shen et al., 2021). Indeed, this region is open to solvent and authors conjectured that crystal packing forces might also contribute to it. However, the pyrrolidine ring of XR8-24 is better defined, with putative interaction with P248, G266, and Y265 (Figure 5B). In a plaque formation assay using the SARS-CoV-2 USA/WA1/2020 strain and Vero E6 cells. GRL0617 has an EC50 value of 21.7 ± 1.6 μM, whereas both XR8-23 and XR8-24 were significantly more potent than GRL0617 with EC50 at 2.8 ± 0.4 μM and 2.5 ± 1.9 μM, respectively. XR8-89 also demonstrated superior antiviral potency compared to GRL017, yet with higher EC50 value at 11.3 ± 1.6 μM. In this study, antiviral potency does not strictly correlate with the superior potency of this inhibitor in biochemical assays for unknown reasons. The lack of observable cytotoxicity for XR8-89 might indicate attenuated cell permeability as a cause of lower antiviral potency (Shen et al., 2021). No toxicity was observed under assay conditions in Vero E6 cells for these compounds at concentrations lower than 50 μM (Shen et al., 2021).
GRL0667, Compound 3, Compound 15g, and Compound 15h
Another lead compound 3 (6577871) was found via high-throughput screening of a diverse chemical library where GRL0617 was identified, but with lower potency IC50 = 59 μM (Table 2) (Ratia et al., 2008; Ghosh et al., 2010). Subsequent lead optimization efforts led to the design of potent inhibitor 15g (GRL0667, IC50 = 0.32 μM) which inhibited SARS-CoV-1 viral replication in Vero cells with an EC50 value of 9.1 μM, and its enantiomer 15 h has IC50 = 0.56 μM and similar antiviral potency (Table 2). The crystal structure shows that the naphthyl ring of 15g aligns in a similar fashion in the hydrophobic pocket formed by residues Y269, Y265, P248, P249, and T302, whereas the rest of the inhibitors exhibit different binding modes (Figure 6A) (note that GRL0617 was named compound 2 in this paper; PDB: 5MJ5) (Ghosh et al., 2010). The piperidyl group and the carboxamide group of 15g occupies similar position of methyl-aniline group of GRL0617, yet less bulky, so it allows side chain of Y269 to be slightly closer. The conformation of BL loop at Q270 is very different induced by binding of different inhibitors. Both the main chain and side chain of Q270 flip away from 15g, to make room for its benzodioxolane group that rests on the aliphatic region of Q270 side chain (Ghosh et al., 2010). The flexibility of BL loop is exploited by 15g.
TABLE 2 | GRL0667-like inhibitors II.
[image: Table 2][image: Figure 6]FIGURE 6 | Close-up view of interaction between SARS-CoV-1 PLpro and inhibitors in crystal structures. PLpro is shown as cartoon with sticks representation shown for residues involving contact with inhibitors. Inhibitors are shown as sticks. Hydrogen bonds were labeled with dashed lines. (A) SARS-CoV-1 PLpro with GRL0667 (PDB: 3MJ5). (B) SARS-CoV-1 PLpro with 3j (PDB: 4OVZ). (C) SARS-CoV PLpro with 3k (PDB: 3OW0). (D) SARS-CoV-2 PLpro with compound 12 from the two copies in the asymmetric unit (PDB: 7E35).
In 2014, the same authors used SAR (structure–activity relationship) to show that adding additional groups to (R)-methyl group cause decreased potency, which is consistent with refinement of GRL0617 (Shen et al., 2021). Replacing benzodioxolane with 3-F-benzene or 4-F-benzene slightly increase potency (3j: 4-F IC50 = 0.49 μM; 3k: 3-F IC50 = 0.15 μM) (Table 2). The structural comparison of 3j and 3k with 15g shows that the binding modes to SARS-CoV-1 PLpro are almost identical with minor translation compared to GRL0617 (PDB: 4OVZ and 4OW0) (Figures 6B,C) (Báez-Santos et al., 2014b). Klemm et al. synthesized racemic forms of compounds reported in 2014: rac3j, rac3k, and rac5c (Table 2) (Báez-Santos et al., 2015; Klemm et al., 2020). Each compound had low or sub-micromolar inhibitory activity against SARS-CoV-2 PLpro. Rac5c is the best among the list, and it has IC50 value of 0.81 μM. It inhibited protease activity in the context of full NSP3 and inhibited viral replication at 11 μM concentration (Klemm et al., 2020).
Hengyue et al. prepared a series of reported SARS-CoV-1 PLpro inhibitors that share a naphthyl group with GRL0617 resembling GRL0667 (Shan et al., 2021; Ghosh et al., 2010; Báez-Santos et al., 2014b). These inhibitors showed better potency than GRL0617 in an in vitro fluorescence-based assay with IC50 values ranging between 2.6 and 4.3 μM. Authors solved the co-crystal structure of the SARS-CoV-2 PLpro C112S with compound 12 at 2.4 Å resolution (PDB: 7E35) (Table 2). In comparison with the apo structure, the BL loop adopts the same conformation as with complex with GRL0617 that both backbone of the BL loop and side chain of Y269 bends toward 12 (Figure 6D) (Gao et al., 2021; Ma et al., 2021a; Fu et al., 2021). Interestingly, the electron density maps indicated distinct binding modes of inhibitor for each asymmetric unit. In chain A, the phenyl ring of Y269 simultaneously engages with all three hydrophobic rings of 12, acting as a latch of the binding pocket. The carbonyl of Y269 forms an H bond with the backbone amide of 12 (Figure 6D). The derivatized cyclohexane extends into a small pocket formed by P248, R167, A247, and M209. This is different from compound 12 in chain B, where the same group is sandwiched by E162, L163, and the side chain of M209 from crystal packed molecule nearby (Shan et al., 2021). On the basis of the structure, further refinement of inhibitors was done with SAR. Piperidyl ring is tightly surrounded, so it is not an ideal candidate for refinement. Addition of 5-fluorine to benzene group of 12 potentially increased favorable contact with Q270, thereby increased potency of 14. Replacement of benzyl ring with piperidine ring were not successful, yet acetamide group extended by tertiary amine show increased potency: compounds 18 and 19 (Table 2). According to SPR results, 19 bound to SARS-CoV-2 PLpro with a Kd value of 2.6 mM, compared to that of GRL0617 at 10.8 mM. In addition, 19 is also shown not to inhibit DUBs at 10 μM and, at 10 mM 19, significantly inhibited SARS-CoV-2 PLpro in 293T cells and significantly recover the activation level of NF-κB that can be inhibited by PLpro. 19 could significantly inhibit SARS-CoV-2 replication even at 400 nM. At 10 mM, 19 did not show detectable cytotoxicity in hACE2-HeLa cells. 19 was the best in the series with an IC50 value of 182 nM and a therapeutic index (CC50/IC50) over 55 (Shan et al., 2021).
Disulfiram
Disulfiram is a drug which was approved by the US FDA for use in alcohol aversion therapy (Lin et al., 2018). Disulfiram was first shown to inhibit SARS-CoV-1 PLpro at IC50 = 24.1 ± 1.8 μM by Lin et al., in 2018 (Table 3) (Lin et al., 2018). With a zinc-specific fluorophore, FluoZin-3, it was found that Zn2+ ion was released upon addition of disulfiram (Lin et al., 2018). The study by Karan et al. is in agreement with disulfiram functioning as a zinc ejector and confirmed the addition of disulfiram on PLpro with molecular weight calculated by mass spectrometry (Sargsyan et al., 2020). Another proposed mechanism of inhibition is the formation of a covalent adduct to catalytic cysteine, as BME treatment can partially restore PLpro activity inhibited by disulfiram (Lin et al., 2018). Efforts in obtaining the structure of disulfiram have not been successful. Lin et al. only observed BME like electron density projecting off SARS-CoV-1 PLpro C112 but not cysteines coordinating Zn2+, which supports the hypothesis that disulfiram inhibits PLpro by forming covalent adduct to catalytic cysteine. Smith et al. screened several libraries and found disulfiram and GRL0617 as the best leads (Smith et al., 2020), yet Gao et al. did not detect inhibition by disulfiram (Lin et al., 2018). The discrepancy may stem from different substrates used in assessing inhibitor efficacy or the presence of reducing reagents that neutralized the inhibitory effect. The inhibitory effect of disulfiram is greatly limited by the oxidation–reduction environment. Considering disulfiram is known to be promiscuous, the application and development of disulfiram for PLpro could be restricted.
TABLE 3 | Other PLpro inhibitors.
[image: Table 3]6-Thioguanine
6-Thioguanine (6-TG) is an FDA-approved drug that has been used in the clinic since the 1950s, originally for the treatment of childhood leukemias and subsequently for treatment of inflammatory bowel and Crohn’s disease (Bayoumy et al., 2020). Chou et al. discovered 6-TG as a reversible and slow-binding inhibitor for SARS-CoV-1 PLpro with IC50 = 5.0 ± 1.7 μM (Table 3) (Chou et al., 2008). Cheng found that 6-TG is an inhibitor for MERS PLpro (Cheng et al., 2015). Fu et al. used 6-TG, determined its potency against SARS-CoV-2 PLpro (IC50 = 72 ± 12 μM), and used it as a positive control for inhibitor screening (Fu et al., 2021). Gao et al. found that only 6-TG inhibited PLpro weakly with IC50 = 103.7 ± 49.4 μM (Gao et al., 2021). This preprint publication describes that an increasing concentration of 6-TG inhibited PLpro-mediated processing of the TAP-nsp123 WT polyprotein and blocked cleavage of ISG15 in HEK293T cells (Swaim et al., 2021). 6-TG inhibited viral replication in Vero-E6 cells with an EC50 value of 0.647 ± 0.374 μM, which is comparable to that of Remdesivir at 0.77 μM. 6-TG inhibited virus replication in Calu3 cells at a lower EC50, 0.061 ± 0.049 μM. 6-TG did not elicit significant cellular toxicity in either Vero-E6 or Calu3 cells (CC50 > 50 μM) (Swaim et al., 2021). Despite previous positive results in inhibition, in a recent study, 6-TG did not show binding in a TSA assay or inhibition in FlipGFP assay, therefore invalidating 6-TG as a PLpro inhibitor (Ma et al., 2021b).
Tanshinone
Tanshinone is a class of compounds that was originally extracted from Salvia miltiorrhiza (Zhou et al., 2005). Tanshinone was identified as an inhibitor for SARS-CoV-1 PLpro in 2012 (Park et al., 2012). Authors extracted and tested a series of tanshinones with cryptotanshinone displayed the most potent inhibitory activity (IC50 = 0.8 μM) toward SARS-CoV-1 PLpro and weak inhibition for Mpro (IC50 = 226.7 ± 6.2 μM) (Table 3). The IC50 values demonstrated that the presence of naphthalene in tanshinone I (IC50 = 0.7 μM) provide a greater inhibitory effect than the other tanshinone derivatives. No detectable inhibition was observed for other proteases tested, including chymotrypsin, papain, and HIV protease (Park et al., 2012).
Zhao et al. (2021) found tanshinone while screening libraries against SARS-CoV-2 PLpro and determined that cryptotanshinone inhibited with an IC50 = 5.63 ± 1.45 μM and EC50 = 0.70 ± 0.09 μM, and tanshinone I has IC50 values of 2.21 ± 0.10 μM and EC50 = 2.26 ± 0.11 (Table 3) (Zhao et al., 2021).
Lim et al. found that dihydrotanshinone I inhibits SARS-CoV-2 PLpro with IC50 = 0.586 μM, in comparison to the IC50 values of 1.79 µM for GRL0617, 1.57 µM for tanshinone IIA, and 1.34 µM cryptotanshinone (Lim et al., 2021). Authors also found that dihydrotanshinone I has good specificity that it did not inhibit 3CLpro (Lim et al., 2021).
Yunxia et al. used ALKGG-AMC as substrate to screen a compound library with 1971 clinically approved compounds. Tanshinone IIA sulfonate sodium, a more water-soluble form of tanshinone was found to be a potent inhibitor. It has an IC50 value of 1.65 ± 0.13 μM, and the KD value is 145 ± 8.5 μM (Table 3) (Xu et al., 2021). Tanshinone was found to directly interact with PLpro in biolayer interferometry (BLI) assay. Thermal shifting assay using SYPRO Orange found tanshinone IIA sulfonate sodium gently increased the thermo stability of PLpro by 1°C (Xu et al., 2021). As crystal structure of tanshinone with PLpro is not available, docking and molecular dynamics simulations were applied to indicate tanshinone IIA sulfonate sodium binds to P3–P4 sites and interacts with Y268, which is similar to the binding pocket of GRL0617 (Xu et al., 2021).
Chloroxine
Along with tanshinone, chloroxine is also found to be a direct-interacting inhibitor for SARS-CoV-2 PLpro (Table 3) (Xu et al., 2021). It has IC50 value of 7.24 ± 0.68 μM, and the KD value is 4.6 ± 0.29 μM. Thermal shifting assay using SYPRO Orange found mixing chloroxine compounds with PLpro increase Tm by 2.5°C. There is no crystal structure of chloroxine with PLpro available, so the mode of binding was illustrated by docking and molecular dynamics simulations (Xu et al., 2021). Chloroxine did not show stable binding to the active pocket but has a unique binding site at the PLpro-ISG15 binding interface, near residue R65. It was proposed that the binding of chloroxine could have a direct impact on interrupting the PLpro-ISG15 binding interface; however, it does not explain the inhibition of peptide-based substrate ALKGG-AMC as it is not expected to interact at S2 site (Xu et al., 2021). R65 is ∼38 Å away from the catalytic triad, so this binding mode awaits validation.
CPI-169
A screening campaign using unbiased ChemDiv library (10,000-compound) and a biased, annotated TargetMol Bioactive library (5,370 compounds) for inhibitors only identified CPI-169 as a new inhibitor for SARS-CoV-2 PLpro (Table 3) (Shen et al., 2021). CPI-169 inhibits SARS-CoV-2 with an IC50 value of 7.3 μM. CPI-169 binds to PLpro moderately with KD = 10.2 µM. In comparison, GRL0617 is slightly more potent with IC50 = 1.6 μM and KD = 1.9 μM (Shen et al., 2021). Authors computationally docked to the BL loop of PLpro however were unable to obtain co-crystal structures. The SAR of CPI-169 is yet to be reported (Shen et al., 2021).
YM155
Zhao et al. (2021) found YM155 while screening 6,000 compounds from libraries consisting of approved drugs, drug candidates in clinical trials, and pharmacologically active compounds against SARS-CoV-2 PLpro (Table 3) (Zhao et al., 2021). YM155 is an antineoplastic drug in clinical trials, inhibited PLpro with an IC50 value of 2.47 μmol/L (Zhao et al., 2021). YM155 also exhibits strong antiviral activities in cell-based assays with an EC50 value of 170 nmol/L (Zhao et al., 2021). The crystal structure of YM155 with SARS-CoV-2 PLpro reveals three YM155 binding sites on SARS-CoV-2 PLpro (Figure 7A). The first YM155 molecule binds at the substrate binding pocket. Different from GRL0617, which occupies both P3 and P4 sites, YM155 only occupies P4 position (Figure 7A). The naphthoquinone aromatic group of YM155 forms hydrophobic interactions with the side chains of P248 and with the aromatic rings of Y264, Y268, and Y273. The plane of naphthoquinone group is tilted compared to naphthalene group of GRL0617. Importantly, binding of YM155 induced a unique conformation of BL loop. As previously described, BL loop closes upon GRL0617 binding, and Y268 flips toward GRL0617 and wedges between the two aromatic rings of GRL0617. When bound to YM155, Q269 flips away from body of the protease, making room for Y268 to shift toward the direction of thumb and Ubl domains. The side chain of Y269 forms π-stacking interaction with YM155, thus clamping the inhibitor to the protease (Zhao et al., 2021). On the basis of this binding site of YM155, the inhibitory effect can by rationalized by competition with the substrate.
[image: Figure 7]FIGURE 7 | Close-up view of interaction between SARS-CoV-1 PLpro and inhibitors in crystal structures. PLpro is shown as cartoon with sticks representation shown for residues involving contact with inhibitors. Inhibitors are shown as sticks. Hydrogen bonds were labeled with dashed lines. (A) Three binding sites of YM155 on SARS-CoV-2 PLpro (PDB: 7D7L). (B) SARS-CoV-2 PLpro with ebselen (PDB: 7M1Y). (C) SARS-CoV-2 PLpro with VIR250 (PDB: 6WUU). (D) SARS-CoV-2 PLpro with VIR251 (PDB: 6WXA).
The second YM155 binding site was observed near the thumb domain, interacting with F69 and H73 (Figure 7A). Interestingly, PLpro F69 is a critical residue at S2 involved in hydrophobic interactions to both distal Ub and NTD of ISG15 (Shin et al., 2020; Békés et al., 2016). YM155 here could function as a blocker for Ubl at S2 site. A third YM155 molecule is bound at the zinc-finger motif (Figure 7A). The methoxyethane group of the inhibitor inserts into the cleft, forming an H bond with Q195. A second H bond is formed between YM155 naphthoquinone group and T225. Binding of YM155 distorted the region containing C224 and C226, compared to apo structure (PDB: 7D7L) (Zhao et al., 2021). The Finger domain is important for the proteolytic and deubiquitinating activity of PLpro, so this YM155 binding site may also significantly contribute to its inhibitory effects (Herold et al., 1999; Klemm et al., 2020). The inhibitory effects of three individual binding sites for YM155, and SAR of YM155 derivatives need to be investigated.
Ebselen
Ebselen is a low–molecular weight organoselenium drug that has low toxicity to use in humans (Table 3) (Azad and Tomar 2014). Karen et al. found that ebselen inhibits PLpro with the similar mechanism of disulfiram that it covalently adds to cysteines of SARS-CoV-2 PLpro and ejects Zn2+. It has an IC50 value of 0.67 ± 0.09 μM measured by fluorogenic peptide substrate (Sargsyan et al., 2020). Ebselen is a dual inhibitor for both PLpro and Mpro with higher potency toward Mpro (Jin et al., 2020a; Zmudzinski et al., 2020; Weglarz-Tomczak et al., 2021). Jin et al. proposed a reaction mechanism for ebselen inhibiting Mpro, and the same mechanism might account for its inhibition to PLpro (described in the Mpro section) (Jin et al., 2020a). In our preprint publication on BioRxiv, the best inhibitor among a series of ebselen derivatives, Compound 7, has an IC50 value of 0.58 ± 0.04 μM. However, Gao et al. found ebselen not to be inhibitory in their assay (Table 3) (Gao et al., 2021). The discrepancy may stem from different substrates used for assessing inhibitor efficacy or the assay condition, e.g., reducing reagent.
The mechanism of inhibition by ebselen to Mpro is by the formation an adduct at the catalytic cysteine to form a seleno sulfide bond. (Amporndanai et al., 2021). Both Mpro and PLpro are cysteine proteases, and ebselen may inhibit PLpro in the same way. However, the analysis of a recent unpublished PDB accession 7M1Y found that, when crystallized with PLpro C111S mutant, weak electron density demonstrates ebselen bound at a shallow pocket on palm domain. Selenium phenyl group is surrounded by side chains of residues E263, K274, C284, T291, and Y296, and at the other end, phenyl group is lined by backbone of E295 and Y296 (Figure 7B). Ebselen inhibited viral replication with EC50 = 4.67 μM, which could a combined effect of targeting both Mpro and PLpro (Jin et al., 2020a).
Peptide Inhibitors: VIR250 and VIR251
Hybrid combinatorial substrate library (HyCoSuL) is a combinatorial library of tetra-peptides containing natural and unnatural amino acid mixtures at the P4–P2 positions, a fixed amino acid at the P1 position, and an ACC (7-amino-4-carbamoylmethylcoumarin) fluorescent tag occupying the P1’ position (Drag et al., 2008; Rut et al., 2020b). Once the peptide is recognized and cleaved by a protease, the ACC is released and produces a readable fluorescence signal. This method was used to investigate DUBs’ activity (Drag et al., 2008; Rut et al., 2020b). A series of tetrapeptide-ACC including natural and unnatural amino acid residues was designed and synthesized, and the best amino acid composition to target SARS-CoV-2 PLpro was determined (Poreba et al., 2017). The preferred substrates [Ac-hTyr-Dap-Gly-Gly-ACC, VIR251, and Ac-Abu (Bth)-Dap-Gly-Gly-ACC, VIR250] were converted into inhibitors by exchanging the fluorescent tag to a vinylmethyl ester (VME) group (Table 3) (Rut et al., 2020a). Both VIR250 and VIR251 exhibit high selectivity and robust inhibition toward both SARS-CoV-1 PLpro and SARS-CoV-2 PLpro, whereas no inhibition of human DUB (UCH-L3) was observed in biochemical assay and cell lysate-based assay (Rut et al., 2020a). This high specificity is important for drug discovery purposes.
The crystal structures of VIR250 and VIR251 in complex with both SARS-CoV-1 and SARS-CoV-2 PLpro in combination were determined, in collaboration with our lab, for the purpose of understanding the binding mode and future refinement of the inhibitors (Figures 7C,D) (Rut et al., 2020a; Patchett et al., 2021). As expected, the catalytic C111 is covalently linked to the ß carbon of the vinyl group of the VME warheads of inhibitors with thioether linkages. Both inhibitors occupy the P1–P4 pockets of SARS-CoV-2 PLpro. P1 and P2 sites of inhibitors are Gly residues, which are the same as Ub and ISG15. At P3, inhibitors have Dap, which is an unnatural amino acid residue, whereas in Ub, it is Arg, and, in ISG15, it is Pro. Dap of VIR250 participates in a backbone–backbone H bond with G271 and Y268, whereas that of VIR251 engages in the backbone–backbone H bond with Y268 (Figures 7C,D). More importantly, whereas P1–P3 residues engage very similar contacts with PLpros of both species, P4 residues show significant diverse conformations. When crystallized with SARS-CoV-2, VIR250 P4 Abu (Bth) projects toward Finger domain and engages in a network of van der Waals interactions with M208, P247, P248, and T301, this contrasts its conformation when crystallized with SARS-CoV-1, which the side chain flips about 90° pointing in the direction of palm domain. Interestingly, SARS-CoV-2 VIR251 hTyr at the P4 position projects toward the palm domain, which is same as SARS-CoV-1 VIR250 P4 side chain, and opposite of SARS-CoV-2 VIR251 P4, whereas SARS-CoV-2 VIR250 P4 side chain is pointing to similar direction as SARS-CoV-2 VIR251 P4 (Figures 7C,D).
The significant freedom of P4 site is consistent with the observation that P1–P2 sites are narrow and less accessible, P3 site is half exposed, whereas P4 site is broad and well solvent exposed. The P3–P4 sites are exploited by both small-molecule inhibitors and peptide inhibitors. The different conformations of P4 side chain of inhibitors are accompanied by slight shift of the BL loop and different rotamers of key residues including Y268 and Q269. Interestingly, when compared with the GRL0617-bound PLpro structure, the side chains of P4 of inhibitors partially overlap with naphthalene group from GRL0617 (Figures 7C,D). With the previous success in replacing naphthalene with longer biaryls (Shen et al., 2021), it is possible to elongate the side chain of P4 position of peptide inhibitor in future refinement.
Jun9-13-7 and Jun9-13-9
Ma et al. found two new inhibitors Jun9-13-7 and Jun9-13-9 screening against the Enamine 50K diversity compound library and subsequent lead optimization (Table 3) (Ma et al., 2021a). Jun9-13-7 and Jun9-13-9 had IC50 values of 7.29 ± 1.03 and 6.67 ± 0.05 μM, respectively (Ma et al., 2021a). The two inhibitors also increased the thermal stability of SARS-CoV-2 PLpro by 2.98 ± 0.09°C and 2.18 ± 0.29°C. The inhibition by these two hits is slightly weaker than GRL0617 tested under same conditions: IC50 value of 2.05 ± 0.12 μM.
Subsequent lead optimization led to the discovery of several inhibitors with sub-micromolar potency in the enzymatic assay. Among them, Jun9-75-4 was the most potent PLpro inhibitor with an IC50 value of 0.62 μM, a 10-fold increase compared to original hit, and three-fold more potent than GRL0617. Without a structure of the new inhibitors with PLpro, the authors used molecular dynamics method to analyze how the inhibitors interact with SARS-CoV-2 PLpro (Ma et al., 2021a).
STRUCTURAL BIOLOGY OF SARS-COV-2 MAIN PROTEASE
SARS-CoV-2 Mpro (nsp5, also referred to as 3CLpro) is a cysteine protease that is widely conserved among coronaviruses. Mpro operates at the recognition sequence Leu-Gln↓ (Ser, Ala, Gly) (↓ marks the cleavage site) to mediate the maturation cleavage of polyproteins nsp4–16 during virus replication. There is no known human protease with a specificity for Gln at the cleavage site of the substrate (Zhang et al., 2020a). This feature along with its essential function in viral cell cycle makes Mpro a promising target for COVID-19 treatment development. The active version of Mpro is a homodimer, and each protomer is comprised of three domains (domains I, II, and III) (Figure 8). The domains I (residues 8–101) and II (residues 102–184) consist of antiparallel ß-barrels, and together, they form the chymotrypsin-like structure. The domain III (201–306), which is mostly composed by α-helices, is responsible for the dimerization process. SARS-CoV-2 Mpro has 96% primary sequence identity to that from SARS-CoV-1. A notable difference in SARS-CoV-2 Mpro is the mutation of T285 and I286 to Ala and Leu, respectively, when compared to that from SARS-CoV-1 (Zhang et al., 2020b). These changes keep the two domains III closer, leading to an increase in catalytic turnover.
[image: Figure 8]FIGURE 8 | Three-dimensional structure of SARS-CoV-2 Mpro. (A) One protomer of the dimer is shown in orange, and the other one is shown in teal (PDB: 6LU7). (B) Cartoon representation of the crystal structure of one protomer. The amino acid residues of the catalytic site are indicated as yellow sphere for Cys145 and orange sphere for His41.
The substrate-binding pocket lies in the cleft between domains I and II. The active site of the enzyme consists of four pockets (S1’, S1, S2, and S3), with the S1 pocket containing a catalytic dyad (Figure 9A). This catalytic dyad is composed of the C145 and H41 residues. The absence of the standard third catalytic element is compensated by the presence of a buried water molecule, which forms H bonds with the residue of H41 and the surrounding amino acids (Figure 9B) (Anand et al., 2003; Kneller et al., 2020a; Kneller et al., 2020b; Citarella et al., 2021). The active site of Mpro is favored by strong H bond interactions with an “oxyanion hole” formed by G143, S144, and C145 (Świderek and Moliner, 2020). The stabilization of the oxyanion by the H bonds in the transition state should contribute to the catalytic activity (Simón and Goodman, 2010). Another water molecule is located within the active site of the enzyme and establishes H bonds with F140, H163, and E166, further stabilizing the oxyanion hole.
[image: Figure 9]FIGURE 9 | The substrate-binding cleft located between domains I and II of Mpro. (A) The active site cavity is located on the surface of Mpro. Subsites S1, S2, and S4 are shaped into well-formed binding pockets. The catalytic dyad is highlighted in red with the residues that flank the cavity. The oxyanion hole created by residues 140–144 is highlighted. (B) A close-up view of the catalytic site cavity in which the catalytic residues (Cys145 and His41) are highlighted in red. The catalytic water molecule is shown as a red sphere. Hydrogen bonds are shown as black dashed lines.
The thiol group of C145 is responsible for hydrolysis. The initial step in the process is deprotonation of Cys-thiol and followed by nucleophilic attack of resulting anionic sulfur on the substrate carbonyl carbon. In this step, a peptide product is released, whereas H41 is restored to its deprotonated form. The resulting thioester is hydrolyzed to release a carboxylic acid, and the free enzyme is regenerated in the final step (Figure 10) (Pillaiyar et al., 2016). The interaction of the amino-terminus (N-terminus) of one protomer with domain II of the other via H bonding helps shape the S1 pocket of the active site (Zhang et al., 2020a; Zhang et al., 2020b). Simulations showed that the active site residues and the substrate binding pocket are not in the proper conformation for catalysis in the monomers (Chen et al., 2006). Therefore, the dimer is the active form, whereas the monomer is inactive (Goyal and Goyal, 2020). Compounds that can interfere with the dimeric interface may act as potent inhibitors.
[image: Figure 10]FIGURE 10 | Hydrolysis mechanism of SARS-CoV-2 Mpro. In the free state, H41 of Mpro deprotonates the thiol of C145. The next step is nucleophilic attack by the deprotonated C145 sulfur on the peptide carbonyl carbon. Then, a fragment of the substrate (R2) is released, and the histidine is restored to its deprotonated form. The new carboxyl-moiety undergoes nucleophilic attack by water, which results in H41 becoming protonated. The thioester bond is subsequently hydrolyzed to generate a C-terminus on the remaining substrate fragment while regenerating the free enzyme.
INHIBITORS AGAINST MAIN PROTEASE
Although there is currently a good clinical candidate for COVID-19, focus should not be taken away from the study of other potential Mpro inhibitors. The inhibitor studies this past year and half could further help design new treatments for COVID-19 in addition to preparing for future coronavirus outbreaks. These studies have included drugs developed as treatment for other viruses and new compounds specific for coronaviruses. Because of their success in the treatment, the repurposing of FDA-approved drugs allows speeding up the experimental phases of a new therapy, since safety studies have already been validated. Several inhibitors have been developed against SARS-CoV-2 Mpro, and these are typically peptidomimetics that mimic natural peptide substrates (Jacobs et al.,2013); Tian et al., 2021; Jacobs et al., 2013; Tian et al., 2021). The warheads mainly contain Michael receptors, aldehydes, and different types of ketones, which covalently bind to the C145 residue in Mpro to exert an inhibitory effect. The α-ketoamide warhead is sterically more versatile than other warheads because it features two acceptors for H bonds from the protein, whereas the other warheads have only one such acceptor. Here, we focus on key interactions of some of the most promising results, which have become the basis for further derivatization (Table 4).
TABLE 4 | Mpro inhibitors.
[image: Table 4]PF-07321332
To date, PF-07321332 is one of two orally available COVID-19 antiviral clinical candidates (along with Molnupiravir). The structure of this inhibitor was revealed by Pfizer at the American Chemical Society Spring 2021 meeting (Halford, 2021). Ritonavir is commonly used in conjunction with other protease inhibitors to inhibit cytochrome P450-3A4. Co-administration with a low dose of ritonavir is expected to help slow the metabolism, or breakdown, of PF-07321332, allowing it to remain active in the body for longer periods of time at the higher concentrations needed to help combat the virus (Zeldin and Petruschke, 2004). In September 2021, they announced the start of the phase 2/3 trial to evaluate the prevention of illness in adults living in the same household as someone with COVID-19 (Pitts, 2021). Recently, Pfizer disclosed that PAXLOVID™ (a PF-07321,332/ritonavir combination) can reduce risk of hospitalization or death by 89% in non-hospitalized adult patients with COVID-19, who are at high risk of progressing to severe illness when administered within 3 days of symptom onset (Pfizer, 2021).
The prodrug PF-07321332 was specifically developed to be administered orally to block SARS-CoV-2 Mpro activity. It was derived from PF-00835231, a phase I clinical candidate (prodrug PF-07304814) originally developed by Pfizer in 2002–2003 against SARS-CoV-1 (Hoffman et al., 2020). Owen et al. reported improved antiviral activity (EC50 = 74.5 nM) compared to the parent compound (EC50 = 231 nM). PF-07321332 shares the dimethylcyclopropylproline and tert-leucine features of Boceprevir, an inhibitor developed for the Hepatitis C Virus (HCV) NS3 protease (described further below). Molecular simulations proposed that the new inhibitor PF-07321332 interacts similarly as Boceprevir (Figure 11A) with the additional feature of an H bond between the pyrrolidone group and H163, similar to the PF-00835231 interaction (Hoffman et al., 2020; Pavan et al., 2021). The co-crystal structure of PF-07321332 is set to be released soon (PDB: 7RFW) (Owen et al., 2021). The preprint reveals that the inhibitor forms H bonding interactions with Q189, E166, and H163. The P1’ nitrile forms a covalent thioimidate adduct with the catalytic C145, which was confirmed to be reversible by recovery of Mpro activity after dilution of the complex (Owen et al., 2021).
[image: Figure 11]FIGURE 11 | Close-up view of the interactions between SARS-CoV-2 Mpro with Boceprevir and GC376. Close-up view of interaction between SARS-CoV-2 Mpro and inhibitors in crystal structures. Mpro is shown as cartoon representation, with residues involved in the interaction shown as sticks. Inhibitors are shown as violet sticks. Hydrogen bonds were labeled with dashed lines. (A) Boceprevir (PDB: 7C6S). (B) GC376 (PDB: 7C6U).
Ebselen
Ebselen is an organoselenium molecule that can function as a glutathione peroxidase and peroxiredoxin mimic (Nakamura et al., 2002). It has been shown to form a seleno-sulfide bond with thiol groups of cysteine on several proteins, which results in anti-inflammatory, anti-microbial, and neuroprotective effects (Amporndanai et al., 2021). Ebselen was identified in a high-throughput screen as a potential hit of SARS-CoV-2 Mpro inhibitor with an IC50 between 0.67 and 2.1 μΜ (Jin et al., 2020a; Ma et al., 2020a). Amporndanai et al. assessed derivatives for their inhibition of SARS-CoV-2 Mpro and anti-coronaviral activity (Amporndanai et al., 2021). Two of these ebselen-based selenium compounds exhibit greater inhibitory effectiveness against Mpro enzyme and SARS-CoV-2 replication. It is proposed that the ebselen-enzyme drug protein adduct is hydrolyzed by the conserved water in the catalytic pocket. Co-crystallographic structure of Mpro grown with ebselen and its derivative MR6-31–2 showed an electron density coordinating to C145, which is likely to be selenium due to its size and its absence in compound-free Mpro crystals. MR6-31–2 is nearly three times more effective with an EC50 value of 1.8 μM (ebselen EC50 = 4.67 μM) (Banerjee et al., 2021). As mentioned in the previous sections, ebselen and its derivatives have been shown to bind and inhibit PLpro, and this dual action inhibition may be the source of the potent antiviral activity.
Boceprevir
Boceprevir is an FDA-approved serine protease inhibitor to treat HCV infection. Similar to the coronavirus Mpro proteases, cleavage of the HCV polyprotein by the viral NS3 protease releases functional viral proteins essential for viral replication (Tomei et al., 1993). It was reported that the ketoamide group of Boceprevir can bind covalently to the catalytic S139 of HCV NS3 protease (Malcolm et al., 2006).
This drug was screened alongside other viral protease inhibitors and has been shown to inhibit the enzymatic activity of Mpro with an IC50 value of 4.13 μM and has an EC50 value of 1.90 μM against the SARS-CoV-2 virus (Ma et al., 2020b). In the Mpro–Boceprevir complex structure (PDB: 6ZRU and 7C6S) (Oerlemans et al., 2021; Fu et al., 2020), the nucleophilic C145 in Mpro forms a C–S covalent bond with the keto carbon of Boceprevir, and the resulting hydroxyl group forms an H bond with the side chain of H41 and stabilizes this conformation (Figure 11A). Boceprevir also interacts with the oxyanion hole, with the oxygen of the α-ketoamide forming H bonds with the main chain amides of C145 and G143. The tert-butyl urea group orients into the S4 pocket and is stabilized by several H bonds with the main chain oxygen of E166 and hydrophobic interactions with the side chains of M165, Q192, L167, and P168. The cyclobutylalanine P1 residue has no interaction with the S1 subsite (Fu et al., 2020).
GC376
GC376 is a bisulfite adduct prodrug of the corresponding aldehyde, GC373, which strongly inhibits the Mpro of several coronaviruses, including SARS-CoV-2 (IC50 value of 0.03–0.19 µM and EC50 value of 0.92 µM) (Ma et al., 2020b; Vuong et al., 2020). These drugs are able to block virus replication in cell culture and are well tolerated by various cell lines in cellular cytotoxicity tests (Ma et al., 2020b), indicating that they are good candidates as antivirals for the treatment of COVID-19. An NMR study supports the proposal that, in aqueous solutions, diastereomers of GC373 and GC376 exist in a dynamic stereochemical equilibrium, with only the correct aldehyde isomer binding as a single hemithioacetal in the active site of Mpro (Figure 11B) (Vuong et al., 2021). The crystal structure of SARS-CoV-2 Mpro with GC376 indicates the bisulfite group is readily removed and the aldehyde form (GC373) covalently bonds to catalytic C145 (PDB: 7C6U). The ring at the P1 position of GC376/GC373 fits into the S1 pocket and has H bonding interactions with the carboxyl group of E166, the carbonyl group of F140, and the imidazole of H163. Inhibitor binding is further stabilized by the leucine of GC376 interacting with the hydrophobic S2 subsite and the carbonyl in P3 forming an H bond with the backbone amide of E166. In the SARS-CoV-2 dimer, the thioacetal hydroxide H bonds to “oxyanion hole” formed by the backbone amides of G143, S144, and C145, resulting in the (S)-configuration seen with other aldehydes (11a and 11b) (Vuong et al., 2020), but in the instance of three protomers per asymmetric unit, the third copy of GC376 was able to able bind in the (R)-configuration with the hydroxide H bonding to H41 (Ma et al., 2020b).
GC376 has been shown to be more potent than Boceprevir; however, possible side effects in animal use could limit its use for less than 2 weeks (Fu et al., 2021). Improvements by modification of the chemical structure of GC376 resulted in a number of compounds with improved binding characteristics and nanomolar inhibition of SARS-CoV-2 Mpro. The optimal modification for the P2 site of the inhibitor was a cyclopropyl moiety. Inhibitors 2c and 2d emerged as key compounds for Mpro enzyme inhibition with better IC50 and cellular EC50 values compared to the parent inhibitor GC376 (2c: IC50 = 0.07 µM, EC50 = 0.57 µM; 2d: IC50 = 0.08 µM, EC50 = 0.7 µM) (Vuong et al., 2021).
N3
A mechanism-based inhibitor, N3, which was identified by a structure assisted optimization program, can specifically inhibit Mpro from multiple coronaviruses, including SARS-CoV-1and MERS-CoV (Yang et al., 2005; Jin et al., 2020a). N3 is an irreversible inhibitor that forms adduct with the catalytic cysteine by Michael addition of the Cβ atom of the vinyl group. The crystal structure with SARS-CoV-2 Mpro shows that N3 binds to the active site in an extended conformation (PDB: 6LU7) (Jin et al., 2020a). The peptidyl backbone of the inhibitor forms an antiparallel sheet with residues 164–168 and residues 189–191 on the other. The P1’ benzyl ester forms van der Waals interactions with T24 and T25. The γ-lactam ring at P1 inserts into S1 subsite and H bonds with H163. The side chain of leucine at P2 inserts deeply into the hydrophobic S2 subsite formed by H41, M49, Y54, M165, and D187. The side chain of valine at P3 is solvent exposed. The side chain of alanine at P4 occupies the hydrophobic pocket formed by the side chains of M165, L167, F185, and Q192 and the main chain of Q189. P5 makes van der Waals contacts with P168 and residues 190–191 (Figure 12A). N3 displayed inhibition against SARS-CoV-2 with an EC50 value 16.77 μM (Jin et al., 2020a).
[image: Figure 12]FIGURE 12 | Close-up view of the interactions between SARS-CoV-2 Mpro with N3 and its derivative 11a. Close-up view of interaction between SARS-CoV-2 Mpro and inhibitors in crystal structures. Mpro is shown as cartoon representation, with residues involved in the interaction shown as sticks. Inhibitors are shown as sticks. Hydrogen bonds were labeled with dashed lines. (A) N3 (PDB: 6LU7), violet. (B) 11a (PDB: 6LZE), orange.
11a and 11b
The co-crystal structure of N3 with SARS-CoV-2 has been the model for many structure-guided designs. Among those is the study by Dai et al. (2020). The aldehyde compounds 11a and 11b showed good inhibitory activity against SARS-CoV-2 Mpro (11a: IC50 = 0.053 ± 0.005 µM, 11b: IC50 = 0.040 ± 0.002 µM) and good anti–SARS-CoV-2 infection activity in cell culture, with EC50 values of 0.53 ± 0.01 µM and 0.72 ± 0.09 µM, respectively, by plaque assay. The crystal structure of SARS-CoV-2 Mpro with 11a and 11b shows that the carbon of the aldehyde group and the catalytic site C145 of SARS-CoV-2Mpro form a standard 1.8 Å C–S covalent bond (PDB: 6LZE and 6M0K) (Figure 12B). The oxygen atom of the aldehyde group also plays a crucial role in stabilizing the conformations of the inhibitor by forming an H bond with the backbone of residue C145 in the S1’ site. The amide group on the lactam ring forms H bonds with F140 and H163. The cyclohexyl moiety of 11a at P2 deeply inserts into the S2 site and stacks with the imidazole ring of H41. The fluorine of the 3-fluorophenyl group of 11b is further stabilized by an H bond to Gln189. Relative to 11a administrated intravenously in CD-1 mice, 11b displayed a shorter T1/2 (1.65 h) and a faster clearance rate (clearance = 20.6 ml min−1 kg−1), indicating that 11a is a better candidate for further clinical study (Dai et al., 2020; Liu et al., 2020).
Calpeptin
Calpeptin was the most potent inhibitor discovered in the large-scale X-ray crystallographic screen by Günther et al. (EC50 = 72 nM) (Günther et al., 2021). Calpeptin structure binds covalently via its aldehyde group to C145, forming a thiohemiacetal (Figure 13A). This peptidomimetic inhibitor occupies substrate pockets S1 to S3, similar to the peptidomimetic inhibitors GC-376 and N3. The peptidomimetic backbone forms H bonds to the main chain of H143, C145, H164, and E166 and the side chain of Q189 (PDB: 7AKU) (Figure 13A). The norleucine side chain of calpeptin maintains van der Waals contacts with the backbone of F140, L141, and N142 of the oxyanion hole (Günther et al., 2021).
[image: Figure 13]FIGURE 13 | Close-up view of the interactions between SARS-CoV-2 Mpro with calpeptin and carmofur. Close-up view of interaction between SARS-CoV-2 Mpro and inhibitors in crystal structures. Mpro is shown as cartoon representation, with residues involved in the interaction shown as sticks. Inhibitors are shown as sticks. Hydrogen bonds were labeled with dashed lines. (A) Calpeptin (PDB: 7AKU), violet. (B) Carmofur (PDB: 7BUY), orange.
Carmofur
The antineoplastic drug carmofur is a derivative of 5-fluorouracil (5-FU) and has been used to treat colorectal cancer by inhibiting human acid ceramidase (Sakamoto et al., 2005). Human acid ceramidase cleaves carmofur, and the fatty acid moiety forms a covalent bond to the active site C143 (Dementiev et al., 2019). Jin et al. found carmofur as an inhibitor for SARS-CoV-2 Mpro when screening a library of about 10,000 compounds (Jin et al., 2020a). Carmofur inhibits the activity of SARS-CoV-2 Mpro in vitro with an IC50 value of 1.82 µM and inhibits viral replication with an EC50 value of 24.30 μM (Ma et al., 2020a). Mass spectrometry data showed that carmofur convalently binds to C145 (Jin et al., 2020a). The crystal structure of SARS-CoV-2 Mpro in complex with carmofur verifies that the compound directly modifies the catalytic cysteine and releases the 5-FU head (PDB: 7BUY) (Jin et al., 2020b). The fatty acid moiety points toward the hydrophobic S2 subsite composed of the side chains of H41, M49, Y54, M165, and D187. The inhibitor is involved in extensive hydrophilic and hydrophobic interactions with Mpro. The carbonyl oxygen of carmofur occupies the oxyanion hole and forms H bonds with the backbone amides of G143 and C145 (Figure 13B) (Jin et al., 2020b). In a study by Ma et al., the inhibition of SARS-CoV-2 Mpro by several compounds was tested for dependence on the reducing agent DTT. Carmofur could still bind in the absence of DTT but with lower potency (Ma et al., 2020a). Although carmofur is not an ideal candidate for SARS-CoV-2 Mpro, it could be further derivatized and optimized against this and future coronaviruses.
Pelitinib
Pelitinib was developed as an anticancer agent to bind to a cysteine in the active site of the tyrosine kinase epidermal growth factor receptor inhibitor (Wissner et al., 2003). It shows high antiviral activity in the screen performed by Günther et al. (EC50 = 1.25 μM) (Günther et al., 2021). Because pelitinib is an amine-catalyzed Michael acceptor, it was predicted to target the catalytic cysteine; however, electron density map of co-crystal structure of Mpro with pelitinib shows that it binds between the two Mpro protomers (PDB: 7AXM) (Günther et al., 2021). The ethyl ether of pelitinib makes contacts with T26, N119, N142, and G143 of one protomer, which perturbs the oxyanion hole necessary for Mpro activity (Figure 14A). The aromatic moieties of pelitinib form more extensive contacts within the helical domains of the second protomer. The substituted benzyl group inserts into a hydrophobic pocket formed by residues I213, L253, Q256, V297, and C300 from domain III. The 3-cyanoquinoline moiety interacts with S301 from the end of the C-terminal helix (Günther et al., 2021). Evaluation of the crystal packing indicates that two dimers of Mpro can interact via π-stacking of two pelitinib molecules (Figure 14B). It remains to be seen if this oligimeric interaction occurs in solution and is therefore another mode of inhibition of this compound.
[image: Figure 14]FIGURE 14 | Close-up view of the interactions between SARS-CoV-2 Mpro with pelitinib. Close-up view of interaction between SARS-CoV-2 Mpro and inhibitors in crystal structures. Mpro is shown as cartoon representation, with residues involved in the interaction shown as sticks. Inhibitors are shown as sticks. Hydrogen bonds were labeled with dashed lines. (A) Binding site of pelitinib (PDB: 7AXM), violet, in the Mpro dimer, orange and teal. (B) Crystal packing of pelitinib, green and yellow sticks. One Mpro dimer is shown in green and magenta. A second dimer (*) is shown in yellow and light blue.
Noncovalent Inhibitors
Drugs acting through covalent modifications of the target may likely be associated to off-target liability and consequent potentially toxic effects (Ghosh et al., 2020). Research efforts are also devoted to the search on novel noncovalent inhibitors for 3CLpro inhibitors in order to circumvent these issues. ML188(R) is a noncovalent Mpro inhibitor derived in a high-throughput screen against SARS-CoV-1 Mpro (Jacobs et al., 2013). The pyridinyl from ML188(R) fits in the S1 pocket and forms an H bond with the H163 side chain. The furyl oxygen and its amide oxygen both form an H bond with G143. ML188(R) was reported to inhibit the SARS-CoV-1 Mpro with an IC50 value of 1.5 ± 0.3 μM and the SARS-CoV viral replication in Vero E6 cells with an EC50 value of 12.9 μM. Kitamura et al. (2021) designed and tested several noncovalent inhibitors based on ML188(R) (Kitamura et al., 2021). Compound 23 had improved enzymatic inhibition, and it was found that 23R is the active diastereomer with an IC50 value of 0.20 ± 0.01 μM. The antiviral activity was tested in cells expressing TMPRSS2 with an EC50 = 3.03 μM. The X-ray crystal structure of SARS-CoV-2 Mpro in complex with 23R reveals a ligand-induced binding pocket in between S2and S4 sites that can be explored for drug design (PDB: 7KX5) (Figure 15A). Similarly, Zhang et al. chose a weak screen hit, perampanel, to redesign due to its simple structure (Zhang et al., 2021). Free-energy calculations provided guidance for favorable modifications. Compound 26 showed effective inhibition and antiviral activity (IC50 = 0.170 μM and EC50 = 0.98 μM). The crystal structure of the compound 26 bound to Mpro shows H bonding to C145, G163, and E166, as well as halogen bonding between chlorine and Y54 (PDB: 7L14) (Figure 15B).
[image: Figure 15]FIGURE 15 | Close-up view of the interactions between SARS-CoV-2 Mpro with ML188 derivative 23R and perampanel derivative 26. Close-up view of the interactions between SARS-CoV-2 Mpro and inhibitors in crystal structures. Mpro is shown as cartoon representation, with residues involved in the interaction shown as sticks. Inhibitors are shown as violet sticks. Hydrogen bonds were labeled with dashed lines. (A) Compound 23R (PDB: 7KX5), violet. (B) Compound 26 (PDB: 7L14), orange.
MUTATIONS IN SARS-COV-2 PAPAIN-LIKE PROTEASE AND MAIN PROTEASE
Mutation is a common phenomenon in viral systems and delays the identification of successful drug candidates. Constant monitoring of new variants and genetic variability within SARS-CoV-2 is extremely important for drug development and screening in order to eliminate those inhibitors with target binding sites with mutation prone residues. Genotyping of SARS-CoV-2 virus strains circulating worldwide have identified multiple recurrent non-synonymous mutations in proteases in variants of concerns (VOCs) (Table 5) (Amamuddy et al., 2020; Amin et al., 2021).
TABLE 5 | Mutations identified in variant of concern genomes.
[image: Table 5]For PLpro, the mutations include A145D, M23I, and T4A from Alpha; K92N from Beta, K232Q from Gamma; P77L from Delta; T4A from Kappa; and T74I, T75I, D76N, and P77L from other stains (Figure 16A). These residues are away from catalytic site and will not disrupt the binding of inhibitors adjacent to the catalytic site; therefore, the development of PLpro inhibitors targeting P1–P4 sites is not negatively affected by the emergence of new variants. Still, the location of the mutation is related to the binding of Ubl. For example, mutation of T75 was shown to partially recover the activity of SARS-CoV-2 PLpro in cleaving K48-linked poly-Ub (Shin et al., 2020). It is interesting that multiple mutations were observed in VOCs in this region including T74, T75, N76, and P77. These mutations may potentially improve the poor reactivity of SARS-CoV-2 PLpro toward K48-linked Ub as substrate. This hypothesis and underlying mechanism are being investigated.
[image: Figure 16]FIGURE 16 | Structural mapping of mutations from variants of concern. (A) PLpro and (B) Mpro are shown as cartoon representation, with VOC mutated residues shown as spheres. The catalytic cysteines are shown as yellow spheres.
In SARS-CoV-2 Mpro, G15 and K90 are the most common mutations to date in VOCs (Figure 16B) (Tzou et al., 2020; Krishnamoorthy and Fakhro,2021). The mutation K90R is expected to provide stability to the domain I and improve the dimerization, which is required for enzymatic activity, and could possibly hinder compounds that target the dimer interface, such as pelitinib. Mpro appears to be relatively tolerant of mutations near the active site, and key residues in the active site (H41, F140, C145, and E166) so far show low mutation frequencies (Cross et al., 2020; Portelli et al., 2020). Mutations in key residues, such as the catalytic dyad, would produce an inactive enzyme; therefore, these mutants are not expected to evolve. However, other mutations (the C44-P52 loop, T45, S46, E47, and L50) that contribute to access to the active site have been modeled and are anticipated to be energetically favorable (Bzówka et al., 2020). Bzowka et al. recommend including P39, R40, P52, G143, G146, and/or L167 in the binding mode of Mpro inhibitors, as these are energetically unfavorable to mutate.
CHALLENGES IN THE DEVELOPMENT OF DRUGS TARGETING PAPAIN-LIKE PROTEASE AND MAIN PROTEASE
Oxidation of Catalytic Cysteine
In an effort to obtain complex structure of SARS-CoV-1 PLpro with disulfiram, Lin et al. only observed electron density that fits beta-mercaptoethanol (PDB: 5Y3Q) (Lin et al., 2018). It seems that the catalytic cysteine of PLpro is sensitive to oxidation, and, indeed, PLpro is often purified in the presence of high concentrations of reducing reagents (Klemm et al., 2020; Shin et al., 2020; Patchett et al., 2021). Considering the WT apo structure of PLpro is scarce, whereas the structure of C111S mutant is much more abundant, high reactivity of the catalytic cysteine exhibits both an advantage for targeting it with peptide suicide inhibitors, disulfide-based inhibitors, or selenium-containing inhibitors, and it posts as a challenge that the viral protease may use an oxidation–reduction cycle to evade inhibition or simply rely on reducing reagent to remove disulfide or selenium-based inhibitors. Although WT Mpro seems to have great crystallization properties, oxidation of catalytic cysteine was also observed (Kneller et al., 2020c).
Discrepancy in Biochemical Assay and Viral Replication Assay
Although GRL0617 is a potent inhibitor in both biochemical assays and cell-based viral replication assays, inconsistencies in some of the derivatives were reported. For example, Jerzy et al. (Osipiuk et al., 2021a) found that compounds 2 and 3 were promising PLpro inhibitors (IC50 values of 5.1 and 6.4 μM, respectively) but failed in the viral replication assay. Compound 5 was the weakest inhibitor in vitro (IC50 values of 32.8 μM) but performed well in the live viral replication assay (EC50 = 2.5 μM). Shen et al. showed XR8-89 has highest potency for PLpro inhibition (IC50 = 113 nM), yet it has lower EC50 value than XR8-23 and XR8-24 (Shen et al., 2021). It was argued that differences in cell permeability and solubility could account for the differences between the in vitro biochemical assay data and viral replication data. Ma et al. developed a FlipGFP assay for quantifying the intracellular PLpro inhibition, which was achievable in the biosafety level 2 (BSL-2) setting and found a positive correlation between the results from the FlipGFP-PLpro assay and the antiviral assay (Ma et al., 2021a). Whether the FlipGFP-PLpro faithfully predicts the cellular antiviral activity of PLpro inhibitors awaits further verification by others.
Metabolic Processing
Another challenge is that some inhibitors may be easily metabolized. Báez-Santos et al. found Compound 15g being very unstable (Ghosh et al., 2010; Báez-Santos et al., 2014c). 15g has 3,4-methylenedioxy moiety, which is a known target of cytochrome P450s (Hodgson and Philpot 1974; Anders et al., 1984), whereas 3e and methoxypyridine 5c were significantly more stable (Ghosh et al., 2010; Báez-Santos et al., 2014c). Shen et al. argued that replacement of the naphthalene ring is also anticipated to improve metabolic stability (Shen et al., 2021) and found that ZN3-80 has superior stability than GRL0617 in human liver microsome stability assays (Shen et al., 2021). Cytotoxicity is also a consideration when refining these inhibitors. GRL0617, derivatives, and many other inhibitors did not show much cytotoxicity. Several inhibitors showed high selectivity toward SARS PLpro instead of DUBs, like GRL0617 (Ratia et al., 2008), compound 19 (Shan et al., 2021), and VIR250 and VIR251 (Patchett et al., 2021) (Rut et al., 2020a).
Cell System Bias and Off-Target Inhibition
A concern for screening Mpro inhibitors is the potential for hits to have cross-reactivity with other cysteine proteases. The most likely family of off-target host proteases are the cysteine cathepsins, which are broadly expressed in many cell types and are accessible to small-molecule and peptide-based inhibitors. SARS-CoV-2 can utilize multiple pathways to enter the host cell that depend on a variety of cellular proteases among which are cathepsins B and L, TMPRSS2, and furin (Bestle et al., 2020; Hoffmann et al., 2020; Shang et al., 2020). Lead Mpro inhibitors were tested A549 + ACE2 cells with and without expression of TMPRSS2, and all inhibitors showed a loss in potency with TMPRSS2 expression suggesting that many Mpro inhibitors have some level of antiviral activity due to inhibition of cathepsin-mediated host cell entry (Steuten et al., 2021). In this case, off-target effect can potentially be studied in the scope of polypharmacology. Off-target effects may also account for the discrepancy between biochemical assay and cell-based assay for inhibitors targeting PLpro. As with any drug discovery efforts, many other aspects like membrane permeability, drug efflux, and metabolism also play a critical role in the drug development pipeline.
COMBINATORIAL THERAPEUTIC APPROACHES
Drug Cocktails
Another strategy to consider with protease inhibition design is the combination of strong PLpro and/or Mpro inhibitors with drugs that inhibit other viral functions or patient clearance of treatment. By inhibiting Mpro and PLpro viral proteolysis, disulfiram/ebselen can prevent efficient cleavage of the replicase polyproteins into component NSPs. In case the virus produces resistance against these proteases, disulfiram/ebselen can also inhibit the RTC core that is crucial for viral RNA synthesis, proofreading, and capping, thus restoring Remdesivir’s ability to function as a delayed chain terminator (Chen et al., 2021). In addition, the combination of GC376 and Remdesivir was shown to completely inhibit viral replication in virus plaque assay, showing an additive effect of the joint application of RdRp inhibitors and protease inhibitors targeting different viral proteins (Fu et al., 2020).
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The emergence and rapid spread of SARS-CoV-2, the pathogen of COVID-19, have caused a worldwide public health crisis. The SARS-CoV-2 main protease (Mpro) is an essential enzyme for the virus and therefore an appealing target for the development of antivirals to treat COVID-19 patients. Recently, many in silico screenings have been performed against the main protease to discover novel hits. However, the actual hit rate of virtual screening is often low, and most of the predicted compounds are false positive hits. In this study, we developed a refined virtual screening strategy that incorporated molecular docking and post-docking filtering based on parameters including molecular weight and surface area, aiming to achieve predictions with fewer false positive hits. We applied this strategy to the NCI library containing 284,176 compounds against Mpro. In vitro potency analyses validated several potent inhibitors and thus confirmed the feasibility of our virtual screening strategy. Overall, The study resulted in several potent hit Mpro inhibitors, in which two inhibitors have IC50 values below 1 μM, that are worth being further optimized and explored. Meanwhile, the refined virtual screen strategy is also applicable to improve general in silico screening hit rates and is useful to accelerate drug discovery for treating COVID-19 and other viral infections.
Keywords: COVID-19, SAR-CoV-2, main protease, virtual screening, statistical analysis
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INTRODUCTION
In the past 2 decades, coronaviruses (CoV) have caused three major worldwide infectious disease outbreaks including the severe acute respiratory syndrome (SARS) in 2003 (Lee et al., 2003; Cheng et al., 2007), the Middle East respiratory syndrome (MERS) in 2012 (Zaki et al., 2012; de Groot et al., 2013) and the coronavirus disease 2019 (COVID-19) (Gates, 2020). Their CoV pathogens are namely SARS-CoV, MERS-CoV and SARS-CoV-2, respectively. Compared to the previous two CoV outbreaks, COVID-19 has a worldwide impact that has been so severe that it is often compared to the 1918 influenza pandemic (Gates, 2020; Morens et al., 2020). According to the statistics that was released from the World Health Organization (WHO) on 12 Jan 2021, the confirmed worldwide COVID-19 cases have exceeded 312 million, of which more than 5 million patients have succumbed to death (WHO (2022) COVID-19 Dashboard). The typical COVID-19 symptoms include shortness of breath, cough and fever. In advanced cases, the infection could lead to dyspnea, pneumonia, kidney failure and even death (Huang et al., 2020). Institutions and companies around the world have been exerting much effort in rapidly developing vaccines and drugs to fight COVID-19. Three COVID-19 vaccines developed by Pfizer/BioNTech, Moderna and Johnson and Johnson have been approved or authorized by U.S. Food and Drug Administration (FDA) for human immunization in the United States. Although vaccines are promising in containing the pandemic, their availability does not diminish the urgent need for other effective antiviral drugs. Existing COVID-19 vaccines target the membrane Spike protein of SARS-CoV-2, which is highly mutable (Morse et al., 2020). New viral strains with critical mutations in Spike have emerged in various countries such as the United Kingdom, South Africa and Indian (Vilar and Isom, 2021). The efficacy of vaccines against these strains (as well as newer yet-to-emerge ones) is uncertain. Vaccines are also preventative, making them not an option for the treatment of COVID-19 patients. Hence, in addition to vaccines, it is necessary to develop therapeutic drugs for both prevention and treatment as we are now observing new waves of the COVID-19 pandemic from Delta and Omicron strains. As a quick access to effective antivirals, drug repurposing has been broadly conducted (Vatansever et al., 2021a). Although the FDA has approved some repurposed drugs including remdesivir to treatment COVID-19, most current evidence have shown that these repurposed drugs provide mild benefits to patients (Wang et al., 2020). In the context of the disastrous damage of COVID-19 to public health, civil society and the global economy, the search for effective drugs against SARS-CoV-2 is in urgent demand.
SARS-CoV-2 is a positive RNA virus that belongs to the betacoronavirus genus of the coronaviridae family under the order Nidovirales (Helmy et al., 2020). The genome of SARS-CoV-2 is composed of 14 open reading frames that encode 4 structural proteins, 16 nonstructural proteins (Nsps) and several accessory proteins (Astuti and Ysrafil, 2020). SARS-CoV-2’s entry into a host cell is initiated by binding the viral Spike protein to the cellular receptor angiotensin-converting enzyme 2. Viral fusion to the host cell endosome is promoted by the cellular surface serine protease. After entry and release of viral genomic RNA, two large open reading frames ORF1a and ORF1ab are translated, producing viral polyproteins pp1a and pp1ab. Both pp1a and pp1ab need to undergo proteolytic cleavage to form 16 Nsps that are essential for the virus in its reproduction and pathogenesis. The proteolytic cleavage of pp1a and pp1ab is an autocatalytic process. Two internal polypeptide regions, Nsp3 and Nsp5, possess cysteine protease activities that cleave themselves and all other Nsps from the two polypeptides. Nsp3 is commonly referred to as papain-like protease (PLpro) and Nsp5 as 3C-like protease (3CLpro) or, more recently, main protease (Mpro) (V'Kovski et al., 2021). Although we have yet to fully understand the SARS-CoV-2 biology and COVID-19 pathogenesis, current research results have established that activities of both PLpro and Mpro are essential for the viral replication and pathogenesis. Of the two proteases, Mpro processes 13 out of the total 16 Nsps. Therefore, small-molecule medicines that can potently inhibit SARS-CoV-2 Mpro are potentially effective treatment options for COVID-19 (Yang et al., 2021).
Recently, in silico screening has been used to identify potential drugs against SARS-CoV-2 and results from these investigations have been reported (Rakib et al., 2020; Mahmud et al., 2021a; Mahmud et al., 2021b; Jang et al., 2021; Khan et al., 2021; Rakib et al., 2021). Natural product studies have been done recently using computational approaches to study different inhibitors for SARS-CoV-2 Mpro enzyme (Rakib et al., 2020; Khan et al., 2021). The results of the computational approaches can then be verified further by using in vitro and in vivo experiments on the compounds identified with the highest potential binding affinities to SARS-CoV-2 Mpro. This approach was recently used to identify ethaselen, a selenium containing heterocycle, that is on its way to becoming a potential drug to combat SARS-CoV-2 infections (Rakib et al., 2021). This combined approach can be expanded past the current pandemic into other infections, such as was recently done to investigate drug candidates against MERS-CoV by targeting S1-NTD (Bouback et al., 2021). Computational biological techniques allow for increased efficiency and lowers the total compounds that need to be further tested to those most likely to succeed.
However, the actual hit rate of most virtual screening is low. Many predicted drug candidates are false positives (Vatansever et al., 2021b). This is partially due to the difficulties in accurately modeling and predicting protein-ligand binding free energy. This body of research suggests that it is difficult to identify false positives based on docking and simulation results alone. Therefore, better strategies are required to increase the hit rates. In this work, we incorporated effective filtering methods after molecular docking to improve the hit rate. Rigid and flexible docking were conducted parallelly. The raw docking results were then submitted to an analysis based on their molecular weights and surface area. Compounds that deviated far from their average binding score levels were identified as candidates and retained for further individual inspection. This virtual drug screening strategy, comprising the rigid/flexible docking, post-docking filtering and individual inspection, was applied to identify hits candidates targeting SARS-CoV-2 Mpro, using a recently determined crystal structure (Jin et al., 2020). A collection of 284,176 NCI compounds was screened. After identifying hit candidates through virtual screening, in vitro potency evaluation of hit candidates was performed to identify potent hits. The in vitro potency evaluation revealed 19 compounds with IC50 values in inhibiting Mpro below 100 μM, among them 2 compounds with very high potency with IC50 values below 1 µM.
RESULTS AND DISCUSSION
Receptor-Rigid Docking on the NCI Library
The virtual screening process and strategy in this study are described in Figure 1 284,176 NCI compounds in the SDF format were downloaded and converted to the PDBQT format using the program OpenBabel. All prepared compounds were submitted to virtual screening against the active site of Mpro based on the PDB entry 6LU7 using the program Autodock Vina. Mpro has P1, P2 and P4 binding pockets for its substrates. These pockets were included during the docking process. After the receptor-rigid docking study, docking structures for 232,301 compounds were obtained. Each compound has at most 20 binding modes that were ranked based on their binding energy. Only the binding mode with the best binding energy of each compound was subsequently assessed. These docking structures were ranked based on their top binding energy, which led to 19,719 docking structures with top binding energy below −8 kcal/mol. The binding energy distribution of 19,719 compounds was calculated (Figure 2). The majority of compounds had binding energy between −8 kcal/mol to −9 kcal/mol. Only 2,523 compounds had binding energy lower than −9 kcal/mol. Compounds with binding energy lower than −9 kcal/mol were considered as promising hit candidates and further submitted for individual inspection. The individual inspection of compounds is based on three criteria: chemical correctness that assesses the 3D molecular conformations, pocket fitting that verifies that there are at least two fragments from a ligand fitted into two active site pockets of Mpro, and hydrophobicity that removes molecules that lead to favorable calculated binding energy apparently due to strong hydrophobicity of the compounds. Based on these criteria, we manually inspected the 2,523 receptor-rigid docking results with binding energy below −9.0 kcal/mol. 40 compounds were selected and requested from NCI for further in vitro potency testing.
[image: Figure 1]FIGURE 1 | Flow diagram of the integrated virtual screen strategy. The diagram includes data preparation, docking methods, post-docking filtering, individual inspection, and in vitro potency test. The arrow is labeled with the number of compounds flowing along the respective colored path for assessment.
[image: Figure 2]FIGURE 2 | The binding energy distribution of receptor-rigid virtual screening results. Compounds with binding energy below −8 kcal/mol were categorized into five groups based on their binding energy values. The number of compounds in each group is shown on the top of the group bar.
Since binding energy correlates partially with the molecular weight, to further increase the accuracy of hit prediction, we also took the molecular weight of compounds into account. The distribution of binding energy vs. molecular weight was calculated (Table 1). 342 compounds with molecular weight between 200 and 400 Da and binding energy below −9 kcal/mol were considered as promising hit candidates and inspected individually. As a result of the inspection process, 34 out of 342 compounds were also requested from NCI for further in vitro potency testing. Please keep in mind that these 34 compounds were identified on the top of 40 compounds that were selected already by considering the contribution of the molecular size to the binding energy.
TABLE 1 | Binding energy vs. molecular weight of virtual screening results.
[image: Table 1]Receptor-Flexible Docking on the NCI Library
The virtual screening process in the receptor-flexible docking path was similar to that of the receptor-rigid situation, except that four residues were allowed to be flexible during docking. By inspecting potential interactions in the active site of Mpro involved in the binding of ligands, we defined H41, M49, N142 and Q189 as the four flexible residues. We obtained docking structures for 232,304 compounds and then ranked them based on their top binding energy. We analyzed 19,235 receptor-flexible docking results with molecular weights smaller than 400 Da and binding energy below −8 kcal/mol (Table 2). When compared to Receptor-Rigid docking, Receptor-Flexible docking resulted in more compounds with binding energy below -9 kcal/mol. This indicates that Receptor-Flexible docking may increase the chance to identify potential potent compounds for mimicking the solvent state of Mpro.
TABLE 2 | Comparison of two binding energy distributions (receptor-flex vs. receptor-rigid) for compounds with molecular weight lower than 400 Da.
[image: Table 2]We observed that the number of promising hit candidates for further manual screening (2,852) is far more than that of receptor-rigid docking (342). In order to further narrow down the range of compound candidates, we further analyzed the distribution of binding energy vs. the molecular surface area (Figure 3). Here, we regard the molecular surface area as a more reliable metric than the molecular weight to measure the compound size. Most virtual screening programs calculate binding energy between a target and a ligand based on their potential van der Waals and other interactions that are heavily influenced by the compound size. The NCI library has a large compound library size that can be potentially statistically analyzed to reduce artificial influence on the binding energy by the compound size. By statistically analyzing binding energy vs. the molecular size, it can potentially allow us to obtain compounds with binding energy below the average level of each surface area group, and thus minimize potential artificial effects of the compound size in contributing to calculated binding energy. 252 compounds with molecular surface area smaller than 800 Å2 were selected with binding energy outside +3 standard deviations of the distribution of their corresponding surface area groups. We use 800 Å2 as a surface area cutting line since molecules with surface area bigger than 800 Å2 will be difficult for structure-activity relationship studies. Manual screening was also applied based on the chemical correctness, pocket fitting, and hydrophobic criteria outlined above. 43 compounds were selected and requested from NCI for further in vitro potency testing.
[image: Figure 3]FIGURE 3 | Binding Energy vs. Molecular Surface Area of Receptor-Flexible Docking Results. The surface areas are binned with 10 Å2, and then the mean and standard deviation of binding energy within each surface area bin is calculated. In order to get more reliable statistical results, we use a simple adaptive strategy to merge surface area bins so that each surface area bin contains at least 1,000 compound data points.
Potency Screening and IC50 Determination for Selected Compounds From Receptor-Rigid Docking
In order to test the potency of selected compounds from the rigid model-based molecular docking, two batches of a total of 74 compounds were requested from NCI. The first batch contained 40 compounds which were selected based on just binding energy (below -9 kcal/mol), and the second batch contained 34 compounds which were selected based on the relationship between binding energy and molecular weight. These compounds were dissolved in DMSO to a concentration of 10 mM and stored at −20°C for further usage. The potency of selected compounds was screened at a concentration of 100 μM, 10 and 1 µM. First, the inhibitors were incubated with 50 nM Mpro at 37°C for 30 min. Then the reaction was initiated by adding 100 µM of a fluorescent substrate Sub3 (Vatansever et al., 2021a). The assay was monitored by a plate reader with Ex336/Em455 for 30 min. The first 10 min was fitted with linear regression by GraphPad Prism. The initial slope value was used as normalized activity. GC376 was tested as a control (Yang et al., 2021). As shown in Figure 4A, at 100 μM, 8 out of 40 compounds displayed more than 50% inhibition of the activity of Mpro (Compounds 1, 2, 4, 6, 18, 34, 39, and 40). These 8 compounds were subjected to a more thorough IC50 assay (Supplementary Figure S2). Five compounds had a determined IC50 value below 100 µM. Notably, compounds 39 and 40 show potent inhibition with IC50 values as 17.9 and 19.4 µM, respectively (Supplementary Figure S5, Supplementary Table S1). In the batch with the molecular weight considered (Figure 4B), 6 out of 34 compounds exhibited more than 50% inhibition of Mpro activity (Compounds 42, 48, 50, 55, 65, 68). 4 out of these 6 compounds had an IC50 value below 100 µM. If we consider the hits rate as IC50 less than 50 μM, the average hit rate for rigid-docking is about 2.7%. All the tested compound structures can be found in Supplementary Figure S1, and docking poses of potent compounds are shown in Supplementary Figure S3. Our results clearly showed that by taking the contribution of the molecular size to the calculated binding energy into account, additional compounds with high potency can be identified.
[image: Figure 4]FIGURE 4 | Initial screening of Mpro inhibition by selected compounds from docking. Tested compounds are selected from (A) the batch selected with affinity from receptor-rigid docking, (B) the batch selected with binding energy vs. molecular weight from receptor-rigid docking, and (C) the batch selected from receptor-flexible docking. 100, 10 and 1 µM were used for each inhibitor to perform the inhibition assay. Fluorescence intensity was monitored with respect to the control that had no inhibitor provided.
Potency Screening and IC50 Determination for Selected Compounds From Receptor-Flexible Docking
In order to test the potency of selected compounds from flexible model-based molecular docking, 43 selected compounds were requested from NCI. The same protocol as the rigid-model docking batch was applied. The initial 100 µM screening shows 16 compounds out of 43 suppressed the activity of Mpro by more than 50% (Figure 4C). Those compounds which inhibited activity more than 75% were subjected to an IC50 test (Supplementary Figure S2). Eleven compounds out of 12 had an IC50 of less than 100 μM, 7 compounds had an IC50 value less than 50 µM. The hit rate for this batch is 16% (7/43), which is dramatically higher than the rigid-model docking result. This result indicates that the flexible docking method significantly increases the hit candidate rate and lowers the percentage of false positives. Compounds 78, 88, 109, 110, 111 and 112 showed potent IC50 values of 13.3, 0.723, 12.8, 0.705, 10.3 and 1.69 µM respectively (Figure 5, Supplementary Figure S2, Supplementary Table S1). These 6 compounds exhibit critical and competitive potency in vitro when compared to current non-covalent Mpro inhibitors. Among them, compounds 88, 110 and 112 could covalently react with the active site C145 of Mpro. Considering these three compounds are all quinones that could oxidize the catalytic cysteine of Mpro instead of binding, we test all of them on another cysteine protease of SARS-CoV-2, PLpro. The results should show that these three compounds are more selective on Mpro than PLpro, and confirm that at least compound 88 and 110 specifically inhibit the activity of Mpro (Supplementary Figure S4). All the tested compound structures can be found in Supplementary Figure S1, and docking poses of potent compounds are shown in Supplementary Figure S3. Our results clearly demonstrated that the combination of flexible model-based docking and the statistical analysis of binding energy vs. molecular size to identify molecules with high binding energy deviation from the average binding energy of its belonged group is an optimal approach to narrow down compound candidates with high potency.
[image: Figure 5]FIGURE 5 | IC50 determination of selected compounds from the docking process against Mpro. GC376 was tested as control. Triplicate experiments were performed for each compound. GraphPad Prism 8.0 was used to perform data analysis.
CONCLUSION
Since 2003, there have been three coronavirus disease outbreaks. Researchers have predicted that additional coronavirus diseases will emerge with higher frequency. For both combating the current pandemic and preparing to contain future coronavirus disease outbreaks, it is imperative to develop small molecule antivirals that can be applied generally to inhibit coronaviruses. Due to its conserveness among coronaviruses, Mpro is an attractive drug target for broad-spectrum antivirals. In this study, we performed both Receptor-Rigid docking and Receptor-Flexible docking on the NCI compound collection that contains 284,176 compounds. The docking results were further processed using a refined strategy. The binding energy vs. molecular weight filter was applied to the receptor-rigid docking results, and the binding affinity vs. surface area filter was applied to the receptor-flexible docking results. After docking, individual inspection was conducted based on the chemical correctness, pocket fitting and hydrophobic criteria. We show that this strategy has significantly increased the accuracy rate compared to the standard virtual screening method, which only ranks by binding energy. The feasibility of our approach has been validated by the in vitro potency testing results, which led to the identification of several potent inhibitors. Two inhibitors have IC50 values below 1 μM, making them among most potent Mpro inhibitors that have been discovered so far. Almost all inhibitors that have been discovered in this study are reported for the first time. Their mechanisms of action need to be explored for aiding structure-activity relationship studies to identify more potent inhibitors with drug-like features as preclinical candidates for COVID-19.
Although the enhanced hybrid screening approach has been successfully developed and applied in searching for potent drug candidates, there are still some challenges that need to be conquered as well as improvement that could be explored in the following research. First, the outcome of receptor-flexible docking relies on the residues chosen. The four residues we choose in this paper are based on our previous crystallographic structure study of Mpro (Yang et al., 2021). Better understanding of the interactions between target and inhibitors will be critical in making the choices of residues for flexible docking. Second, the individual inspection dramatically relied on personal experience and knowledge. Finding a method to precisely evaluate the potential potency of inhibitors instead of using manual inspection will be a good future exploration. Third, in vitro screens and IC50 tests for large amounts of potential compounds are a time- and labor-consuming step. A more efficient way, such as incorporation of high throughput screening, would significantly accelerate the in vitro potency test.
MATERIALS AND METHODS
Chemicals
All compounds used in this study were requested from The Developmental Therapeutics Program (DTP) of National Cancer Institute (NCI) without further purification and characterization (Monga and Sausville, 2002).
Protein Preparation of SARS-CoV-2 Mpro
The crystal structure of the SARS-CoV-2 Mpro in complex with an N3 inhibitor (PDB ID: 6LU7) was obtained from the RCSB Protein Data Bank (https://www.rcsb.org/). Only chain A of the structure was used in our docking-based virtual screening studies. The cognate ligand was extracted from the structure. In AutoDockTools-1.5.7 (Sanner, 1999; Morris et al., 2009), water molecules were deleted, and polar hydrogens were added to the structure. Finally, the prepared protein structure was converted into a PDBQT file for further receptor-rigid docking studies.
In addition to receptor-rigid docking, we also conducted receptor-flexible docking, which was motivated by our two observations. One is that residues Met49 and Asn142 were observed to cause significant conformation changes at the active site. The other one is that residues His41 and Gln189 were observed to form important interactions with inhibitors (Yang et al., 2021). Considering these structural characteristics, we made side chains of residues Met49, Asn142, His41 and Gln189 flexible. Similarly, we used AutoDockTools-1.5.7 (Sanner, 1999; Morris et al., 2009) to delete water molecules, add polar hydrogens, and then split the receptor into a rigid part and a flexible part. Both of the prepared rigid part and the flexible part of the protein structure were converted into PDBQT files for further receptor-flexible docking studies.
Ligand Preparation of NCI Open Chemicals Repository
The DTP of NCI maintains a repository with synthetic compounds and pure natural products that are available at no cost to investigators for non-clinical research purposes (Monga and Sausville, 2002). The repository collection is a uniquely diverse set of more than 200,000 compounds. A collection of 284,176 2D compound structures in SDF format are also provided. We converted these 2D SDF files into 3D PDBQT files using OpenBabel-3.1.1 (O'Boyle et al., 2011) with the “--gen3d dg” option. A total of 279, 442 compounds were successfully converted.
Docking Parameters and Method
In addition to receptor and ligand preparations, AutoDockTools-1.5.7 (Sanner, 1999; Morris et al., 2009) was also used for grid parameter setting. The cognate ligand of crystal structure 6LU7 suggested the inhibitor binding site. A grid box with dimensions 30 × 30 × 30 centered at the coordinates X = − 10.0, Y = 13.0, and Z = 70.0 was used to represent the search space. Then we applied AutoDock Vina (Trott et al., 2010) docking protocol with options of 8 CPUs to use and maximum 20 binding modes to generate. Only the top binding energy and binding modes were shown in this paper. In order to speed up the virtual screening process, the commands for both compound format conversion and molecular docking of 279, 442 compounds were distributed among more than 6, 000 requested CPUs from Texas A&M High Performance Research Computing Clusters.
Recombinant Mpro Protein Expression and Purification
The pET28a-His-SUMO-Mpro construct was made based on a pET28a plasmid modified with an N-terminal His-SUMO tag. The gene encoding Mpro was amplified from a previous plasmid pBAD-sfGFP-Mpro using the forward primer 5′-CGC​GGA​TCC​GGG​TTT​CGC​AAG-3′ and the reverse primer 5′- CCG​CTC​GAG​TTA​CTG​AAA​AGT​TAC​GCC-3′. The amplified PCR product was digested by BamHI and XhoI and ligated into the vector pET28a-His-SUMO plasmid that was digested with the same restriction enzymes. The gene sequence of His-SUMO-Mpro was verified by sequencing at Eton Bioscience Inc.
The pET28a-His-SUMO-Mpro construct was transformed into E. coli BL21 (DE3) cells. Transformed cells were cultured at 37°C in 6 L 2xYT medium with kanamycin (50 g/ml) for 3 h and induced with isopropyl-D-1-thiogalactoside (IPTG) at final concentration of 1 mM when the OD600 reached 0.8. After 3 h, cells were harvested by centrifugation at 12,000 rpm, 4°C for 30 min. Cell pellets were resuspended in 150 ml buffer A (20 mM Tris, 100 mM NaCl, 10 mM imidazole, pH 8.0) and then lysed by sonication on ice. The lysate was clarified by centrifugation at 16,000 rpm, 4°C for 30 min. The supernatant was loaded onto a nickel-chelating column with high affinity Ni-charged resin from GenScript and washed with 10 column volumes of buffer A to remove unspecifically bound proteins, which was followed by elution using buffer B (20 mM Tris, 100 mM NaCl, 250 mM imidazole, pH 8.0). The protein eluates were subjected to buffer exchange with buffer C (20 mM Tris, 10 mM NaCl, 1 mM dithiothreitol (DTT), pH 8.0) by using a HiPrep 26/10 desalting column (GE Healthcare). The His-SUMO-Mpro proteins were digested with SUMO protease overnight at 4°C. The digested protein was applied to a nickel-chelating column again to remove the His-tagged SUMO protease, the His-SUMO tag, and the expressed protein with uncleaved His-SUMO tag. The tag-free Mpro protein was loaded onto an anion-exchange column with Q Sepharose, Fast Flow (GE Healthcare) equilibrated with buffer C for further purification. The column was eluted by buffer D (20 mM Tris, 1 M NaCl, 1 mM DTT, pH 8.0) with a linear gradient ranging from 0 to 500 mM NaCl. Fractions eluted from the anion exchange column were condensed and loaded to a size exclusion column with HiPrep 16/60 Sephacryl S-100 HR (GE Healthcare) pre-equilibrated with buffer E (20 mM Tris, 100 mM NaCl, 1 mM DTT, 1 mM EDTA, pH 7.8). The eluted Mpro protein in buffer E was concentrated to 20 mg/ml and stored in −80°C for further use.
IC50 Analysis
The assays were carried out with 50 nM enzyme and 10 µM substrate at 37 °C with continuous shaking. The Sub3 substrate (DABCYL-Lys-Thr-Ser-Ala-Val-Leu-Gln-Ser-Gly-Phe-Arg-Lys-Met-Glu-EDANS) was purchased from BACHEM and stored as 1 mM solution in 100% DMSO. Enzyme activity was monitored by detecting fluorescence with excitation at 336 nm and emission at 455 nm wavelength. The dilution buffer (used for enzyme and substrate dilution) is 10 mM NaxHyPO4, 10 mM NaCl, 0.5 mM EDTA, pH 7.6. Final composition of the assay buffer is 10 mM NaxHyPO4, 10 mM NaCl, 0.5 mM EDTA, 2 µM DTT (coming from enzyme stock solution), pH 7.6 with 1.25% DMSO. All inhibitors were stored as 10 mM in 100% DMSO solutions in a −20°C freezer.
For the IC50 analysis, the inhibitor was diluted to 400-fold times higher than the highest working concentration to make the secondary stock solution (i.e., if the highest working concentration of inhibitor is 2 μM, then the inhibitor was diluted from its 10 mM stock solution to 800 µM in DMSO). 10 µL from this secondary stock solution was added to 990 uL of the dilution buffer. Serial dilutions were carried out in the dilution buffer containing 1% DMSO to ensure all the inhibitor serial dilutions contained 1% DMSO. 25 µL of each inhibitor solution were added to a 96-well plate with a multichannel pipettor. Next, 25 µL of a 200 nM enzyme solution (diluted from 10 µM enzyme storage solution in 10 mM NaxHyPO4, 10 mM NaCl, 0.5 mM EDTA, pH 7.6, 1 mM DTT in the dilution buffer) was added by a multichannel pipettor and mixed by pipetting up and down three times. Then, the enzyme-inhibitor solution was incubated at 37°C for 30 min. During the incubation period, 20 µM of the substrate solution was prepared by diluting from 1 mM stock solution in the dilution buffer. When the incubation period was over, 50 µL of the 20 µM substrate solution was added to each well using a multichannel pipettor and the assay started. Data recording was stopped after 30 min. Data treatment was done with GraphPad Prism 8.0. The first 0–300 s were analyzed by linear regression for initial slope analyses. Then, the initial slopes were normalized and IC50 values were determined by inhibitor vs response - Variable slope (four parameters).
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Severe acute respiratory syndrome Coronavirus-2 (SARS-CoV-2), the pathogen of the Coronavirus disease-19 (COVID-19), is still devastating the world causing significant chaos to the international community and posing a significant threat to global health. Since the first outbreak in late 2019, several lines of intervention have been developed to prevent the spread of this virus. Nowadays, some vaccines have been approved and extensively administered. However, the fact that SARS-CoV-2 rapidly mutates makes the efficacy and safety of this approach constantly under debate. Therefore, antivirals are still needed to combat the infection of SARS-CoV-2. Papain-like protease (PLpro) of SARS-CoV-2 supports viral reproduction and suppresses the innate immune response of the host, which makes PLpro an attractive pharmaceutical target. Inhibition of PLpro could not only prevent viral replication but also restore the antiviral immunity of the host, resulting in the speedy recovery of the patient. In this review, we describe structural and functional features on PLpro of SARS-CoV-2 and the latest development in searching for PLpro inhibitors. Currently available inhibitors targeting PLpro as well as their structural basis are also summarized.
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INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), causing the coronavirus disease 2019 (COVID-19) (Wu F. et al., 2020; Zhu et al., 2020), is the third highly pathogenic human coronavirus in this century after the SARS-CoV emerged in 2003 (Stadler et al., 2003) and the Middle East Respiratory Syndrome Coronavirus (MERS-CoV) emerged in 2012 (Chafekar and Fielding, 2018). Although it has a relatively lower mortality rate, SARS-CoV-2 exhibits a higher transmission efficiency compared to SARS-CoV and MERS-CoV (Madewell et al., 2020; Patel et al., 2020). The rapid spread of SARS-CoV-2 has continued to cause a worldwide pandemic and posed a serious threat to global public health since the beginning of 2020. The SARS-CoV-2 infection mostly affects the lungs and causes symptoms of varying degrees of morbidity, ranging from asymptomatic infection to mild infection with flu-like illness or severe infection with lung injury (Chen et al., 2020; Huang et al., 2020; Wang et al., 2020). COVID-19 outbreak has resulted in over 320 million confirmed cases as of 16 January 2022, including nearly 5.5 million deaths (https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---18-january-2022). Though vaccines have been administered on a large scale, this viral disease is far from being controlled, in particular, due to the occurrence of cumulative mutations. Given the ongoing pandemic and disruptive impact, there is still an urgent need to develop new antiviral strategies for the prompt and effective therapy of SARS-CoV-2 infection.
SARS-CoV-2 is an enveloped, single-stranded, and positive-sense RNA virus (+ssRNA) which belongs to the Coronaviridae family (Khailany et al., 2020; Zhou et al., 2020). Coronaviruses can be divided into four groups indicated with the Greek letters α, β, γ, and δ, respectively (Su et al., 2016). Along with the newly emerged SARS-CoV-2, seven coronaviruses are currently able to infect humans, among which HCoV-NL63 and HCoV-229E belong to α coronavirus, while the others (HCoV-HKU1, HCoV-OC43, SARS-CoV, MERS-CoV, and SARS-CoV-2) belong to β coronavirus (Ye et al., 2020). Similar to other human coronaviruses, the genome of SARS-CoV-2 has two open reading frames that encode two replicase polyproteins, namely pp1a and pp1ab. The polyproteins are digested into sixteen mature non-structural proteins (nsp1-16) by two cysteine proteases, chymotrypsin-like protease (3CLpro or Mpro) encoded by nsp5 and papain-like protease (PLpro) encoded by nsp3. Mpro cleavage results in the releasing of the functional nsp4-16, while PLpro cleavage results in the maturation of nsp1-3 (Fehr and Perlman, 2015).
Importantly, SARS-CoV-2 PLpro possesses additional function of inhibiting interferon related antiviral responses of the host (Klemm et al., 2020; Shin et al., 2020). Given that SARS-CoV-2 causes a substantially higher mortality rate in elderly patients with compromised immune systems (Ruan 2020; Wu and McGoogan 2020), viral factors that mitigate or evade from immune responses are desirable drug targets. Thus, therapy by targeting SARS-CoV-2 PLpro can not only suppress viral infection but also promote antiviral immunity, which is similar to killing two birds with one stone. Herein, this review updates the recent research progress in the structure and function of SARS-CoV-2 PLpro and the discovery of PLpro inhibitors against COVID-19.
STRUCTURAL AND FUNCTIONAL FEATURES OF SARS-COV-2 PLPRO
The genome of SARS-CoV-2 is approximately 30 kb in size and contains at least 12 open reading frames (ORF) that flanked by 5′-cap and 3′-poly(A) tail (Wu A. et al., 2020; Zhang RH. et al., 2020). The 3′-terminal one-thirds of the SARS-CoV-2 genome encodes four structural proteins (spike protein, envelope protein, membrane protein, and nucleocapsid protein) and several accessory proteins, while two-thirds of the SARS-CoV-2 genome at the 5′-terminal encodes two replicase polyproteins, namely pp1a (about 450 KD) and pp1ab (about 750 KD) (Figure 1). These two polyproteins can be cleaved by virus-encoded PLpro and 3C-like protease into 16 non-structural proteins. Many of them are localized to the double membrane like vesicles and assemble into a replication complex on the cytoplasmic face of the endoplasmic reticulum (Knoops et al., 2008; Klein et al., 2020). PLpro is part of the largest non-structural protein nsp3 and is highly conserved (Lei et al., 2018). Often two copies, referred to as PL1pro and PL2pro, are found in coronaviruses and the two PLpros show distinct substrate specificity in different coronaviruses (Woo et al., 2010; Mielech et al., 2014). For example, PL1pro of mouse hepatitis virus processes between nsp1/2 and between nsp2/3, while PL2pro processes between nsp3/4 (Bonilla et al., 1997; Kanjanahaluethai and Baker, 2000). In the case of HCoV-NL63, PL1pro cleaves between nsp1/2, while PL2pro cleaves between nsp2/3 and between nsp3/4 (Chen et al., 2007). However, like SARS-CoV and MERS-CoV, only one functional PLpro is encoded in SARS-CoV-2. After being released from nsp3 through autocleavage, SARS-CoV-2 PLpro recognizes the common motif LXGG(A/K)X between nsp1/2, nsp2/3, and nsp3/4 (X represents any type of amino acid) and cleaves between glycine and alanine/lysine residues (Anirudhan et al., 2021), which is essential for coronavirus RNA synthesis and viral survival (Shamsi et al., 2021; Yadav et al., 2021). Enzyme activity analysis revealed that the S2 site of PLpro strictly recognizes glycine and the S4 site preferentially recognizes amino acids with hydrophobic side chains, while the S3 site has broader substrate specificity and can recognize any type of amino acid (Rut et al., 2020).
[image: Figure 1]FIGURE 1 | Schematic representation of the production and function of SARS- CoV- 2 PLpro. The positive- strand RNA (numbers indicate nucleotide position) including the ORF 1a/b, structural proteins S (spike), E (envelope), M (membrane) and N (nucleocapsid) are shown. PLpro is encoded by part of nsp3. It is able to mature nsp1- 3 and preferentially cleave the ubiquitin- like protein ISG15 from IRF3 by recognizing specific cleavage sites.
Beyond the role in cleaving the viral polypeptide, PLpro also participates in regulating host antiviral innate immunity through antagonising ubiquitin and ubiquitin-like modifications (Shin et al., 2020; Klemm et al., 2020). The host elicits various defense strategies to thwart viral infection. During viral invasion, the host could recognize the specific viral components through pattern recognition receptors and subsequently produce type I interferon and proinflammatory cytokines to establish the first line of host defense against viral infection. Ubiquitins and ubiquitin- like protein ISG15, an interferon- induced protein, are important post- translation modifying processes and have emerged as crucial players at this stage (Zheng and Gao, 2019, Zheng and Gao, 2020; Perng and Lenschow, 2018; McClain and Vabret, 2020). In response, virus often repurposes its protease to evade host antiviral immunity through deubiquitinating and deISGylating activities (James et al., 2011; Swatek et al., 2018). In the case of SARS-CoV-2, PLpro can remove ubiquitin and ISG15 modifications from host proteins by cleaving the consensus site (LXGG) (Figure 1) (Swaim et al., 2020). Similar to SARS-CoV PLpro, SARS-CoV-2 PLpro shows detectable activity for K48-linked ubiquitin chains but not K63, even though at a substantially slower rate (Freitas et al., 2020; Rut et al., 2020; Shin et al., 2020). Unlike SARS-CoV PLpro that predominantly cleaves K48 ubiquitin chains, PLpro of SARS-CoV-2 shows an enhanced deISGylation activity (Freitas et al., 2020; Rut et al., 2020; Shin et al., 2020). However, the deISGylation activity is sensitive to species-species differences (Freitas et al., 2020). SARS-CoV-2 PLpro appears to prefer ISG15s from sheep and the vesper bat, but shows no protease activity for the ISG15 substrate from fish. The deISGylase activities are moderate for ISG15s from human, pig, camel, and mouse, while weak for ISG15s from Egyptian fruit bat, hedgehog, and northern tree shrew. The preference of PLpro in processing ISG15 substrates may indicate the species that SARS-CoV-2 can productively infect.
Recently, the crystal structure of the 315-residue SARS-CoV-2 PLpro has been solved (Osipiuk et al., 2021). Similar to PLpros of SARS-CoV and MERS-CoV PLpro, SARS-CoV-2 PLpro contains a ubiquitin-like domain at N-terminal and a catalytic domain at C-terminal, which can be divided into three subdomains, namely thumb, palm and finger subdomains (Figure 2A). The catalytic site of SARS-CoV-2 PLpro contains a classical catalytic triad, consisting of Cys111, His273, and Asp287, and is situated at the interface between thumb and palm subdomains. A 6-amino-acid (267–272 residues) flexible loop named blocking loop 2 (BL2) near the catalytic site plays an important role in controlling the access to the active site (Ratia et al., 2008). The finger subdomain contains a zinc-ribbon region and zinc ion binding is necessary for enzyme catalysis and structural integrity of PLpro (Tian et al., 2021; Zhao et al., 2021).
[image: Figure 2]FIGURE 2 | Crystal structures of SARS-CoV-2 PLpro in apo and substrate-bound forms. (A) Crystal structure of SARS-CoV-2 PLpro (PDB ID: 6WZU). The four distinct subdomains are indicated. The catalytic triad is shown in the blue dashed circle. (B) Superposition of ubiquitin/PLpro complex (PDB ID: 6XAA) with mouse-ISG15/PLpro complex (PDB ID: 6YVA). The catalytic triad is shown in the blue dashed circle. The two ubiquitin binding sites are indicated. The ubiquitin is colored in cyan, while the mouse ISG15 is colored in orange.
PLpro possesses two ubiquitin binding sites (S1 and S2) for the recognition of its substrates, ubiquitin and ISG15, with the structural basis of which has also been elucidated (Klemm et al., 2020; Shin et al., 2020). S1 ubiquitin binding site recognizes the C-terminal domain of ISG15 through a different binding orientation compared with ubiquitin (Figure 2B). S2 ubiquitin binding site not only recognizes the N-terminal domain of ISG15, but also provides exquisite specificity for the distal ubiquitin of K48-linked diubiquitin chains. Residue Phe69 and Thr75 in the S2 ubiquitin-binding site are key amino acids for PLpro to interact with Ile44 in ISG15, which may contribute to the enhanced affinity for ISG15. However, these observations are based on the available structures of SARS-CoV-2 PLpro in complex with ubiquitin or mouse full-length ISG15. It would be of interest in future to determine the structure of human full-length ISG15 or K48-diubiquitin in complex with SARS-CoV-2 PLpro.
Nevertheless, these data reveal the 3D structures of PLpro at both apo state and substrate-binding state, which facilitates the PLpro based drug design. Molecules that mimic the hydrophobic interaction with SARS-CoV-2 PLpro observed in its substrates or alter the conformation of BL2 in the active site will affect the protease activity.
STRATEGIES IN PLPRO INHIBITOR DEVELOPMENT
Drug Repurposing
Drug repurposing refers to the discovery of new therapeutic uses of clinically available drugs. It is a prompt strategy in searching of medications for COVID-19 therapy since the traditional drug discovery process can be costly and takes decades to complete (Aherfi et al., 2021; Hijikata et al., 2021; Mslati et al., 2021; Shende et al., 2021). As repurposed drugs have gone through clinical trial, important parameters of these drugs, such as inhibitory potential, cell permeability, bio-availability, and safety, have been well characterized and can be available in a short time in face of pandemics (Pushpakom et al., 2019). Since the outbreak of COVID-19 in late December, 2019, drug repurposing has been employed to deal with this worldwide health emergency by targeting PLpro, even though such efforts were not as successful as hoped at the beginning of the pandemic.
The disclosure of high resolution crystal structures of SARS-CoV-2 PLpro has made virtual screening a useful strategy in drug repurposing (Gao et al., 2021; Ma et al., 2021; Osipiuk et al., 2021). In several studies, the crystal structure of SARS-CoV-2 PLpro was included in a molecular docking analysis to identify PLpro inhibitors (Choudhury et al., 2021; Hosseini et al., 2021). In addition, pharmacophore based screen is an alternative method to obtain potential inhibitors (Kouznetsova et al., 2020). Although virtual screening is a useful strategy for drug repurposing, further in vitro and in vivo tests are necessary to confirm its activities against SARS-CoV-2 PLpro.
High-throughput screening (HTS) is another useful strategy in drug repurposing. It selects the most promising candidates from a large number of molecules via experimental approaches. Smith et al. developed a cell-based luciferase complementation assay to evaluate the inhibition of known drugs against SARS-CoV-2 viral PLpro (Smith et al., 2020). Based on the fluorescence-based enzymatic inhibition assay, several groups have identified potential inhibitors of SARS-CoV-2 PLpro with the IC50 value under 10 μM (Cho et al., 2021; Xu et al., 2021; Zhao et al., 2021). Although not all the identified compounds exhibited good performance in a cell-based assay, they could serve as a starting point for further chemical modification.
Discovery of New Drug Leads
Discovery of new drug leads is an important step to develop a novel drug. It involves the employment of a wide range of technologies including virtual screening, high-throughput screening and structure-based drug design (Guido et al., 2011). These interdisciplinary expertises are complementary and comprehensive application of a variety of techniques in identification of new lead compounds is feasible. The general process of leads identification includes two essential steps, namely hits generation and subsequent hits validation. Compared with drug repurposing, screenings for hit compounds, either in vitro or in silico, incorporate a much larger scale of molecules including microbial metabolites, natural products and marine-derived bio-active compounds (Cragg and Newman, 2013; Kumar et al., 2021; Quimque et al., 2021). Since the outbreak of COVID-19, the widespread use of combinatorial screening has revealed a large mount of hit compounds that specifically target SARS-CoV-2 PLpro (Amin et al., 2021; Gogoi et al., 2021; Goyzueta-Mamani et al., 2021; Hajbabaie et al., 2021; Jade et al., 2021; Jamalan et al., 2021; Kumar et al., 2021; Li et al., 2021; Quimque et al., 2021; Rahul and Sarkar, 2021; Rudrapal et al., 2021; Stasiulewicz et al., 2021). Hits generated through the initial screens are further validated with an aim to choose the best ones to serve as leads for drug developments. As not all the identified lead compounds exhibited desired activities, co-crystallization of these effective inhibitors with PLpro is often adopted to investigate how the two molecules interact (Wang et al., 2021), which can inform further lead optimization and future drug design.
Optimization of Lead Compounds
Once a potential lead is identified, lead optimization is pressing as the potency, selectivity, or pharmacokinetic parameters of leads identified may not be satisfactory. Thus, optimization of lead compounds is a crucial step in the development of new drugs. As an example of success, Shan et al. optimized GRL0617 based on the GRL0617/PLpro complex structure and found analogue 19 has favorable potency and selectivity against SARS-CoV-2 PLpro (Shan et al., 2021). Also, Ma et al. optimized the Jun9-13-7 and Jun9-13-9 (Ma et al., 2021), while Weglarz-Tomczak et al. modified ebselen (Weglarz-Tomczak et al., 2021). Both optimized inhibitors are more potent than parent compounds. It is worth noting that all these optimized inhibitors suppress the PLpro activity at nanomolar level, representing the most potent inhibitors at the time of this manuscript submission.
POTENTIAL SARS-COV-2 PLPRO INHIBITORS
Many inhibitors have been identified against SARS-CoV-2 PLpro by using the strategies as stated above, even though no PLpro inhibitor has been approved by the US Food and Drug Administration (FDA) for marketing. Cysteine protease inhibitors can be divided into two categories, namely, covalent and non-covalent inhibitors. Covalent inhibitors form a C-S thioether linkage with the catalytic residue cysteine, while the non-covalent inhibitors interact with the protease through non-covalent binding which is always a reversible process (Aljoundi et al., 2020). SARS-CoV-2 PLpro inhibitors identified to date are mostly non-covalent, including naphthalene-based inhibitors, FDA approved drugs and natural products. As follows, we review the promising inhibitors currently known that target SARS-CoV-2 PLpro with the representative ones summarized in Table 1.
TABLE 1 | Representative potential inhibitors of SARS-CoV-2 PLpro.
[image: Table 1]Naphthalene-Based Inhibitors
GRL0617, a naphthalene-based drug, was previously developed as a non-covalent inhibitor of SARS-CoV PLpro (Ratia et al., 2008). In various high-throughput screen studies for SARS-CoV-2 PLpro inhibitors, it has stood out for its potent protease inhibition and antiviral activities, with the IC50 being around 2.0 μM and EC50 being around 20 μM, respectively (Table 1) (Gao et al., 2021; Fu et al., 2021; Osipiuk et al., 2021; Klemm et al., 2020; Freitas et al., 2020). Several groups then resolved the crystal structure of SARS-CoV-2 PLpro in complex with GRL0617 and revealed its inhibitory mechanism (Gao et al., 2021; Fu et al., 2021; Osipiuk et al., 2021; Ma et al., 2021). According to the structural information, GRL0617 fits well with the substrate cleft with its aromatic ring and naphthalene group inserted into S3 and S4 pockets, respectively (Figures 3A,B). Unlike other inhibitors such as VIR251 (described below), which stabilizes the BL2 in an open conformation, GRL0617 keeps this loop in a close conformation (Figure 3A) (Rut et al., 2020; Gao et al., 2021). Thus, GRL0617 prevents the substrate from entering the active site and is therefore a competitive inhibitor. These findings inspire the discovery of new generation of naphthalene based PLpro inhibitors.
[image: Figure 3]FIGURE 3 | Crystal structure of SARS-CoV-2 PLpro in complex with non-covalent inhibitors. (A) Superposition of PLpro (light blue; PDB ID: 6WZU) with GRL0617/PLpro (magentas; PDB ID: 7CMD), Jun9-72-2/PLpro (wheat; PDB ID: 7SDR), XR8-24/PLpro (orange; PDB ID: 7LBS), and YM155/PLpro (limon; PDB ID: 7D7L) complexes. The catalytic triad and the zinc-finger motif are shown in the blue dashed circle. The blocking loop 2 and the S2 ubiquitin binding site are indicated. (B) Surface presentation of GRL0617 binding pocket. PLpro is shown as gray surface, while GR0617 is shown as sticks. S3 and S4 pockets are labeled. (C) Surface presentation of Jun9-72-2 binding pocket. PLpro is shown as gray surface, while Jun9-72-2 is shown as sticks. S4 pocket is labeled. (D) Surface presentation of XR8-24 binding pocket. PLpro is shown as gray surface, while XR8-24 is shown as sticks. S4 pocket and BL2 groove are labeled. (E) Surface presentation of YM155 binding pocket. PLpro is shown as gray surface, while YM155 is shown as sticks. S4 pocket is labeled.
Osipiuk et al. reported several GRL0617 analogues that also show good inhibition of SARS-CoV-2 PLpro (Osipiuk et al., 2021). However, none of them show more potent inhibition of SARS-CoV-2 PLpro compared with GRL0617. Later, Ma et al. reported two lead compounds, Jun9-13-7 and Jun9-13-9, that exhibits similar potency compared with GRL0617 (Ma et al., 2021). Encouragingly, two of the optimized forms, Jun9-72-2 and Jun9-75-4, show more potent enzymatic inhibition and antiviral activity compared to GRL0617. The IC50 and EC50 values of Jun9-72-2 and Jun9-54-7 are several-fold lower than those of GRL0617 (Table 1), thus making them very effective PLpro inhibitors. Jun9-72-2 adopts a similar binding model with GRL0617 (Figures 3A,C). Shan et al. focused on the structure-based optimization of GRL0617 for searching for improved GRL0617 analogues (Shan et al., 2021), as GRL0617 lacks sufficient potency for development as an antiviral agent. Finally, 9 GRL0617 analogues carrying a shared naphthyl subunit were found to be more potent than GRL0617. Among these, analogue 19 exhibits an inhibitory activity against SARS-CoV-2 PLpro with the IC50 value of 0.44 μM and an antiviral activity against SARS-CoV-2 with the IC50 value of 0.18 μM (Table 1). Moreover, analogue 19 shows no significant cross-inhibition against another 10 deubiquitinating enzymes (DUB) or DUB-like proteases even at the concentration of 10 μM (Shan et al., 2021). Collectively, analogue 19 is a promising SARS-CoV-2 PLpro inhibitor in virtue of its high degree of potency and selectivity.
In addition to GRL0617, another three previously identified naphthalene-based inhibitors, namely, rac3j, rac3k, and rac5c (the racemic version of 3j, 3k, and 5c, respectively), also show a promising inhibitory activity against SARS-CoV-2 PLpro. Rac5c is the best one with an in vitro IC50 value of 0.81 μM (Table 1) (Klemm et al., 2020). In the antiviral assay, rac5c could protect SARS-CoV-2 infected Vero cells from cytopathic effect without causing cell toxicity at a concentration of 11 μM, indicating the striking antiviral effects.
XR8-23/XR8-24
Shen et al. attached more attention in optimizing the potency of GRL0617 by exploring the engagement of additional binding sites beyond those utilized by GRL0617 (Shen et al., 2021). ZN-2–184, a derivative of GRL0617 with an azetidine substitution on the phenyl ring, yielded a 2-fold improved affinity through extending interaction with Glu167 of PLpro. ZN-3-80, a derivative of ZN-2-184 with the naphthyl group replaced by a biaryl group, showed improved metabolic stability compared with GRL0617. Further attempt explored the derivatization of the 2-phenylthiophene scaffold (ZN-3-80) to exploit additional interactions with the BL2 groove, a promising site that has not yet been recognized by other PLpro inhibitors. Among the newly synthesized 2-phenylthiophene inhibitors, two well-designed robust ones, XR8-23 and XR8-24, display low nanomolar potency against SARS-CoV-2 PLpro (IC50 values of 0.39 and 0.56 μM, respectively) and low micromolar potency against viral infection in human lung epithelial A549 cells (EC50 values of 1.4 and 1.2 μM, respectively) (Table 1) (Shen et al., 2021), which improved greatly over GRL0617. Furthermore, XR8-23 and X8-24 shows satisfactory bioavailability after intraperitoneal injection in a mouse model, even though their in vivo antiviral activities remain to be investigated.
XR8-23 has a basic amine side chain extending from the thiophene group, which leads to dissociation rates slower and potency stronger than those of ZN-3-80 and GRL0617. XR8-24 contains a pyrrolidine ring extending from the thiophene group, which results in the formation of a putative hydrogen bond with Tyr264 and accordingly accounts for its superior potency. XR8-24 do not access the active site, but engage the BL2 groove to enforce the sealing of the active site, as proved by the crystal structure of XR8-24 in complex with SARS-CoV-2 PLpro (Figures 3A,D) (Shen et al., 2021).
YM155
A high-throughput screen also identified a new lead YM155, a phase I clinical trial antineoplastic drug. It inhibits SARS-CoV-2 PLpro with an IC50 value of 2.47 μM and shows robust antiviral activity with an EC50 value of 0.17 μM (Table 1) (Zhao et al., 2021). The crystal structure of SARS-CoV-2 PLpro (with a C111S mutation) in complex with YM155 unravels a unique interaction mechanism, which may explain the strong inhibition achieved by YM155 against PLpro. In addition to targeting the substrate-binding pocket like GRL0617, YM155 also targets the thumb domain and the zinc finger motif (Figures 3A,E). Thus, YM155 not only blocks the entrance of substrate into the active site, but also hampers the molecular interactions between PLpro and ISG15 and affects the stability of the zinc-finger motif and enzyme activity.
Natural Products
A wide range of natural products provide an ideal library for the screen and identification of new drug candidates targeting SARS-CoV-2 PLpro. Flavonoids are a kind of widely distributed plant secondary metabolites with more than 9,000 structures currently identified (Wang et al., 2018). As the largest group of polyphenolic compounds in higher plants, flavonoids have shown PLpro inhibitory effects and antiviral activities against SARS-CoV and MERS-CoV in vitro (Jo et al., 2020; Solnier and Fladerer, 2020). In the setting of SARS-CoV-2, several members of flavonoids, including coumaroyltyramine, cryptotanshinone, kaempferol, moupinamide, N-cis-feruloyltyramine, quercetin, and tanshinone IIa, were identified as SARS-CoV-2 PLpro ligands using an in silico docking analysis (Zhang D.-h. et al., 2020), despite the lack of in vitro evidence for their efficacy. These compounds might interfere with substrate entering the active sites through interacting with the region between the thumb and palm domains (Zhang D.-h. et al., 2020). Cryptotanshinone, one of the active ingredient from the Chinese herbal medicine, Salvia miltiorrhiza, was emphasized for its potential in inhibiting SARS-CoV-2 PLpro in another study (Zhao et al., 2021). In vitro, cryptotanshinone inhibits PLpro with an IC50 value of 5.63 μM and display antiviral activity with an EC50 value of 0.70 μM (Table 1), which is comparable to that of remdesivir (0.77 μM). Structurally similar with cryptotanshinone, tanshinone I possesses similar inhibition against SARS-CoV-2 PLpro (Diniz et al., 2021; Zhao et al., 2021). In addition, dihydrotanshinone I, another tanshinone derivative, could effectively inhibit the SARS-CoV-2 proliferation at an EC50 of 8 µM and is not cytotoxic even at high concentrations (Lim et al., 2021). Thus, tanshinones and its analogues have the potential to treat SARS-CoV-2 infection. Actually, “Xuebijing”, a complex traditional Chinese preparation consisting of Salvia miltiorrhiza, has been included in the Chinese clinical treatment strategy for COVID-19 and reduces multiple organ damage through anti-inflammation and improving immune function (Tong et al., 2020). Other natural compounds, such as EGCG (a Green Tea Catechin) (Chourasia et al., 2021), cyanovirin-N (Naidoo et al., 2021), several Terpene compounds (Diniz et al., 2021), and propolis derivatives (Yosri et al., 2021), were also extensively studied in molecular simulations and exhibited high binding affinities with SARS-CoV-2 PLpro. But further in vitro and in vivo studies are needed to verify their potential. Collectively, it indicates that these herbal compounds can be potential antivirals against SARS-CoV-2. Further studies on the mode of interaction between PLpro and these compounds may shed light on future drug discovery.
Approved Drugs
Repurposing approved drugs is a potential alternative strategy to restrict SARS-CoV-2 infection. 6-Thioguanine (6-TG) is an orally-delivered anti-leukemia and immunosuppressant agent (Bayoumy et al., 2020). A recent study showed that 6-TG could inhibit viral replication of SARS-CoV-2 with an EC50 of 2.13 μM, which is similar to that of remdesivir and approximately 15-fold lower than that of GRL0617 (Swaim et al., 2021). Four clinically approved hepatitis C protease inhibitors (simeprevir, vaniprevir, paritaprevir, and grazoprevir) have also recently been shown to inhibit SARS-CoV-2 PLpro in vitro and viral replication in Vero-E6 cells (Bafna et al., 2021). The blockade of viral infection for these drugs display synergistic effects to the antiviral activity of remdesivir with the EC50 values ranging from 4.25 to 10.8 μM. In addition, simeprevir, vaniprevir, and grazoprevir exert dual inhibition of both Mpro and PLpro, while paritaprevir only targets PLpro (Bafna et al., 2021). Losartan is a clinically available drug used to treat several diseases including diabetic nephropathy and primary hypertension (Mulla and Siddiqui, 2021). Despite of a weak inhibitory effect on deubiquitinase or deISGylase activity of the SARS-CoV-2 PLpro, Losartan is effective to decrease viral replication and the EC50 value is 13.7 μM in the pre-infection treatment experiment (Nejat et al., 2021), suggesting that its anti-SARS-CoV-2 activity not purely depend on PLpro inhibition. Another approved drug, disulfiram, is an thiol reagent designed for alcohol aversion therapy by targeting hepatic aldehyde dehydrogenase (Lipsky et al., 2001; Krampe and Ehrenreich, 2010). It has been recently repurposed as an inhibitor of other cysteine-containing enzymes such as methyltransferase, urease, and cysteine protease of coronoviruses (Paranjpe et al., 2014; Diaz-Sanchez et al., 2016; Lin et al., 2018; Ma et al., 2020; Sargsyan et al., 2020), indicating broad-spectrum characteristics. According to pieces of evidences, disulfiram could doubly inhibit Mpro and PLpro of SARS-CoV-2 with the IC50 values of 9.35 and 7.52 μM, respectively (Sargsyan et al., 2020; Weglarz-Tomczak et al., 2021). The mechanism of action by disulfiram may involve the covalent interaction with Zn2+-bound or catalytic cysteine.
VIR250/VIR251
The peptidomimetic inhibitors VIR250 and VIR251 are the covalent inhibitors of SARS-CoV-2 PLpro identified from a combinatorial substrate library (Rut et al., 2020). These two covalent inhibitors show good inhibition against both SARS-CoV and SARS-CoV-2 PLpros with little cross-reactive to human deubiquitinating enzymes. Crystal structures of VIR250 and VIR251 in complex with PLpro were resolved to 2.79 Å and 1.65 Å, respectively (Rut et al., 2020). They have very similar molecular structures and accordingly adopt similar binding modes with PLpro (Figure 4A). Specifically, β-carbon of the glycine vinyl methyl ester (GlyVME) at the P1 position covalently links to the sulfur atom of Cys111 of SARS-CoV-2 PLpro (Figures 4B,C). In addition, P1-P3 moieties of both inhibitors engage SARS-CoV-2 PLpro mainly through polar interactions and hydrogen bonds, while P4 moiety engages PLpro through hydrophobic interactions. However, the extension of these two inhibitors at the P4 position adopts opposite orientations. Thus, additional binding space in this pocket remains to be exploited, which may inspire further drug optimization. Based on the structure of VIR251 in complex with SARS-CoV-2 PLpro, several potential inhibitors were screened against PLpro with a similar interaction mode (Delre et al., 2020; Pang et al., 2020), suggesting that VIR251, as well as VIR250, can be a good starting point for the discovery of new drugs.
[image: Figure 4]FIGURE 4 | Crystal structures of SARS-CoV-2 PLpro in complex with covalent inhibitors. (A) Superposition of SARS-CoV-2 PLpro (light blue; PDB ID: 6WZU) with VIR250/PLpro (green; PDB ID: 6WUU) and VIR251/PLpro (cyan; PDB ID: 6WX4) complexes. The blocking loop 2 is indicated. (B) Surface presentation of VIR250 binding pocket. PLpro is shown as gray surface, while VIR250 is shown as sticks. The catalytic cysteine of PLpro forms a covalent bond with VIR250. The P2-P4 positions are labeled. (C) Surface presentation of VIR251 binding pocket. PLpro is shown as gray surface, while VIR251 is shown as sticks. The catalytic cysteine of PLpro forms a covalent bond with VIR251. The P2-P4 positions are labeled.
Ebselen
Ebselen is a low-molecular-weight selenoorganic drug with excellent properties in antioxidation, anti-inflammation, antiatherosclerosis, and cytoprotective effects (Azad and Tomar, 2014; Belvisi et al., 2000; Singh et al., 2017). This compound shows inhibition against Mpro and PLpro of SARS-CoV-2 with the IC50 values of 0.67 and 2.36 μM, respectively (Sargsyan et al., 2020; Ma et al., 2020; Jin et al., 2020; Weglarz-Tomczak et al., 2021), which are slightly more potent than disulfiram. In a cell-based assay, ebselen exhibits promising antiviral activity with the EC50 of  4.67 µM (Ma et al., 2020; Jin et al., 2020). The inhibition of ebselen against PLpro is an irreversible process that seems to associate with the covalent interaction between selenium atom from ebselen and sulphur atom from catalytic cysteine (Sargsyan et al., 2020; Weglarz-Tomczak et al., 2021). Subsequent modification of ebselen results in significantly increased inhibitory potency against PLpro from SARS-CoV-2. Four ebselen derivatives, namely 1d, 1e, 2d, and 2e, have IC50 constants in the nanomolar range, which is one order of magnitude lower than that of ebselen. Among these, 1d and 1e appear to be the most potent derivatives with the IC50 values of 236 and 256 nM, respectively (Table 1). The hydroxy (1d) or methoxy group (1e) substitution in the ortho position of the phenyl ring of ebselen may adopt additional interactions with the conserved residues in the active site, thus contributing to the increased potency (Weglarz-Tomczak et al., 2021). As ebselen has inhibitory activity against numerous targets, it is unlikely to be a viable candidate for further development as a clinical PLpro inhibitor.
DISCUSSION
The outbreak of COVID-19 has caused a global concern and seriously affects the living styles of most people. PLpro, a multi-functional protease of SARS-CoV-2, can not only digest the polyprotein precursor to generate non-structural proteins but also mitigate the RIG-I-mediated innate immunity triggered by viral infection (Klemm et al., 2020; Shin et al., 2020). Its immunomodulatory effects play an important role in disease progression. Moreover, PLpro is a highly conserved protein among coronaviruses, thus is an ideal target to develop broad-spectrum inhibitors against SARS-CoV, SARS-CoV-2 and future emerged coronavirus strains. This review updates the research progress in developing novel and potent inhibitors of SARS-CoV-2 PLpro, which may reveal some insights into future drug discovery and new strategies for the COVID-19 combat.
Generally, PLpro seems to be a greatly overlooked drug target that lacks research. Numerous research efforts have focused on developing inhibitors of Mpro, another cysteine protease of SARS-CoV-2, but relatively few have focused on PLpro inhibition. Part of the reason can be that PLpro is relatively more challenging to target in the comparison of Mpro. One of the challenges is the presence of homologous host DUBs. Thus, the specificity of the PLpro inhibitor is an important parameter that deserves more attention in the PLpro inhibitor discovery.
Even though a variety of inhibitors against SARS-CoV-2 PLpro have been found as mentioned above, a large portion of hits compounds identified in high-throughput screening and virtual screening have not been further evaluated. For those newly identified inhibitors, in vitro studies in a SARS-CoV-2 setting are required to determine its potency. Many studies only evaluated the inhibition of PLpro protease activity by the inhibitor, but ignored the evaluation of its antiviral activities which significantly contribute to the ultimate drug efficacy. As far as the antiviral activity is concerned, most studies conducted this cell-based assay in vero E6 cells which is responsible for the limitation. It is better to perform the antiviral assay in human cells, such as Calu3 cells or normal human airway epithelial cells, the result of which would give different but more clinically relevant EC50 values. Moreover, little has been done to test the absorption, distribution, metabolism, and excretion (ADME) and toxicity of these inhibitors. It is necessary to establish a suitable animal model for more rigorous in vivo effect evaluation. Then subsequent clinical candidate selection can be possible.
As for mechanistic studies, few structures of inhibitors in complex with PLpro have been resolved. Co-crystallization combined with computational methods can accelerate the disclosure of interaction modes between the inhibitors and PLpro, which can inform future structure-based drug design. Some achievements have been made in the optimization of lead compounds such as GRL0617 and ebselen. Also, additional in vitro and in vivo evaluations of these potent derivatives are needed in the future.
Drug repurposing is an important strategy in drug discovery. Several existing broad-spectrum antiviral drugs such as dual inhibitors, disulfiram and ebselen, have shown robust inhibition of viral protease and are undergoing clinical trials. These drugs may favour the first line of defence for rapid response. As the high infectivity of SARS-CoV-2 has provoked continuous outbreaks all over the world, the comprehensive applications of drug repurposing, new leads identification, and structure-based leads optimization are expected to further accelerate the discovery process and develop specific inhibitors that are safe, effective and well-tolerated for COVID-19 therapy.
In conclusion, though some encouraging results are available, the drug discovery of SARS-CoV-2 PLpro is still far from meeting the needs. Future researches need to fill the above-mentioned vacancies for developing a promising clinical candidate and an effective PLpro inhibitor with both potency and selectivity eventually.
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Coronaviruses infect a variety of hosts in the animal kingdom, and while each virus is taxonomically different, they all infect their host via the same mechanism. The coronavirus main protease (Mpro, also called 3CLpro), is an attractive target for drug development due to its essential role in mediating viral replication and transcription. An Mpro inhibitor, GC376, has been shown to treat feline infectious peritonitis (FIP), a fatal infection in cats caused by internal mutations in the feline enteric coronavirus (FECV). Recently, our lab demonstrated that the feline drug, GC373, and prodrug, GC376, are potent inhibitors of SARS-CoV-2 Mpro and solved the structures in complex with the drugs; however, no crystal structures of the FIP virus (FIPV) Mpro with the feline drugs have been published so far. Here, we present crystal structures of FIPV Mpro-GC373/GC376 complexes, revealing the inhibitors covalently bound to Cys144 in the active site, similar to SARS-CoV-2 Mpro. Additionally, GC376 has a higher affinity for FIPV Mpro with lower nanomolar Ki values compared to SARS-CoV and SARS-CoV-2 Mpro. We also show that improved derivatives of GC376 have higher potency for FIPV Mpro. Since GC373 and GC376 represent strong starting points for structure-guided drug design, determining the crystal structures of FIPV Mpro with these inhibitors are important steps in drug optimization and structure-based broad-spectrum antiviral drug discovery.
Keywords: 3CLpro, coronavirus, feline infectious peritonitis (FIP), FCoV, protease, GC376, antiviral, COVID-19
INTRODUCTION
Coronaviruses are single-stranded, positive-sense RNA viruses that affect mammals and birds, causing a variety of diseases (Anand et al., 2003). Containing one of the largest genomes among RNA viruses (∼27–31 kb), the family Coronaviridae makes up four genera: Alpha-, Beta-, Gamma-, and Deltacoronavirus (Báez-Santos et al., 2015). Coronaviruses take over the host's transcriptional machinery by encoding two overlapping polyproteins, pp1a and pp1ab, which are cleaved by coronavirus-encoded proteases—papain-like protease (PLpro) and main protease (Mpro, also called 3CLpro) (Thiel et al., 2003)—forming 16 nonstructural proteins (nsps) that are essential for viral replication (de Wit et al., 2016). Mpro, a cysteine protease, cleaves the polyproteins at 11 conserved sites containing the Leu-Gln↓(Ser, Ala, Gly) sequence, releasing the nsps required for the viral replicase complex (Hegyi and Ziebuhr, 2002). Since Mpro cleavage is required for subsequent viral replication and transcription, Mpro is an attractive target for drug development against coronaviruses (Yin et al., 2007).
Due to their rapid transmission and lethality, coronaviruses pose a major threat to public health (Chen et al., 2020). This was seen in previous global coronavirus outbreaks such as the severe acute respiratory syndrome coronavirus (SARS-CoV) outbreak in 2002/3, the Middle East respiratory syndrome coronavirus (MERS-CoV) outbreak of 2012, and more recently, the COVID-19 pandemic caused by SARS-CoV-2 in 2019 and onward (de Wit et al., 2016; Hu et al., 2021). Aside from humans, coronaviruses infect other mammals including felines, ferrets, mink, and pigs (Perera et al., 2018; Stout et al., 2020; Ye et al., 2020). Feline enteric coronavirus (FECV), an Alphacoronavirus, is commonly found among domestic cats; however, infected cats are usually asymptomatic or experience mild enteritis (Felten and Hartmann, 2019). Feline infectious peritonitis (FIP) derives from internal mutations in FECV shifting tropism from enterocytes to macrophages resulting in a 100% fatality rate in cats, thus FIP virus (FIPV) is vertically transmitted (Dye & Siddell, 2005; Felten and Hartmann, 2019). It is worth noting that mutations in FECV Mpro have not been associated with increased virulence in FIPV (Pedersen, 2014). Mpro inhibitors which block viral replication have, therefore, been extensively studied against different coronaviruses as a means to develop broad-spectrum antivirals (Hegyi and Ziebuhr, 2002; Kim et al., 2012; Bai et al., 2021).
Various peptidomimetic inhibitors have been developed against viral Mpro (Yin et al., 2007; St. John et al., 2015; Wang et al., 2016). In 2011, a peptide-based inhibitor of Mpro was reported as a promising antiviral drug to combat norovirus infection (Tiew et al., 2011). That inhibitor has since been modified and the new derivative, GC376, was shown to inhibit FIPV Mpro with sub-micromolar IC50 values (Kim et al., 2012). GC376, a dipeptidyl aldehyde bisulfite adduct, is a prodrug that converts into the active-form aldehyde, GC373, upon administration, effectively binding the active site of Mpro and stopping viral replication (Kim et al., 2013; Kim et al., 2015). Other studies have demonstrated that GC376 was successful in reversing the progression of experimentally induced FIP as well as naturally occurring FIP in cats, demonstrating that peptide-based inhibitors are effective against coronavirus infections in vivo (Kim et al., 2016; Pedersen et al., 2018).
With the success GC376 has had in treating FIP in cats, it was then postulated to be an effective inhibitor to treat SARS-CoV-2 infections (Vuong et al., 2020). We have previously reported that the prodrug GC376 and drug GC373 are potent inhibitors of SARS-CoV and SARS-CoV-2 Mpro with Ki values in the nanomolar range (Arutyunova et al., 2021). The crystal structures of SARS-CoV and SARS-CoV-2 Mpro in complex with the feline drugs revealed the inhibitor forming a covalent bond with Cys145 as a hemithioacetal in the active site (Vuong et al., 2020). The varied effectiveness of GC376 against Mpro of different coronaviruses suggests structural differences in drug binding (Kim et al., 2012; Arutyunova et al., 2021). Despite the research invested in the feline drugs with regard to FIP, no crystal structure of FIPV Mpro with GC376 or GC373 has been solved to date.
In this study, we solved the crystal structure of FIPV Mpro (FIPV WSU-79/1146) in complex with the drug, GC373, and prodrug, GC376, to reveal the architecture of the active site with bound inhibitors. Furthermore, we examined the improved derivatives of GC376 and demonstrated their higher potency toward FIPV Mpro. As GC376 and GC373 were successfully used to treat FIP in cats, they are considered strong starting points in drug design to treat COVID-19 in humans. Here, we compare the structural similarities and differences between SARS-CoV-2 Mpro and FIPV Mpro with the feline drugs for antiviral drug optimization against SARS-CoV-2 and the development of future broad-spectrum antivirals.
MATERIALS AND METHODS
Inhibitor and Fluorescence Resonance Energy Transfer Substrate Synthesis
Inhibitors GC373, GC376, and their derivatives, as well as the FRET assay peptide substrate, Abz-SVTLQSG-Y(NO2)-R, were synthesized according to methods previously described (Vuong et al., 2020; Vuong et al., 2021).
Cloning, Expression, and Purification of Feline Infectious Peritonitis Virus Mpro
The FIPV WSU-79/1146 Mpro gene was synthesized (Bio Basic, Canada) and cloned into pET SUMO expression vector (Invitrogen, United States), generating a fusion protein with a His-tagged SUMO domain at the N-terminus. The construct was transformed into BL21 (DE3) Escherichia coli, where protein expression was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) once OD600 reached 0.5–0.6 and then grown for an additional 5 h at 32°C. The cells were harvested by centrifugation (5,000 ×g for 20 min at 4°C), suspended in lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 5 mM imidazole, pH 7.8), and lysed using the Emulsiflex C3 High Pressure Homogenizer. Cellular debris was removed by centrifugation at 20,000 ×g for 45 min at 4°C. The isolated supernatant was applied onto a Ni-NTA column (Qiagen, Canada), the resin was washed with 10 column volumes of lysis buffer containing 20 mM imidazole, and the protein was eluted with a step gradient of 100–1000 mM imidazole in lysis buffer. The eluted fractions were analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, pooled based on purity and dialyzed against 20 mM Tris-HCl, 150 mM NaCl, 1 mM TCEP, pH 7.8, for 2 h at 4°C. The SUMO tag was cleaved off using His-tagged SUMO protease (McLab, United States) and both the N-terminal SUMO tag and SUMO protease were removed by passing the protein sample through a Ni-NTA column. The flow-through containing FIPV Mpro was further purified using size exclusion chromatography (Superdex increase 10/300 GL, GE Healthcare), with buffer containing 20 mM Tris-HCl, 150 mM NaCl, 1 mM TCEP, pH 7.8. The fractions containing FIPV Mpro were pooled and concentrated using an Amicon Ultra-15 filter with a MWCO of 10 kDa.
Crystallization of Feline Infectious Peritonitis Virus Mpro With GC373 and GC376
Purified FIPV Mpro was dialyzed against 5 mM Tris-HCl, 5 mM NaCl, 1 mM TCEP, pH 7.8 buffer at 4°C overnight and concentrated to 10 mg/ml using an Amicon Ultra-15 filter with a MWCO of 10 kDa. FIPV Mpro was incubated with GC373 or GC376 (5× molar excess) at 4°C for 2 h prior to crystallization. The protein was subjected to the PACT and JCSG crystallization screens (Molecular Dimensions, United States). Crystals were observed with sitting drop trays at room temperature. The crystals of FIPV Mpro with GC376 were obtained using a protein:buffer ratio of 1:1 with 2.0 M ammonium sulfate, 0.1 M Bis-Tris, pH 5.5. The crystals of FIPV Mpro with GC373 were obtained using a 2:1, protein:buffer ratio with 0.2 M calcium chloride dihydrate, 0.1 M MES, 20% (w/v) PEG 6000, pH 6.0. The crystals were frozen in liquid nitrogen using 19% glycerol as a cryoprotectant.
Diffraction Data Collection, Model Building, and Structural Refinement
The diffraction data were collected at Canadian Light Source using beamline CMCF-BM (08B1) and PILATUS3 S 6M detector, Saskatchewan, Canada. Several data sets were collected from different crystals and were processed using SCALA and XDS. The diffraction data set of the GC373 was processed to 2.05 Å, in a monoclinic C2 space group, while the GC376 were processed to 1.93 Å, in an orthorhombic P212121 space group. The structures were determined by molecular replacement using the crystal structure of the apo-FIPV Mpro (PDB entry: 5EU8) as the search model. GC376 and GC373 were manually fit in the density using Coot. The structures were then refined by using the Phenix software. Data statistics, processing, and model refinement are given in Supplementary Table S1.
Enzyme Kinetics of Feline Infectious Peritonitis Virus Mpro
A fluorescence resonance energy transfer (FRET)–based cleavage assay was performed using a synthetic peptide fluorescent substrate containing the cleavage site of FIPV Mpro [Abz-SVTLQ↓SG-Tyr (NO2)-R] as described previously (Vuong et al., 2020; Vuong et al., 2021). For Ki determination, 50 nM FIPV Mpro was preincubated with GC376 in the concentration range of 0.01–0.4 µM for 10 min at 37°C. The enzymatic reactions using 1–500 μM of FRET substrate in activity buffer (25 mM Bis-Tris, 1 mM DTT, pH 7.0) were started with the addition of protease. For IC50 determination, 100 nM of FIPV Mpro was incubated with an inhibitor concentration range of 0.25 nM–100 µM in activity buffer. The reaction was started with 40 µM of FRET substrate. The fluorescence signal of the FRET peptide cleavage product was monitored at an emission wavelength of 420 nm with excitation at 320 nm, using a Cytation 5 Imaging Multi-Mode Reader (BioTek) for 7 min at 37°C. The kinetic data were analyzed using computer-fit calculation (Prism 9.0, GraphPad Software). The slopes of the Lineweaver–Burk plots were plotted versus the concentration of GC376, and the Ki was determined from the x-axis intercept as −Ki. The experiments were performed in triplicate.
RESULTS
The Overview of Feline Infectious Peritonitis Virus Mpro-GC373/376 Complex Structure
Crystal structures of FIPV Mpro in complex with the drug GC373 (PDB: 7SNA) and prodrug GC376 (PDB: 7SMV) were solved to 2.05 Å and 1.93 Å, respectively (Supplementary Table S1). GC376 being the dipeptidyl aldehyde bisulfite adduct form of the drug converts into the active-form aldehyde GC373, thus making both structures identical. In both structures, FIPV Mpro crystallized as a dimer, with each protomer being comprised of three domains (Figure 1A), similar to other viral Mpro. Domains I and II have a six-stranded antiparallel β-barrel structure, and domain III is a globular cluster of five antiparallel α-helices, connected to domain II by a long loop. The active site of FIPV Mpro contains a Cys144–His41 catalytic dyad located in a cleft between domain I and domain II. Domain III regulates the dimerization of the Mpro which is required for its catalytic activity. The N-terminal residues (N-finger) of protomer A fits between domains II and III of the protomer A and interacts with residues in domain II of protomer B helping shape the S1 substrate-binding subsite in the active site.
[image: Figure 1]FIGURE 1 | (A) FIPV Mpro exists as a dimer when bound with the feline drug GC373 (PDB: 7SNA). Domains I, II, and III are labeled on the left. Active sites of both protomers are occupied by GC373. (B) The prodrug, GC376, is a dipeptidyl aldehyde bisulfite adduct that readily converts into GC373 under aqueous conditions. GC373 covalently binds to the catalytic Cys144 of FIPV Mpro.
GC373 Is Stabilized by H-Bond Network in the Active Site of Feline Infectious Peritonitis Virus Mpro
The GC373 inhibitor covalently binds FIPV Mpro and is stabilized by hydrogen bonding and hydrophobic interactions in a similar manner to SARS-CoV and SARS-CoV-2 Mpro. In both structures, a covalent bond between Cys144 and the aldehyde of the feline drug reveals that the bisulfite leaving group indeed was removed upon binding (Figure 1B). Weak H-bonding was observed between the oxyanion of the inhibitor and His41, the general base in the catalytic dyad, which is distinct from SARS-CoV-2 (Figure 2A) (Vuong et al., 2020). For the P1 position of the inhibitor, the Nγ of the lactam ring sits in the S1 pocket and forms a H-bond with the carbonyl oxygen of Phe139 (Supplementary Figure S1A), a conserved feature in other Mpro structures with GC373 (Arutyunova et al., 2021). The S2 pocket that supports hydrophobic interactions of a Leu moiety is formed with His41, Ile51, and Leu164 (Supplementary Figure S2A). This differs from the stabilization network found in SARS-CoV-2 Mpro for the same feline drug. Meanwhile, the P3 benzyl moiety interacts with the P1 lactam ring by pi stacking, similar to that observed in the SARS-CoV-2 Mpro structure (Vuong et al., 2020).
[image: Figure 2]FIGURE 2 | Comparison of FIPV Mpro and SARS-CoV-2 Mpro bound to GC373. (A) Crystal structure of FIPV Mpro with GC373 in lavender (PDB: 7SNA) and (B) SARS-CoV-2 Mpro with GC373 in tan (PDB: 6WTK).
Feline Infectious Peritonitis Virus Mpro and SARS-CoV-2 Mpro Have Similar Overall Structure
FIPV and SARS-CoV-2 Mpro share 60% sequence similarity, however, the active-site region exhibits even greater conservation (Supplementary Figure S3). Comparing the overall structures, both bound to GC373, the RMSD was calculated to be 1.16 Å. While the active site cavity of both FIPV and SARS-CoV-2 Mpro are composed of identical residues, the structures of Mpro in complex with GC373 or GC376, reveal some differences in inhibitor binding. In FIPV Mpro, GC373 is stabilized in the active site by H-bonding with His41 (Figure 2A, Supplementary Figure S1B). By contrast, SARS-CoV (not shown) and SARS-CoV-2 Mpro form a stable acyl-intermediate with the drug through a H-bonding network with the backbones of Cys145, Ser144, and Gly143 residues (Figure 2B, Supplementary Figure S6). Furthermore, the S2 pocket that supports hydrophobic interactions of the drug's Leu moiety is formed with His41, Ile51, and Leu164 in FIPV Mpro, but with His41, Met49, and Met165 in SARS-CoV-2 Mpro (Supplementary Figure S2B). In SARS-CoV-2 Mpro, Gln189 plays an integral role in stabilizing the dipeptide backbone of the inhibitor (Bai et al., 2021), however in FIPV Mpro, we observe an unstructured loop fit between the S3 and S4 pocket to form hydrophobic interactions, thus further supporting binding of the inhibitor (Supplementary Figures S4, S5). In FIPV Mpro, Ser1 of the N-terminal finger from protomer B forms a weak H-bond (3.8 Å) with the cyclic glutamine analog nitrogen of GC373 in the active site of protomer A, however, this is not seen in SARS-CoV-2 Mpro (Figure 3A). Furthermore, the side chain hydroxyl group and backbone amide of Ser1 in protomer B form H-bonds with Glu165 and Phe139 in the active site of protomer A. This is comparable to SARS-CoV and SARS-CoV-2 Mpro structures where Ser1 of the N-terminal finger (protomer B) forms H-bonds with Glu166 and Phe140 (protomer A) to shape the P1 position (Figure 3B). These structural changes led us to examine the inhibitory parameters of GC376 with FIPV Mpro for comparison with SARS-CoV and SARS-CoV-2 Mpro.
[image: Figure 3]FIGURE 3 | Comparing Mpro N-terminal fingers and their respective interaction with GC373. (A) In FIPV Mpro (PDB: 7SNA), Ser1 of the N-terminal finger from protomer B forms a weak H-bond (3.8 Å) with the cyclic glutamine analog nitrogen of GC373, as well as other H-bonds with E165 and F139 in the active site of protomer A. (B) In SARS-CoV-2 Mpro (PDB: 6WTK), Ser1 of the N-terminal finger from protomer B only forms H-bonds with E166 and F140 in the active site of protomer A but does not form H-bonds with GC373.
GC376 Has Higher Affinity to Feline Infectious Peritonitis Virus Mpro Compared to SARS-CoV-2
IC50 and Ki values quantitatively reflect the potency and affinity of a drug and are therefore important parameters to consider when undergoing inhibitor design. First, we determined the catalytic parameters of FIPV Mpro using our synthetic peptide FRET-substrate (Supplementary Table S2) (Arutyunova et al., 2021). Interestingly, feline coronavirus protease exhibited 24 times slower catalytic turnover rate than Mpro of SARS-CoV-2 with the same substrate, and a lower Km value. The Ki values for GC376 inhibition were determined to be 2.1 nM for FIPV Mpro (Figure 4), lower in comparison to previously determined Ki values of SARS-CoV and SARS-CoV-2 Mpro, which were 20 and 40 nM, respectively (Table 1) (Vuong et al., 2020; Arutyunova et al., 2021).
[image: Figure 4]FIGURE 4 | Determination of Ki values of GC376 with FIPV Mpro. Lineweaver–Burk plot (A) and secondary plots of competitive inhibition (B). Data are presented as mean ± SEM, n = 3.
TABLE 1 | Comparison of Ki values of GC376 between FIPV Mpro, SARS-CoV Mpro, and SARS-CoV-2 Mpro. Data are presented as mean ±SEM, n = 3.
[image: Table 1]Improved Derivatives of GC376 Are Also Potent Toward Feline Infectious Peritonitis Virus Mpro
We recently demonstrated that derivatives of GC376 with singly or doubly modified constituents resulted in improved potency with SARS-CoV-2 Mpro, having lower IC50 and EC50 values (Vuong et al., 2021). The singly modified compounds contain derivatives that include a cyclopropyl group (1a) in the P2 position where the S2 pocket typically recognizes a Leu residues side chain, and a 3-fluorobenzyl (2c) or 3-chlorophenylethyl group (2d) in the P3 position recognized by the S4 pocket (Table 2). The doubly modified compounds all included a cyclopropyl group in the P2 position, as well as a 3-fluorobenzyl (2c), 3-chlorophenylethyl (2d), or 4-methoxyindole (2e) group at the P3 position (Table 3). In order to assess if these inhibitor derivatives also have improved potency with FIPV Mpro as they did with SARS-CoV-2 Mpro, IC50 values were calculated and compared. In vitro analysis with purified FIPV Mpro revealed that the doubly modified inhibitor had stronger effects on IC50 values than a singly modified inhibitor, bringing the IC50 to the double-digit nanomolar range. This is a similar trend as seen with SARS-CoV-2 Mpro using the same doubly modified inhibitors. Overall, this suggests that inhibitors targeting FIPV Mpro can be improved and warrant further assessment in cellular and animal studies.
TABLE 2 | Singly modified derivatives of GC373 at the P2 or P3 positions and their corresponding IC50 values. Data are presented as mean ± SEM, n = 3.
[image: Table 2]TABLE 3 | Doubly modified derivatives of GC376 at the P2 and P3 positions and their corresponding IC50 values. Data are presented as mean ± SEM, n = 3.
[image: Table 3]DISCUSSION
The FECV is commonly detected among domestic house cats and causes mild to no symptoms; however, mutations in FECV lead to FIP, a lethal systemic infection in cats. The Mpro inhibitor GC373 and its bisulfide aldehyde GC376 have been shown to treat the otherwise fatal infection in experimentally infected FIP cats, as well as naturally acquired FIP cats. Furthermore, GC376 has also been shown to be an effective inhibitor of other viral Mpro such as norovirus (PDB: 3UR9), transmissible gastric epidemic virus (PDB: 4F49), MERS-CoV (PDB: 5WTJ), porcine epidemic diarrhea virus (PDB: 6L70), SARS-CoV (PDB: 7LCQ), and more recently, SARS-CoV-2 (PDB: 6WTJ) (Tiew et al., 2011; Kim et al., 2015; Galasiti Kankanamalage et al., 2018; Vuong et al., 2020; Ye et al., 2020; Arutyunova et al., 2021). Our work here reports the crystal structure of GC376 and GC373 with FIPV Mpro, allowing for its comparison with recent structures of viral proteases with these inhibitors and complementing the work done by others in developing the drug for treating FIP in cats.
The overall architecture of GC373 bound to FIPV Mpro is similar to other structures where the drug forms a C-shaped structure with pi stacking between the lactam ring and benzyl group in the P1 and P3 positions, respectively. While structures of SARS-CoV-2 Mpro co-crystallized with GC376 solved by other groups have shown the drug binding in both R and S hemithioacetal isomer conformations (Ma et al., 2020), here we only see the R conformation of the drug bound to FIPV Mpro. We observe hydrogen binding of the oxyanion of GC373 to the general base His41 in FIPV Mpro, similar to MERS-CoV and norovirus Mpro (Kim et al., 2012; Galasiti Kankanamalage et al., 2018). Nonetheless, this binding is in contrast to SARS-CoV, SARS-CoV-2, and PEDV Mpro, where the oxyanion is bound by traditional backbone residues of the oxyanion hole (Kim et al., 2012; Lee et al., 2020; Arutyunova et al., 2021). Overall, this suggests flexibility in the binding between the active site residues and inhibitor, and further highlights the feline drugs' broad specificity.
We have previously shown that the N-terminal tail of Mpro plays a role in dimerization and drug stabilization (Arutyunova et al., 2021). The FIPV Mpro-GC373 complex reveals weak hydrogen bonding of the hydroxyl group of Ser1 (protomer B) with the cyclic glutamine analog in GC373, bound to the active site of protomer A, providing additional coordination for the inhibitor. By contrast, no interaction is observed between Ser1 and GC373 in SARS-CoV-2 Mpro. This led us to compare the inhibitory parameters of GC376 between the two Mpro to determine if these structural differences lead to improved drug binding. We recently showed that GC376 was an effective inhibitor of SARS-CoV Mpro and SARS-CoV-2 Mpro with Ki values of 20 and 40 nM, respectively (Table 1). In comparison, GC376 inhibited the FIPV Mpro with a Ki of 2.1 nM, 20 times higher in affinity than SARS-CoV-2 Mpro. Together, the difference in Ki values further reflects structural plasticity among various Mpro that results in differences in how the drug binds the active site and thus affecting drug potency.
In order to increase the potency of GC376, our team has recently developed modified derivatives which showed lower IC50 values for SARS-CoV-2 Mpro compared to the parent compound (Vuong et al., 2021). The modification of P2 was chosen to be lipophilic since our previous crystal structures demonstrate that the S2 pocket responsible for binding the leucine moiety was mostly hydrophobic. The modification of the P3 position allowed for enhanced dipole interactions with the S4 pocket of the enzyme, potentially contributing to the higher affinity (Wang et al., 2016). Importantly, these derivatives, in particular the ones with double modifications, exhibit lower IC50 values with FIPV Mpro compared to SARS-CoV-2 Mpro. Moving forward, enhanced drugs are needed for both FIPV infections as well as other coronavirus-related outbreaks. This crystal structure of FIPV Mpro in complex with GC376 will assist us in accelerating development of new derivatives to be used in clinical trials as broad-spectrum antivirals.
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The remarkable rise of the current COVID-19 pandemic to every part of the globe has raised key concerns for the current public healthcare system. The spike (S) protein of SARS-CoV-2 shows an important part in the cell membrane fusion and receptor recognition. It is a key target for vaccine production. Several researchers studied the nature of this protein under various environmental conditions. In this work, we applied molecular modeling and extensive molecular dynamics simulation approaches at 0°C (273.15 K), 20°C (293.15 K), 40°C (313.15 K), and 60°C (333.15 K) to study the detailed conformational alterations in the SARS-CoV-2 S protein. Our aim is to understand the influence of temperatures on the structure, function, and dynamics of the S protein of SARS-CoV-2. The structural deviations, and atomic and residual fluctuations were least at low (0°C) and high (60°C) temperature. Even the internal residues of the SARS-CoV-2 S protein are not accessible to solvent at high temperature. Furthermore, there was no unfolding of SARS-CoV-2 spike S reported at higher temperature. The most stable conformations of the SARS-CoV-2 S protein were reported at 20°C, but the free energy minimum region of the SARS-CoV-2 S protein was sharper at 40°C than other temperatures. Our findings revealed that higher temperatures have little or no influence on the stability and folding of the SARS-CoV-2 S protein.
Keywords: SARS-CoV-2, COVID-19, spike protein, MD simulations, Gibbs free energy
INTRODUCTION
The outbreaks of Severe Acute Respiratory Syndrome CoV 1 (SARS-CoV-1), Middle-East Respiratory Syndrome CoV (MERS-CoV), and Severe Acute Respiratory Syndrome CoV 2 (SARS-CoV-2) were caused by zoonotic viruses in 2003, 2012, and 2019–2020 with a fatality ratio of 10%, 35%, and 5%, respectively (Lee et al., 2003; Cheng et al., 2007; Zaki et al., 2012; de Groot et al., 2013; Reusken et al., 2013; Rothan and Byrareddy, 2020). The International Virus Classification Commission (ICTV) termed this 2019 novel CoV as SARS-CoV-2 (Chen et al., 2020; Zhu et al., 2020). SARS-CoV-2 virus spread from humans to humans, and animals to humans (Khan et al., 2020a; Khan et al., 2021a). The COVID-19-infected patient develops mild to moderate symptoms and recovers. Some patients have serious symptoms such as atypical pneumonia and chest pain (Huang et al., 2020a; Cheung et al., 2020; Lu et al., 2020; Rothan and Byrareddy, 2020). The phenomenal spread of the current COVID-19 pandemic to every part of the sphere has raised key concerns for the healthcare system. To combat this pandemic, the researchers are using all possible approaches and practices to inhibit the synthesis of crucial non-structural viral proteins, inhibit the viral replicase enzyme, inhibit the formation of viral RNA, prevent the self-assembly of viruses, or boost the human immune response against the virus.
The Spike (S) protein of SARS-CoV-2 performs a vital part in the cell membrane fusion and receptor recognition. It has two subunits such as S1 and S2. A receptor-binding domain (RBD) is present on the S1 subunit. The RBD recognizes and attaches to the host receptor angiotensin-converting enzyme 2 (ACE-2). The membrane fusion (MF) is facilitated by the S2 subunit by making 6 helical bundles through two heptad repeat (HR) domains (Huang et al., 2020b). The S protein has a size of 180–200 kDa. It has an extracellular N-terminal, a transmembrane (TM) attached to the membrane, and small intracellular C-terminal domains.
The S proteins are covered with polysaccharide for camouflage and escaping the host immune system in the course of entry (Huang et al., 2020b). The S protein of SARS-CoV-2 contains 1,273 amino acid residues. It contains a signal peptide (1–13 amino acids), an S1 subunit (14–685 residues), and an S2 subunit (686–1,273 residues). The S1 subunit has 14–305 N-terminal domain amino acids and 319–541 RBD amino acids. The S2 subunit has 788–806 fusion peptide (FP) amino acids, 912–984 HR1 amino acids, 1,163–1,213 HR2 amino acids, 1,213–1,237 TM domain amino acids, and 1,237–1,273 cytoplasm domain amino acids (Xia et al., 2020). The SARS-CoV-2 S protein lives as a sedentary precursor in native state. During the viral contagion, the proteases from target cells trigger the S protein by slicing it into two different subunits (Bertram et al., 2013), which is needed for triggering the MF domain after entry of virus into the target cells.
The SARS-CoV-2 S protein is an important target for vaccine production. In this work, we applied molecular modeling and molecular dynamics simulations approaches at 0°C (273.15 K), 20°C (293.15 K), 40°C (313.15 K), and 60°C (333.15 K) to study the detailed conformational variations in the SARS-CoV-2 S protein. It is worth noting that, experimentally, in terms of information on inactivation of viruses, data in the range 40–60°C are essential (Bertrand et al., 2012). Our findings revealed that higher temperatures have little or no influence on the SARS-CoV-2 S protein. We found that the structural deviations, atomic, and residual fluctuations were least at low (0°C) and high (60°C) temperature. The solvent accessible area plot indicated that the internal residues of SARS-CoV-2 spike protein are not exposed to solvent at high temperature. The secondary structure scheme indicated that there was no such denaturation of the SARS-CoV-2 S protein at higher temperature. The most stable conformations of the SARS-CoV-2 S protein was found at 20°C, but the free energy state region of SARS-CoV-2 spike protein was sharper at 40°C than other temperatures.
MATERIALS AND METHODS
Structure Modeling of the SARS-CoV-2 S Protein
The structures of S protein of SARS-CoV-2 (PDB: 6vsb) were taken from PDB (Wrapp et al., 2020). The missing atoms in the structure of S protein were modeled using MODELLER (Webb and Sali, 2016). The complete protocols are stated in preceding publications (Khan et al., 2015; Khan et al., 2016c; Khan et al., 2017a; Khan et al., 2017b; Khan et al., 2021d). Structure analysis was performed using PDBsum (Laskowski et al., 2018) and numerous modules of MD simulations. PyMOL was used for visualization and drawing structure.
MD Simulations
MD simulations were achieved on SARS-CoV-2 spike protein at 0°C (273.15 K), 20°C (293.15 K), 40°C (313.15 K), and 60°C (333.15 K) via GROMACS 2018.2 (Van Der Spoel et al., 2005) using a standard protocol (Khan et al., 2020b; Khan et al., 2020c; Khan et al., 2021b). Na+ and Cl− ions were supplemented to neutralize the system. Absolute production phase of 100 ns was attained at 0°C (273.15 K), 20°C (293.15 K), 40°C (313.15 K), and 60°C (333.15 K). The complete MD simulation procedure is cited in prior publications (Khan et al., 2016a; Khan et al., 2016b; Durrani et al., 2020; Hassan et al., 2020; Qausain et al., 2020).
Essential Dynamics
ED was obtained for the SARS-CoV-2 S protein at 0°C (273.15 K), 20°C (293.15 K), 40°C (313.15 K), and 60°C (333.15 K). It is estimated as:
[image: image]
ri denotes the coordinate, ith Cα atom, N signifies the Cα atoms, and <ri > indicates time average over all configurations (Khan et al., 2020d).
Gibbs Free Energy Landscape
GFE landscape can suggest conformational variations in the SARS-CoV-2 S protein at 0°C (273.15 K), 20°C (293.15 K), 40°C (313.15 K), and 60°C (333.15 K) (Khan et al., 2016c). The GFE landscape was projected on PC1 and PC2.
[image: image]
kB, T, and P(PC1, PC2) denote Boltzmann constant, temperature, and normalized joint probability distribution for SARS-CoV-2 spike protein at 0°C (273.15 K), 20°C (293.15 K), 40°C (313.15 K), and 60°C (333.15 K) respectively.
RESULTS AND DISCUSSION
Structure Analysis of Spike Protein
The SARS-CoV-2 spike protein comprises N-terminal, TM, and C-terminal segments (Bosch et al., 2003). It consists of a signal peptide (1–13 residues at the N-terminal), an S1 subunit (14–685 amino acid residues), and an S2 subunit (686–1,273 amino acid residues). The S1 is accountable for receptor attachment, and S2 is accountable for membrane fusion. The S1 subunit contains 14–305 NTD residues and 319–541 RBD residues. The S2 contains 788–806 FP amino acid residues, 912–984 HR1 residues, 1,163–1,213 HR2 residues, 1,213–1,237 TM domain residues, and 1,237–1,273 cytoplasm domain residues (Huang et al., 2020b). The residues that participated in strand, α-helix, and 3–10 helix formations are 271 (28.3%), 190 (19.8%), and 23 (2.4%), respectively. The structure of spike protein includes 18 β-hairpins, 13 β-sheets, 52 β-strands, 18 β-bulges, 29 helix-helix interactions, 22 helices, 16 γ-turns, 76 β-turns, and 12 disulfides (Figure 1).
[image: Figure 1]FIGURE 1 | (A) The structure of SARS-CoV-2 spike protein indicating SP (red, 1–13 aa), S1 (green, 14–685 aa), and S2 (blue, 686–1,273 aa), respectively. (B) The S1 subunit includes NTD domain (green, 14–305 aa) and RBD (blue, 319–541 aa). The S2 subunit includes FP (magenta, 788–806 aa), hepta-peptide repeat sequence 1 (yellow, 912–984 aa), hepta-peptide repeat sequence 2 (cyan, 1,163–1,213 aa), TM domain (orange, 1,213–1,237 aa), and cytoplasm domain (pink, 1,237–1,273 aa), respectively.
Structural Deviations
To investigate the structural dynamics of the SARS-CoV-2 S protein, the RMSD, RMSF, and the Rg were considered throughout 100-ns MD simulations at 0°C (273.15 K), 20°C (293.15 K), 40°C (313.15 K), and 60°C (333.15 K), respectively (Kuzmanic and Zagrovic, 2010). The mean RMSD values of the SARS-CoV-2 S protein at 0, 20, 40, and 60°C were estimated to be 1.53, 2.51, 3.26, and 2.23 nm, respectively (Figure 2). It has been estimated that RMSD values, and residual and atomic fluctuations increase from 0 to 40°C. It attained a low structural deviation equilibrium at 60°C. The SARS-CoV-2 S protein is least deviated at low (0°C) and high (60°C) temperature. The average radius of gyration (Rg) values for the SARS-CoV-2 S protein at 0, 20, 40, and 60°C was found to be 4.09, 4.37, 4.32, and 3.48 nm, respectively. The Rg is described as the allotment of atoms of a molecule around its axis. The calculation of Rg is a significant indicator that is broadly used in calculating the structural activity. At different temperatures, there is a conformational change in the SARS-CoV-2 S protein that changes the radius of gyration. It was estimated that the SARS-CoV-2 S protein is tightly packed at 60°C. At 20°C–40°C, it shows high fluctuations throughout the time scale.
[image: Figure 2]FIGURE 2 | Structural dynamics. (A) RMSD plot for the SARS-CoV-2 S protein vs. time. (B) RMSF vs. residues. (C) RMSF vs. residues. (D) Rg plot vs. time. The values calculated at 0°C (black), 20°C (red), 40°C (green), and 60°C (blue), respectively.
Solvent Accessible Surface Area
It has been assumed as a significant element in molecular stability and folding analysis. The average solvent accessible surface area values for the SARS-CoV-2 S protein at 0, 20, 40, and 60°C were found to be 437.71, 439.92, 418.90, and 384.66 nm2, respectively (Figure 3). The solvation energy for the SARS-CoV-2 S protein at 0, 20, 40, and 60°C was found to be 752.14, 730.93, 668.86, and 657.95 kJ/mol/nm2, respectively. An increase in temperature from 0 to 20°C has not much effect on SASA of the SARS-CoV-2 S protein. At 40°C–60°C, the solvent accessible surface area of the SARS-CoV-2 S protein continuously decreases. This specifies that the internal residues of the SARS-CoV-2 S protein are not exposed to solvent at high temperature. This might be due to stability and compactness of the SARS-CoV-2 S protein at higher temperature. The solvation energy refers to the free-energy change during the simulations. The solvation free energy is also less at higher temperature. The solvent accessible surface area was further divided into hydrophobic and hydrophilic regions. The hydrophobic regions for the SARS-CoV-2 S protein at 0, 20, 40, and 60°C were found to be 224.22, 224.34, 221.61, and 218.62 nm2, respectively. The hydrophilic regions for the SARS-CoV-2 S protein at 0, 20, 40, and 60°C were 254.52, 256.53, 250.9, and 243.08 nm2, respectively. Both hydrophobic and hydrophilic regions are sparingly accessible to solvent at higher temperatures.
[image: Figure 3]FIGURE 3 | The solvent accessible surface area of the SARS-CoV-2 S protein. (A) SASA vs. time. (B) Free energy of solvation vs. time. The color codes have the same meaning as described in Figure 2. It was resolved into hydrophobic and hydrophilic regions for the SARS-CoV-2 S protein at (C) 0°C, (D) 20°C, (E) 40°C, and (F) 60°C, respectively.
Secondary Structure Analysis
The secondary structure in the SARS-CoV-2 S protein was analyzed at each period at 0, 20, 40, and 60°C (Table 1). The mean residues involved in the assembly of the SARS-CoV-2 S protein at 0, 20, 40, and 60°C were found to be 60%, 61%, 59%, and 59%, respectively (Figure 4). There was no such unfolding of the SARS-CoV-2 S protein reported at higher temperature from this analysis. The β-sheet of the SARS-CoV-2 S protein slightly unfolds from 30 to 28% at 60°C, while the α-helix (21%) remained unchanged at 60°C. The most stable conformation of the SARS-CoV-2 S protein was found at 20°C. Furthermore, we calculated the volume and density of the SARS-CoV-2 S protein at 0, 20, 40, and 60°C, respectively. Moreover, the volume of the SARS-CoV-2 S protein was found to be 176.02, 176.04, 174.71, and 172.03 nm3 at 0, 20, 40, and 60°C, respectively, while the density of the SARS-CoV-2 S protein was calculated to be 1,001.84 g/L, 1,001.72 g/L, 1,009.39 g/L, and 1,025.18 g/L at 0, 20, 40, and 60°C, respectively. The volume of the SARS-CoV-2 S protein slightly decreases and density increases at higher temperature. This might be due to different structure conformations at higher temperatures.
TABLE 1 | Percentage of residues in SARS-CoV-2 spike protein at 0, 20, 40, and 60°C contributed in mean structure development.
[image: Table 1][image: Figure 4]FIGURE 4 | The secondary structure conformations. The secondary structure plot of the SARS-CoV-2 S protein at (A) 0°C, (B) 20°C, (C) 40°C, and (D) 60°C, respectively. (E) Volume and (F) density of SARS-CoV-2 spike protein. The color codes have the same meaning as described in Figure 2.
Hydrogen Bonding and the Mean Square Displacement
The H-bond is a noteworthy element in stabilizing the molecule. It was estimated between the main chain and side chains (M-S) of the SARS-CoV-2 S protein at 0, 20, 40, and 60°C, respectively. The mean H-bonds between M-S chains of the SARS-CoV-2 S protein were found to be 413.43, 407.89, 417.99, and 417.51 at 0, 20, 40, and 60°C, respectively (Figure 5). The strength of hydrogen bonds becomes stronger at 40–60°C. There is no sign of denaturation at higher temperatures. Furthermore, the mean square displacement (MSD) of atoms from a set of original positions of the SARS-CoV-2 S protein at 0, 20, 40, and 60°C was computed. The displacement of atoms from a set of initial positions of the SARS-CoV-2 S protein was estimated to be higher at 40°C only. In short, higher temperature has not much impact on unfolding and denaturation of the SARS-CoV-2 S protein.
[image: Figure 5]FIGURE 5 | Hydrogen bonds and MSD. (A) The H-bond estimation between M-S chains of the SARS-CoV-2 S protein was calculated. The color codes have the same meaning as described in Figure 2. (B) The MSD of the SARS-CoV-2 S protein at 0°C (black), 20°C (red), 40°C (green), and 60°C (blue), respectively.
Principal Component Analysis
It shows global expansion of the SARS-CoV-2 S protein at 0, 20, 40, and 60°C. It estimates mean atomic motions of the SARS-CoV-2 S protein at 0, 20, 40, and 60°C. The eigenvalues were 8,360.61, 33,665.60, 53,083.50, and 8,911.24 nm2 for the SARS-CoV-2 S protein at 0, 20, 40, and 60°C, respectively. It was higher at 20–40°C (Figure 6). The average atomic motions in the SARS-CoV-2 S protein was highest at 40°C. The atomic motions are also related to activity in case of protein molecules. It can be assumed that at low and high environmental temperatures, the atomic motions and activity of the SARS-CoV-2 S protein are low.
[image: Figure 6]FIGURE 6 | (A) The 2D projection and (B) projections of trajectories of SARS-CoV-2 spike protein. (C) Eigen RMSF. The color codes have the same meaning as described in Figure 2. The Eigen components were calculated for SARS-CoV-2 spike protein at (D) 0°C, (E) 20°C, (F) 40°C, and (G) 60°C, respectively.
GFE Landscape
The GFE landscape exhibited diverse forms for the SARS-CoV-2 S protein at 0, 20, 40, and 60°C (Figure 7). Every atomic pair covariance displays diverse frameworks in respective events. The GFE patterns are relatively similar with minor changes at 0–20°C and 40–60°C. The following GFE curve with reflective blue shade implies lower energy state. Extra blue regions describe shifts in the molecular conformation lagged by the thermodynamically new favorable areas. The GFE state in the global energy minimum section of the SARS-CoV-2 S protein at 40°C is sharper than other temperatures. This indicates that temperature slightly affects the GFE patterns in the case of the SARS-CoV-2 spike protein. The GFE landscape suggests that the temperature slightly affects the atomic motions of SARS-CoV-2 spike protein. The denaturation was not reported from the secondary structure analysis. The potential energy and the enthalpy were also calculated during the course of simulations. The potential energy was found to be −10,713,734.28 kJ/mol, −10,434,949.84 kJ/mol, −10,161,602.16 kJ/mol, and −9,893,572.08 kJ/mol at 0, 20, 40, and 60°C, respectively. The enthalpy was found to be −9,100,901.71 kJ/mol, −8,704,052.14 kJ/mol, −8,312,630.26 kJ/mol, and −7,926,537.36 kJ/mol at 0, 20, 40, and 60°C, respectively.
[image: Figure 7]FIGURE 7 | GFE landscape. The GFE landscape plot achieved for SARS-CoV-2 spike protein at (A) 0°C, (B) 20°C, (C) 40°C, and (D) 60°C, respectively.
Recently, several inhibitors and their mode of action have been demonstrated (Khan et al., 2021c; Rani et al., 2021). Edwards et al. found that the spike protein samples kept at diverse temperatures did not show any considerable denaturation, while they observed an increase in upper molecular weight bands in a sample that was kept at 37°C (Edwards et al., 2021). Kumar et al. imitated SARS-CoV-2 by polymer beads covered with the S protein of SARS-CoV-2 to investigate the effect of different temperatures on attachment of virus-imitating nano-spheres to lung tissues incubated at 33 and 37°C. They found that the existence of the RBD of S protein controlled the binding by Calu-3 airway epithelial tissues. They also found that there was no temperature correlation to binding of BSA-coated nano-spheres. Additionally, the 4–40°C temperature had no influence on S-RBD-ACE-2 ligand–receptor, and the negligible effect on the S-RBD protein structure (up to 40°C) was reported. The protein denaturation occurred at 51°C. Their outcomes suggested that 4–40°C temperature has a slight influence on SARS-CoV-2 and ACE-2 contact (Kumar et al., 2021). Zhou et al. performed MD simulations at 36–40°C to prove SARS-CoV-2 and ACE2 binding. They found that it was less stable under 40°C than under 37°C, and reduced infection rate at higher temperature (Zhou et al., 2021). Martí et al. also performed MD simulations at 298 K (24.85°C), 310 K (36.85°C), 324 K (50.85°C), 338 K (64.85°C), 358 K (84.85°C), and 373 K (99.85°C), respectively. They suggested that temperature brings structural and conformational variations in the S1 subunit and affects the RBD. Nevertheless, the influence of temperature up to 373 K was not adequate to cause a noteworthy alteration of the S protein of SARS-CoV-2 (Martí et al., 2021). Our results also suggested that the temperature has the least effect on the structure conformations of S protein of SARS-CoV-2.
CONCLUSION
Previously, we published several articles based on finding potential inhibitors of SARS-CoV-2. In the present work, we focused on the SARS-CoV-2 S protein as it performs a vital part in the cell membrane fusion and receptor recognition. Researchers have demonstrated the nature of the S protein of SARS-CoV-2 on diverse environmental conditions. We applied molecular modeling and extensive molecular dynamics simulations approaches at different temperatures to investigate the structural conformational of SARS-CoV-2 spike protein. There are several hypotheses proposed regarding the temperature dependence of the COVID-19 transmission. We concluded that temperature has no effect or has the least effect on the structure conformations of S protein of SARS-CoV-2. Minor changes were reported in the structure and thermodynamic properties that are mentioned in this paper.
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The papain-like protease (PLpro) of SARS-CoV-2 is essential for viral propagation and, additionally, dysregulation of the host innate immune system. Using a library of 40 potential metal-chelating compounds we performed an X-ray crystallographic screening against PLpro. As outcome we identified six compounds binding to the target protein. Here we describe the interaction of one hydrazone (H1) and five thiosemicarbazone (T1-T5) compounds with the two distinct natural substrate binding sites of PLpro for ubiquitin and ISG15. H1 binds to a polar groove at the S1 binding site by forming several hydrogen bonds with PLpro. T1-T5 bind into a deep pocket close to the polyubiquitin and ISG15 binding site S2. Their interactions are mainly mediated by multiple hydrogen bonds and further hydrophobic interactions. In particular compound H1 interferes with natural substrate binding by sterical hindrance and induces conformational changes in protein residues involved in substrate binding, while compounds T1-T5 could have a more indirect effect. Fluorescence based enzyme activity assay and complementary thermal stability analysis reveal only weak inhibition properties in the high micromolar range thereby indicating the need for compound optimization. Nevertheless, the unique binding properties involving strong hydrogen bonding and the various options for structural optimization make the compounds ideal lead structures. In combination with the inexpensive and undemanding synthesis, the reported hydrazone and thiosemicarbazones represent an attractive scaffold for further structure-based development of novel PLpro inhibitors by interrupting protein-protein interactions at the S1 and S2 site.
Keywords: drug discovery, COVID-19, papain-like protease, x-ray crystallography, deubiquitination, SARS-CoV-2, lead compounds
INTRODUCTION
Within the last 20 years, the world has been confronted with three emerging zoonotic coronaviruses, namely severe acute respiratory syndrome coronavirus (SARS-CoV-1), middle east respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV-2, which collectively have claimed more than five million victims so far (de Wit et al., 2016; WHO, 2021). Previous research on coronaviruses together with recent advances in biotechnology enabled the rapid development of novel vaccines in the current COVID-19 pandemic caused by SARS-CoV-2 (V’kovski et al., 2020; Tregoning et al., 2021). Although current vaccines offer good protection against most virus variants, there is still an urgent demand for complementary antiviral drugs that are suitable for patients who are already infected, cannot be vaccinated, are immune compromised or do not have access to any vaccination. The occurrence of immune escape variants further highlights the need for alternative treatments.
The high similarity to SARS-CoV-1 in genome sequence and viral replication helped to rapidly understand the biology of the newly emerged coronavirus SARS-CoV-2 (Lu et al., 2020; Zhou et al., 2020). Both genomes encode 16 non-structural proteins (nsps) including two cysteine proteases, which are essential for viral replication. These proteases are named main protease (Mpro, alternatively 3C-like protease) and papain-like protease (PLpro) and are responsible for the sequential proteolytic cleavage of the two polyproteins 1a and 1ab, which are the primary translation products of the viral genome (Chan et al., 2020). While Mpro releases 11 nsps from the polyprotein chains including itself (Zhang et al., 2020), PLpro is a component of the largest multidomain replicase subunit (nsp3) and recognizes the sequence LXGG (residues P4-P1) in between nsps 1–4 (Barretto et al., 2006). Both proteases, but in particular Mpro, have been the target of several extensive drug development projects (Citarella et al., 2021; Günther et al., 2021). As druggable target, PLpro has the advantage that its catalytic activity is not only essential for viral propagation but also interferes with the host innate immune system (Vabret et al., 2020). Post-translational modifications (PTM) like the conjugation with ubiquitin and ubiquitin-like proteins, including interferon-stimulating gene 15 (ISG15), regulate the cellular location of proteins, their stability and, by this, their antiviral effect (Mevissen and Komander, 2017). PLpro can revoke these PTMs by hydrolysing the isopeptide bond at the C-terminus of cellular ubiquitin (Ub) and ISG15, which results in a dysregulation in the production of cytokines and chemokines and type I interferon response (Liu et al., 2021; Munnur et al., 2021). Together with other dysregulations this leads to an excessive immune response (“cytokine storm”) that causes additional collateral damage and is widely responsible for the substantial morbidity and mortality in COVID-19 patients. Targeting PLpro with newly designed drugs can therefore not only inhibit the viral replication but presumably also promote the host immune function, rendering PLpro as a highly attractive and prioritised drug target.
PLpro is a monomer in solution and has a right-handed ubiquitin specific protease (USP) fold which consists of four domains—the N-terminal ubiquitin-like (Ubl) domain, the thumb, palm and fingers domain (Ratia et al., 2006) (Figure 1). At the tip of the fingers a zinc ion is coordinated, which is essential for protease activity (Barretto et al., 2005). The peptide bond cleavage in the active site is catalyzed by a conserved catalytic triad (C111-H272-D286) that is located at the interface of the thumb and palm domain. Identification of specific active site inhibitors for PLpro, including approaches to analyse peptidic, non-peptidic and “dual target” inhibitors (Rut et al., 2020; Zmudzinski et al., 2020; Shen et al., 2021), is particularly challenging due to a rather “featureless” active site and a high similarity to host deubiquitinases compared to proteases like Mpro. Access to the PLpro active site is regulated by a flexible blocking loop 2 (BL2) which is involved in substrate binding (Báez-Santos et al., 2015). PLpro binds ubiquitin and ubiquitin-like proteins at two distinct sites, S1 and S2, thereby providing specificity for K48-polyubiquitin (K48-Ub2) and ISG15 (Figures 1, 2) (Békés et al., 2016; Klemm et al., 2020). These sites do not refer to the commonly used notation of peptide substrate-binding sites of proteases according to Schechter and Berger (Schechter and Berger, 1967).
[image: Figure 1]FIGURE 1 | SARS-CoV-2 PLpro structure with the four domains and important features of this protein indicated as follows: fingers (salmon), palm (cyan), thumb (purple) and Ubl domain (orange). The substrate binding sites S1 and S2 are highlighted as yellow and pink areas, while the close-ups show the tetrahedral coordinated zinc-ion at the finger tips and the highly conserved catalytic triad next to the flexible BL2. Secondary structure motifs further discussed are labeled accordingly.
[image: Figure 2]FIGURE 2 | Identified compounds bind near the S1 (yellow) and S2 site (pink) of PLpro. Crystal structure of SARS-CoV-2 PLpro in complex with the identified hydrazone H1 and thiosemicarbazone binders T1-T5 overlayed with the binding ubiquitin [(A), green, PDB: 6xaa] and ISG15 molecules [(B), purple, PDB: 7rbs]. Five of the six identified ligands (T1–T5) are in a deep pocket near the S2 site, while the hydrazone H1 (magenta) is located at the end of the S1 site.
While current research focuses primarily on inhibitors that bind to the S1 site and interfere with the deubiquitinase activity of PLpro, the aim of our work was to find inhibitors, as for example disulfiram (Sargsyan et al., 2020), that interact with the ion in the zinc finger but not with the active site of the protease. Although the zinc finger and the catalytic site are about 40 Å apart, the correct zinc coordination is mandatory for structural stability and protease activity of SARS-CoV-2 PLpro (Barretto et al., 2005). Inhibition of a viral enzyme by coordinating one or more metal cofactors represents a successful strategy in the development of novel therapeutic agents (Chen et al., 2019); in particular, chelation of Zinc (II) ions by N-acylhydrazones seems related to interesting biological effects (Hsu et al., 2012; Huan et al., 2020). Some data indicating that this approach is applicable to SARS-CoV-2 viral proteins have already been disclosed (te Velthuis et al., 2010; Panchariya et al., 2021). Thus, we defined a small in-house library of 40 previously synthesized quinolone, hydroxyquinoline, thiosemicarbazone and hydrazone compounds (Supplementary Table S1), that have been proved to be protein inhibitors in other relevant viral metalloenzymes (Rogolino et al., 2015; Carcelli et al., 2016; Carcelli et al., 2017) and investigated their interaction with PLpro by high-resolution X-ray crystallography and additional in vitro and in silico analyses.
MATERIALS AND METHODS
Cloning, Expression and Purification
The PLpro polypeptide corresponding to amino acid residues 746–1,060 of SARS-CoV-2 nsp3 (YP_009742610.1) was cloned into pETM11 with an additional N-terminal His6-tag and TEV-cleavage site. The construct was overexpressed in E. coli Rosetta (DE3) according to a previously published protocol (Studier, 2005) and purified for subsequent crystallization. Lysis was carried out in 50 mM NaH2PO4 buffer supplemented with 150 mM NaCl and 10 mM imidazole at pH 7.2 using ultrasound for cell disruption. After separation of cell fragments and dissolved protein, a subsequent Ni-NTA chromatography step was used to extract the fusion protein. The cleavage of the histidine tag was achieved by TEV protease during an overnight dialysis step at 8°C. After removing the TEV protease and His6-tag via Ni-NTA resin, a final size exclusion chromatography was performed using a HiLoad 16/600 Superdex 75 column attached to an ÄKTA purifier (GE Healthcare) to purify the protein to homogeneity in 50 mM Tris-HCl, 150 mM NaCl and 1 mM TCEP at pH 7.8.
Protein Crystallization
Crystallization of PLpro was achieved by mixing 0.2 μL protein (20 mg/ml) with 0.1 μL of reservoir solution consisting of 100 mM Tris-HCl buffer pH 8.0, 10% (w/w) glycerol and 0.8 M NaH2PO4/1.2 M K2HPO4. The crystallization drops were prepared using an Oryx6 pipetting robot (Douglas Instruments) and equilibrated by sitting drop vapor diffusion against 40 μL reservoir solution. Bipyramidal crystals appeared within a few days at 4°C and reached a final size of approximately 100 μm. Crystals were soaked with reservoir solution containing up to 5 mM of the respective compound with a final DMSO concentration of 5%. After 24 h the soaked crystals were harvested and cryo-cooled in liquid nitrogen for subsequent X-ray diffraction data collection.
Data Collection, Processing, Hit Finding and Refinement
Data collection was performed at beamline P11 at the PETRA III storage ring at DESY in Hamburg (Germany). The obtained data sets were processed with DIALS (Winter et al., 2018). The results for each data set were subjected to automated structure refinement using phenix (Liebschner et al., 2019) followed by pan data set density analysis (PanDDA) (Pearce et al., 2017) using default parameters. The results were manually inspected for hits. Identified hits were further refined by alternating rounds of refinement using phenix.refine (Afonine et al., 2018) and manual model building in COOT (Emsley and Cowtan, 2004). Diffraction data quality indicators and refinement statistics for all data sets are summarized in Supplementary Table S2.
Fluorescence Polarization-Based Activity Assay
Assays were performed using Ub-KG-TAMRA (UbiQ-012, UbiQ bio) and human ISG15-KG-TAMRA (UbiQ-287, UbiQ bio) to determine the inhibitory potential of the selected compounds on PLpro activity following the protocol described by Klemm et al. (2020). With substrate concentration kept at 150 nM, PLpro concentration was set to 500 nM for Ub-TAMRA- and to 5 nM for ISG15-TAMRA-cleavage. The protein was preincubated with 500 µM or 5 µM of the selected compounds for 20 min at RT before addition of substrate. Reactions were monitored using a Spark 20 M plate reader (Tecan) with optical settings for the TAMRA fluorophore (excitation: 540 nm, emission: 590 nm). Data was plotted and analyzed using the software Origin (OriginLab).
Nano Differential Scanning Fluorimetry
Nano Differential Scanning Fluorimetry (nDSF) measurements were performed with a Nanotemper Prometheus NT.48 fluorimeter (Nanotemper) controlled by PR. ThermControl using Prometheus Premium grade capillaries (Nanotemper). The excitation power was adjusted to obtain fluorescence counts above 2,000 RFU for 330 and 350 nm. For all measurements a PLpro concentration of around 2 mg/ml in 50 mM Tris-HCl, 150 mM NaCl, 1 mM TCEP, pH 7.8 containing 5% DMSO was used with varying ligand concentrations. For the initial melting temperature screening, we have used a ligand concentration of 500 µM (468 µM for T3). For the fluorescence titrations 1:1 dilution series with 15 points (19 points for T5) of ligands was created and then the protein solution was added. Ligand concentrations range from 500 µM to 28 nM (5 mM–19 nM for T5). After incubation of 30 min, the solutions were transferred to capillaries and transferred to the Prometheus fluorimeter for the measurement.
Data were analyzed and visualized with self-written python scripts using the Python modules Numpy (Oliphant, 2006; van der Walt et al., 2011), Matplotlib (Hunter, 2007), Scipy (Virtanen et al., 2020) and Pandas (McKinney, 2010) and the publicly available eSPC data analysis platform (Burastero et al., 2021). The fluorescence titration of T5 was fitted with a simple 1:1 binding model.
[image: image]
[image: image]
Molecular Docking
Molecular docking was performed using AutoDock4.2.6 (Morris et al., 2009). Protein coordinates were obtained from the corresponding PDB-files (7qcg, 7qch, 7qci, 7qcj, 7qck, and 7qcm) and processed with AutoDockTools. The covalently connected ligand structures were chosen depending on the structural overlay visible when aligning the corresponding PLpro structures with PDB-files 7ofs, 7oft or 7ofu (Supplementary Table S3) and prepared using eLBOW (Moriarty et al., 2009) and AutoDockTools. Grid maps with a box of 45 × 35 × 35 grid points (T1-T5) or with a box of 45 × 35 × 45 grid points (H1) with 0.375 Å spacing were set around the corresponding binding sites. The docking calculations were performed using the Lamarckian genetic algorithm (GA) combining a global search with a local search (Morris et al., 1998). The most favorable structure with the highest binding energy in the maximum cluster of the docked conformations was chosen as the representative structure in Autodock. To calculate reliable binding energies the representatives structures were further processed with Haddock (van Zundert et al., 2016; Honorato et al., 2021) and Prodigy webserver (Kurkcuoglu et al., 2018; Vangone et al., 2019).
Synthesis of Compounds
Compounds 1–40 were synthesized following literature methods according to references reported in Supplementary Table S1. Characterization of compounds T1–T5 and H1 is reported in the Supplementary Information Paragraph.
RESULTS
Compounds Bind at Two Different Substrate Binding Sites in SARS-CoV-2 PLpro
In total 71 diffraction data sets from crystals with 40 different compounds were collected with high resolution limits ranging from 1.6—3.0 Å. In the subsequent analysis of the X-ray diffraction data nine compounds were identified binding to PLpro in PanDDA difference electron density maps (Pearce et al., 2017). Out of these nine hits the binding modes of six different compounds could be unambiguously determined in data sets with a diffraction limit of 1.75–1.92 Å (Figure 2).
Interestingly, none of the anticipated zinc binders was found near the zinc binding site but instead at a previously undescribed groove within the S1 site (Figure 2A) and a pocket between the S2 binding site and Ubl domain (Figure 2B). The S1 site is targeted by hydrazone H1, whereas five thiosemicarbazones (T1-T5) bind to the S2 site (Supplementary Table S1, highlighted ligands). For both binding sites, one compound each showed superior electron density maps, where the compound could be refined with full occupancy (Supplementary Figure S1). In all six structures compound binding induced only local rearrangements at the binding sites with an overall r.m.s.d. of 0.15–0.25 Å compared to the ligand-free structure (PDB: 7nfv). All compounds bind non-covalently, primarily through hydrogen bonds and π-alkyl interactions (Figure 3).
[image: Figure 3]FIGURE 3 | Hydrazone and thiosemicarbazones are stabilized in their binding positions by an extensive hydrogen bonding network. Close-up view on the binding of H1 [(A), magenta] to the S1 site (yellow frame) and T1-T5 (B–F) to the S2 site (pink frames). Compounds and interacting residues are shown as sticks with compounds highlighted by individual colouring. Possible interactions within hydrogen bonding distance with the surrounding residues are shown as dashes.
The hydrazone compound H1 binds in a polar groove at the S1 site of PLpro between β-strand β8 (M206—M208) of the palm and helix α7 (V165—H175) of the thumb domain. In this groove H1 is stabilized by eight hydrogen bonds (Figure 3A and Supplementary Figure S2A). Here, the hydroxyl side chain of S170 acts as a hydrogen bond acceptor and donor to the nitrogen atoms of the pyrrole and imino moiety, respectively. The central carbonyl oxygen of H1 is the hydrogen bond acceptor for side chain of R166 and again S170, while two phenolic hydroxyl groups of the terminal benzene substituent are hydrogen bonded via one water molecule to the amide nitrogen of M208. One of these hydroxyl groups forms a second hydrogen bond to the main chain carbonyl of M206, whereas the third hydroxyl is solvent exposed. When compared with the ligand-free structure (PDB: 7nfv) S170 is observed in an alternative rotameric state, which is moved 1.7 Å by the attractive interaction towards H1 (Supplementary Figure S3A). An additional side chain rearrangement in the surrounding residues is observed for residue Q174, which adopts two side chain conformations in the ligand-free structure but prefers only one conformation in the H1 bound structure. In this position the carboxamide side chain has moved by 3.9 Å (conformation A) and 0.9 Å (conformation B), respectively, to complement the compound binding by a hydrogen bond to the π-system of the hydrazone. Further stabilization is achieved by C-H···π interactions between the phenyl ring of the compound with the side chain of E203 and the pyrrole ring with the aromatic side chain of Y171.
The thiosemicarbazone derivatives T1–T5 all bind in a deep pocket close to the S2 site with a volume of about 70 Å3 (Figures 3B–F and Supplementary Figures S2B–F). This cavity is enclosed by helices α2 (D62—Y72) and α3 (residues P77—K92) of the thumb domain and loop 7 connecting the Ubl with the thumb domain. Here the phenolic system of the compounds points into the N-terminal turn (residues P77 –L80) of the thumb helix α3 suitable to interact with the helical dipole. In this position the aromatic plane becomes a part of the hydrophobic interface between T75, P77 and the adjacent Ubl domain residue P59 through C-H···π interactions (Figures 2, 3B). The substitutions on the phenolic system in T1–T5 form a hydrogen bonding pattern exclusive with main chain atoms of the N-terminal helical turn of α3. The different arrangements of hydroxyl- and methoxy substituents at the benzene ring determine the final orientations of the phenolic system, displacing the ring system in plane. While the overall position of the thiosemicarbazide moiety of T1–T5 are almost identical with polar interactions to the side chain and main chain carbonyl of R65 (α2), minor differences are observed due to the variation of the hydroxylation pattern. The specific binding modes for each compound are explained in more detail in the following.
Within the group of thiosemicarbazones, compound T1 showed the best difference electron density map and was refined with full occupancy. Compounds T2–T5 could only be refined with lower occupancy, but highly resemble the T1 binding position (Supplementary Figure S1). The more defined electron density of T1 is probably caused by the advantageous pattern of hydroxyl and methoxy substituents at the benzene ring (Figure 3B). Especially the para-hydroxyl group, present in four of the thiosemicarbazones, plays a key role in anchoring the molecule at the bottom of the binding pocket, as this substitution acts as a hydrogen bond donor and acceptor to the backbone carbonyl of P77 and the amide N-H of L80, respectively. Only in T3 this interaction is guided by a phenolic hydroxyl group in meta-position (Figure 3E). Due to the attractive hydrogen bonding pattern to the N-terminal turn of helix α3 the plane of the benzene ring of T3 is shifted to place its meta-hydroxyl substituent similar to the para-hydroxyl groups of T1, T2, T4, and T5. While the direct hydrogen bond to L80 is substituted by the main chain carbonyl of D76, T3 still interacts with L80 through a water mediated hydrogen bond.
For all five thiosemicarbazones, the thiosemicarbazide fragment is sandwiched by side chains R65 (α2) and T75 (loop α2, α3) and its terminal thiourea points towards the solvent. This fragment forms polar interactions with the side chain of R65. In case of T1, T2 and T4 this moiety is held in position by a hydrogen bond of the hydrazine N-H to the backbone carbonyl of residues R65 (Figures 3B–D).
Thiosemicarbazones T2 and T3 both feature an ethyl chain at N3 of the thiourea moiety, which extends in the direction of T75 and thereby reduces the solvent accessible area of this residue (Figures 3C,E). T5 is the only compound with a methyl substituent at the C=N bond of the thiosemicarbazone. This methyl group points towards the backbone atoms of the C-terminal turn of α2 (F69) displacing the T5 benzene axis slightly, while the phenolic para-hydroxyl still determines the overall position inside the binding pocket (Figure 3F).
In comparison to the ligand-free structure again two conformational rearrangements in the surrounding residues are observable (Supplementary Figure S3B). As a result of the T1 binding the guanidyl group of R65 is displaced by 3.0 Å to open the binding pocket for the thiourea moiety of this compound. To fully accommodate this ligand further opening of the pocket is induced by the sterical requirements of the methoxy groups of T1, which enable the side chain movement of L80 by 1.7 Å compared to the ligand-free structure.
Compound Binding Indicates Sterical Hindrance for Substrate Binding
All six compounds bind in close proximity to the S1 and S2 sites that are responsible for binding the native PLpro substrates ubiquitin and ISG15. Superposition of these PLpro complex structures (PDB: 6xaa, 7rbs, respectively) with our structures suggests that in particular compound H1 is partially overlapping with the natural substrate binding site. In addition, we observed altered interactions of key PLpro residues involved in substrate binding (Figure 4).
[image: Figure 4]FIGURE 4 | The bound compounds interfere with key residues for substrate binding at the S1 (yellow frame) and S2 (pink frame) site. (A) Overlay of ubiquitin bound to PLpro (PDB: 6xaa, PLpro light green, ubiquitin green) and the hydrazone bound structure (PLpro grey, H1 magenta) showing the rearrangement of several PLpro-ubiquitin interacting side chains to form hydrogen bonds with the compound. (B,C) Overlay of PLpro complexed with human ISG15 (PDB: 7rbs, PLpro light pink, ISG15 purple) and PLpro bound with hydrazone H1 and thiosemicarbazone T2 (PLpro grey, H1 magenta, T2 green) at the S1 and S2 sites respectively highlighting the structural differences in binding the compound or substrate.
Ubiquitin binds to the S1 site of PLpro by sitting on the palm domain and is additionally held in position by the fingers domain (Figure 2A). In addition to numerous nonpolar interactions, multiple intermolecular hydrogen bonds within the active site and the adjacent S1 site support this binding. At the core of the ubiquitin binding interface around residue I44Ub are four non-covalent bonds between ubiquitin and PLpro (one hydrogen bond, three salt bridges), all of which are likely disrupted by binding of H1 (Figure 4A). Interestingly only the hydrogen bond is lost due to direct sterical hindrance (M208/G47Ub), whereas the three salt bridges (R166/Q49Ub, E167/R42Ub, and E203/K48Ub) are disrupted due to side chain reorientations towards the bound ligand. While E203 alters its conformation without direct interaction with the ligand, residues R166 and E167 are not only attracted by H1 but even form alternative hydrogen bonds with each other and H1 to support a highly polar ligand environment. In addition to these changes the ligand further interferes sterically with residue E51Ub.
The C-terminal domain of human ISG15 binds mainly to the thumb domain at the S1 site of PLpro and interacts with a different set of residues compared to the PLpro/ubiquitin complex (Figure 2B). The key interaction sites mediating the contacts between PLpro and ISG15 can be found around ISG15 residues W123ISG15 and P130ISG15 (Fu et al., 2021; Osipiuk et al., 2021) (Figure 4B). Within PLpro an overall upward shift of 1.7 Å in the interacting helix α7 becomes visible that strengthens ISG15 binding. Five hydrogen bonds between G128ISG15 and S170/Q174, N151ISG15 and R166 and R153ISG15 and E167 thereby stabilize the interface. Especially the latter one contributes to the interaction of the proteins, as the side chain not only forms two hydrogen bonds but further has an aliphatic interaction with W123ISG15. Y171 further stabilizes ISG15 binding by π-stacking interactions with P130ISG15. Superposition of the H1 complex with the PLpro/ISG15 structure reveals a variety of side chain rearrangements which show that ISG15 binding could not only be affected by direct overlap with the compound but also by multiple lost interactions. While the hydrogen bonds with G128ISG15 are likely disrupted by the sterical clash of H1 and the ISG15 loop comprising residues F126ISG15 to P130ISG15, the interaction between N151ISG15 and R166 is impaired due to the movement of the arginine side chain by 4.0 Å that forms a hydrogen bond with H1 in the complex structure. This rearrangement is accompanied by two additional side chain movements of residues E167 and M208. As a result, residues W123ISG15 and R166 show a significant overlap with these residues, which likely further destabilizes ISG15 binding at the S1 site.
The binding of the N-terminal domain of human ISG15 to the S2 site is mediated mainly by interactions between helix α2 of PLpro and two β-strands of ISG15 (Figure 4C). While residues G3ISG15, S20ISG15 and M23ISG15 form a hydrophobic patch that interacts with V66, additional stabilization is formed by a hydrogen bond between S20ISG15 and E70 and a C-H···π interaction between M23ISG15 and F69. For the ISG15 helix interacting with the PLpro loop containing T75 also residues E27ISG15 and Q31ISG15 contribute to the binding. As the thiosemicarbazone compounds bind in close proximity to the S2 site, but not prominently at the interface of the N-terminal domain of ISG15 and PLpro, the potential for direct sterical interference by these ligands is rather small compared to H1. However, a closer look at the surrounding residues suggests that the thiosemicarbazones may alter the polarity and flexibility of the S2 binding site. T1–T5 are located at the interface of the Ubl and thumb domain and could interfere with the mobility of the Ubl domain by disturbing the interaction network between residues P59, P77 and T75. T75 is highly relevant for ISG15 binding, as it can directly alter the conformation of F69 (Bosken et al., 2020). T2 and T3 may further affect the interaction of PLpro T75 with E27ISG15, as the ethyl N3 substituent is positioned close to T75 (Figure 4C).
To test the inhibitory potential of the six compounds on substrate turnover, T1-T5 and H1 were examined in a fluorescence polarization assay (Figure 5) using ubiquitin and human ISG15 as substrates. The results show the highly divergent turnover rates for both substrates and the preference of SARS-CoV-2 PLpro for ISG15 (Freitas et al., 2020). While the thiosemicarbazones show no inhibitory effect on substrate turnover at the tested concentrations, a significant inhibition of the ubiquitin cleavage can be detected for 500 µM of hydrazone H1. The fivefold decrease in substrate turnover is consistent with the expected sterical interference at the S1 site as mentioned above. Surprisingly, ISG15 turnover in the presence of 500 µM of H1 is not reduced but rather increased twofold compared to ligand-free PLpro. For the other compounds, no inhibitory effect was detected at the tested concentrations.
[image: Figure 5]FIGURE 5 | Effects of the identified binders on substrate cleavage rates. (A) Ubiquitin-cleavage rate of PLpro in the presence of 500 µM or 5 µM compound. (B) ISG15-cleavage rate of PLpro in the presence of 500 µM or 5 µM compound. Compounds coloured according to Figure 3; protein shown in grey. Average of four independent experiments with standard deviation shown.
As missing inhibition can be caused by low binding affinities of the compounds, additional nano DSF measurements were performed (Supplementary Figure S4). The thermal shift assay showed a considerable stabilization for all compounds (Supplementary Figure S4A) in combination with a strong quenching of the intrinsic protein fluorescence caused by the ligands. This strong fluorescence quenching renders the thermal unfolding curve almost featureless for some of the ligands. The signal at 350 nm shows the clearest transitions and was therefore selected to calculate the melting temperature shifts. To estimate the binding affinity of the compounds we performed nDSF/fluorescence titrations, which are shown in Supplementary Figures S4B, S4C. These titrations indicate dissociation constants in the high micromolar range for all tested compounds. However, due to the low solubility of the ligands, high enough concentrations for a reliable KD determination by isothermal analysis (Bai et al., 2019; Niebling et al., 2021) or the initial fluorescence fit are missing. One exception is T5, for which higher concentration data are available. A fit of the initial fluorescence at 330 nm yields an apparent KD of approximately 200 µM. The fluorescence titration of T5 is very similar to the other tested ligands, therefore we expect dissociation constants in the same range.
Docking Studies Reveal Lead Compound Potential
While most of the compounds do not show a clear inhibitory effect in our assays, their binding positions make them highly valuable candidates in the development of new lead compounds targeting PLpro. To explore the possibilities of compound extension, in silico experiments were performed. Here we considered additional PLpro binders from the protein data bank. Among these, three recently described phenolic fragments were further analyzed and included in the compound extensions (Srinivasan et al., 2021), as they were found in adjacent binding positions of the S2 site of SARS-CoV-2 PLpro and show partial overlap with our ligands (Supplementary Figure S5). 4-(2-hydroxyethyl)-phenol (YRL; PDB: 7ofs) and 4-hydroxybenzaldehyde (HBA; PDB: 7oft) bind in a pocket next to the phenol moiety of the thiosemicarbazones T1-T5 (Supplementary Figures S5B, S5C). The para-substituent of both phenol derivatives is observed in a position, which is almost identical to a meta-methoxy substituent of T1. A similar situation is observed for a meta-hydroxyl of H1 related to a symmetry mate of methyl 3,4-dihydroxybenzoate (HE9; PDB: 7ofu) in close proximity to H1 (Supplementary Figure S5A). Molecular docking with either YRL or HBA covalently linked to the specific thiosemicarbazone structures was performed based on the best overlap of these structures, while H1 was elongated with HE9. The resulting docked compounds thereby largely resemble the two experimentally determined binding positions, highlighting the specific interactions of these compounds within their binding pockets, and show an increase of predicted binding energies of 0.8–1.8 kcal/mol relative to the also docked non-extended initial binders (Figure 6A).
[image: Figure 6]FIGURE 6 | Docking studies of extended compounds highlight potential of binders as lead compounds. (A) Results of the docking studies of crystallized and elongated binders. (B) The docked compound combining H1 (magenta) with HE9 (PDB: 7ofu, light pink) binding to the S1 site. (C) T1 (blue) combined with HBA (PDB: 7oft, light blue) binding to the S2 site. (D) T4 (orange) combined with YRL (PDB: 7ofs, light orange) binding to the S2 site. Shown are representative structures of the maximum cluster of the docked conformations.
For H1 the docking visualizes the high number of possible polar interaction partners within binding distance to the original crystallographic compound position (Figure 6B). In addition to the previously described interactions, the extended compound can further form two hydrogen bonds to the side chain of E167 and main chain carbonyl of E203 due to a 40° rotation around the central carbonyl oxygen relative to the parental compound. In this orientation the newly added phenolic fragment is bound tightly to the protein via two hydrogen bonds between its meta- and para-hydroxyl group and the main chain carbonyl and amide nitrogen of M208. This suggests that even shallow binding grooves can be useful targets for drug development and opens up possibilities for a variety of polar fragments to be added to the phenol and pyrrole moieties of H1.
Similar to H1, also the thiosemicarbazones in conjunction with the phenolic fragments are predicted to bind tighter inside their binding pocket indicated by lower predicted binding energies. In contrast to hydrazone H1, the compounds are not stabilized by additional hydrogen bonds but mainly by hydrophobic interactions within the binding pocket that is enlarged due to the rotation of side chain L80 (Figures 6C,D). As a result of this movement the extended compounds form new π-stacking and π-alkyl interactions with the side chains of P59, Y72 and L80. The para-hydroxyl group of the added phenolic fragments is further stabilized by a hydrogen bond to the main chain carbonyl of V11 or V57. Differences in binding energies between the thiosemicarbazones, caused by the individual phenolic substitution patterns, were reduced for the compound extension by the addition of the second phenol ring. As a result, the extended compounds will most likely not only possess an increased binding affinity but also an increased inhibitory potential as the separate phenolic fragments alone were already shown to inhibit deubiquitination by PLpro (Srinivasan et al., 2021).
DISCUSSION
In the search for inhibitors of SARS-CoV-2 PLpro, we performed an X-ray crystallography-based screening. Surprisingly, none of the compounds of our small library of 40 putative zinc coordinating ligands were found to bind at the zinc binding site. Instead we identified six compounds binding to the S1 site (hydrazone H1) or S2 site (thiosemicarbazones T1-T5) of PLpro. These sites function as binding sites for ubiquitin and ISG15 as substrates.
The hydrazone H1 is binding directly at the center of the S1 substrate binding interface, interfering with residues R166/E167 which are highly important for substrate recognition. Mutations at E167, which forms mandatory interactions with both substrates, strongly reduce PLpro activity (Fu et al., 2021; Osipiuk et al., 2021). Binding of H1 has likely a similar effect on E167 as these mutations. Indeed, our biochemical characterization confirms an inhibitory effect of H1 on ubiquitin cleavage by PLpro. At the same time H1 binding to the S1 site does not reduce ISG15 cleavage by PLpro, which might be explained by the reported important interaction of ISG15 with the S2 site of PLpro (Klemm et al., 2020; Osipiuk et al., 2021). As the central role of E167 is not only reported for SARS-CoV-2 but also for SARS-CoV-1 at this site (Békés et al., 2016), the structural features of H1 have the potential to inhibit the deubiquitinase activity of different betacoronaviruses. With differing substrate preferences between the different PLpros (Freitas et al., 2020) it remains to be investigated if H1 can interfere with their specific activity.
The thiosemicarbazones T1-T5 target the S2 binding site. In the binding pocket, the substituents at the phenolic ring of the compounds form a distinct hydrogen bonding pattern exclusively with main chain atoms of the N-terminal helical turn of α3. In contrast to H1 binding at the S1 site, compound binding of T1–T5 to the S2 site of PLpro shows no inhibitory effect. Based on the structural data this might be explained by the smaller overlap of our compounds with natural substrates binding to the S2 site. In addition, with binding affinities of the compounds in the high micromolar range, competitive inhibition will be difficult to detect in our experiments, as the affinity for ISG15 is reported in the lower micromolar range and ubiquitin affinity is approximately 120 µM (Fu et al., 2021; Osipiuk et al., 2021).
Nevertheless the S2 site is highly important for substrate recognition and PLpro activity in general. As T1–T5 are binding to the S2 site at the interface of the Ubl and thumb domain, their thiosemicarbazide moieties interact with residues P77 and T75, which together with V66 are critical for the substrate preferences of SARS-CoV-2 (Shin et al., 2020; Osipiuk et al., 2021). Any mutations of these residues vary the surface properties. In particular size and hydrophobicity of residue 75 alters the second ubiquitin binding site and influences the binding affinity for ISG15 and K48-Ub2 (Shin et al., 2020). While SARS-CoV-2 PLpro normally shows a higher efficacy for ISG15 cleavage (Freitas et al., 2020; Klemm et al., 2020; Rut et al., 2020), SARS-CoV-1 with a leucine at this position prefers K48-Ub2. Even though showing no inhibition in the present form, binding positions and extensive interactions of the tested compounds represent valuable lead structures for the development of effective inhibitors of PLpro with higher affinity and specificity. Altering the S2 site properties with ligands based on our compounds offers the potential to efficiently slow down the main deubiquitinase activity not only for SARS-CoV-2 but also for other PLpros, as the compounds bind mainly sequence independently to the protein back bone. Therefore, it is reasonable to assume that this type of compound potentially tolerates mutations of the protein, which for example already occurred in the SARS-CoV-2 delta variant (P77L) (Patchett et al., 2021).
Our in silico approach of extending the initial binders is a first step in structure-based development of novel inhibitors. Combination of such a fragment extension with the multiple options for substitutions at the phenolic rings highlights the potential of developing hydrazones and thiosemicarbazones into potent PLpro inhibitors (Figure 7 and Supplementary Figure S6). The compounds T1-T5 already underline the significance of hydroxylation in para position combined with hydroxylation or methoxylation in meta position to form multiple hydrogen bonds especially with residues P77 and L80. In addition to the thiosemicarbazide core moiety, which is already involved in hydrogen bonds with R65, further compound optimization can potentially enhance the sterical interference with ISG15. T2 and T3, which are ethyl substituted at this position, represent the first example for extensions at this site and already demonstrated that such a modification does not decrease the binding ability. This position could be further explored by a bulkier substitution to maximize the sterical hindrance of ISG15 binding, which should consistently abolish protein-protein interactions and reduce the deubiquitinase activity of PLpro due to a highly altered binding surface at the S2 site.
[image: Figure 7]FIGURE 7 | Generic and schematic binding model of the thiosemicarbazones core structure based on the investigated derivatives. Selected PLpro amino acids participating in hydrophobic interaction and hydrogen bonds are displayed and additionally color-coded if they are only relevant for one of the compounds. Conserved and individual hydrogen bond positions are labeled. Moieties, which are exclusively present in one compound, are color-coded, e.g., the methoxylation in the position of R4 is exclusive for T1 and colored blue accordingly. The proposed options to extend the thiosemicarbazone compounds, either at the phenyl ring or at the terminal nitrogen of the thiourea moiety, are indicated schematically by arrows.
The compound interaction hotspots, including the interactions of the polar thiocarbonyl moiety, resemble the modular composition of other previously described thiocarbazone lead compounds (Osmaniye et al., 2021). While thiosemicarbazones currently attract significant interest as anticancer agents (Baruffini et al., 2020), they also show antiviral activity against smallpox and other viruses (Kune, 1964; Rogolino et al., 2015). Hydrazones have shown biological activity for treatment of Alzheimer’s disease, cancer and inflammation with properties rendering them beneficial for medicinal applications (Wahbeh and Milkowski, 2019; de Oliveira Carneiro Brum et al., 2020). These reports can help to increase the pharmacokinetic properties of new designed derivatives based on our lead structures.
Although multiple inhibitors have already been reported for PLpro in different in vitro and in silico studies, the importance of searching for new inhibitors remains high. Targeting the coronaviral proteases essentially involved in processing the building blocks of the viral transcriptase/replicase complex, continues to be highly attractive (Hilgenfeld, 2014; Dai et al., 2020). Nonetheless, recently published results indicate that some of the previously suggested PLpro inhibitors may lack specificity or optimal pharmaceutical properties (Ma and Wang, 2022). Furthermore, the active site of PLpro does not provide a variety of individual structural features or scaffolds that are in favor for active site drug development. Thus, the identified lead compounds at two different binding sites along with a defined modification strategy are a good starting point to specifically target PLpro deubiquitinase activity and thereby viral replication.
Overall, on the basis of our structural studies, in vitro evaluation and in silico analysis the described hydrazone and thiosemicarbazone derivatives represent valuable lead compounds targeting the protein-protein interaction of SARS-CoV-2 PLpro. Further investigation of the molecular mechanisms and antiviral properties of improved compounds based on these leads are in progress as the urgent demand for antiviral drugs in the current COVID-19 pandemic remains.
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The COVID-19 pandemic continues unabated, emphasizing the need for additional antiviral treatment options to prevent hospitalization and death of patients infected with SARS-CoV-2. The papain-like protease (PLpro) domain is part of the SARS-CoV-2 non-structural protein (nsp)-3, and represents an essential protease and validated drug target for preventing viral replication. PLpro moonlights as a deubiquitinating (DUB) and deISGylating enzyme, enabling adaptation of a DUB high throughput (HTS) screen to identify PLpro inhibitors. Drug repurposing has been a major focus through the COVID-19 pandemic as it may provide a fast and efficient route for identifying clinic-ready, safe-in-human antivirals. We here report our effort to identify PLpro inhibitors by screening the ReFRAME library of 11,804 compounds, showing that none inhibit PLpro with any reasonable activity or specificity to justify further progression towards the clinic. We also report our latest efforts to improve piperidine-scaffold inhibitors, 5c and 3k, originally developed for SARS-CoV PLpro. We report molecular details of binding and selectivity, as well as in vitro absorption, distribution, metabolism and excretion (ADME) studies of this scaffold. A co-crystal structure of SARS-CoV-2 PLpro bound to inhibitor 3k guides medicinal chemistry efforts to improve binding and ADME characteristics. We arrive at compounds with improved and favorable solubility and stability characteristics that are tested for inhibiting viral replication. Whilst still requiring significant improvement, our optimized small molecule inhibitors of PLpro display decent antiviral activity in an in vitro SARS-CoV-2 infection model, justifying further optimization.
Keywords: Nsp3, PLpro, inhibitor, SARS-CoV-2, repurposing, structure, ADME, COVID-19
INTRODUCTION
The COVID-19 pandemic continues unabated in many countries, and while large-scale vaccination efforts are underway, the management of population health, economic impact and as-of-yet unknown long-term effects on physical and mental health will be a key challenge for the next decade. To truly overcome the threat posed by the causative coronavirus (CoV), SARS-CoV-2, and its emerging variants of concern, it is paramount to generate and clinically validate additional, orthogonally acting antiviral drugs (Dolgin, 2021). We envisage that small molecule drugs that target the viral proteins themselves, acting in concert with vaccination, will stop viral replication in cells and hence impact on virus fitness and transmission (Dolgin, 2021). Such drugs will act to treat established disease but, perhaps more importantly, also work as a prophylaxis to prevent disease in high-risk populations. The targets required for such small molecule drugs are well established: the CoV genome comprises non-structural proteins (nsps) that each fulfills (an) essential function(s), and therefore offer a host of putative targets (Hartenian et al., 2020). Several stand out based upon essentiality, druggability and proof-of-concept work performed (Gao et al., 2020; Hillen et al., 2020; Hoffmann et al., 2020; Klemm et al., 2020; Shin et al., 2020; Zhang et al., 2020; Zhou et al., 2020). These include the viral replicase, comprised of several nsps that recombine after production to assemble the viral machinery responsible for carbon-copying viral genetic material (Subissi et al., 2014; Malone et al., 2022), as well as two essential proteases, nsp3/PLpro and nsp5/Mpro responsible for releasing individual nsps from the viral polyprotein (Hartenian et al., 2020). Whereas nsp3/PLpro is responsible for releasing the first four nsps, Mpro generates nsp5 to nsp16 (Fan et al., 2004; Harcourt et al., 2004).
PLpro refers to the protease domain within the 1945 amino acid (aa) multi-domain protein nsp3. As a conserved papain-like Cys protease from the C16 family (Rawlings et al., 2012), PLpro hydrolyses amino acid sequences with a specific Leu-Xaa-Gly-Gly motif, found at the junctions between nsp1/2, nsp2/3 and nsp3/4 (where Xaa is Asn, Lys or Lys, respectively) (Rut et al., 2020). Importantly, the same motif is present within a subset of human proteins that are also targeted by PLpro/nsp3; most notable are the C-terminus of human ubiquitin and the ubiquitin-like modifier, Interferon Stimulated Gene 15 (ISG15) that comprise a Leu-Arg-Gly-Gly motif. Indeed, ubiquitin and ISG15 are intricately involved in the human anti-viral response (Heaton et al., 2016; Perng and Lenschow, 2018), enabling the virus to directly interfere with host signalling processes. Moreover, the fact that PLpro also acts as a deubiquitinase (DUB) and deISGylase, enables the exploitation of many tools and assays to measure PLpro activity (Hassiepen et al., 2007; Hospenthal et al., 2015; Gui et al., 2020).
The PLpro enzyme of previous CoVs, in particular SARS-CoV and MERS-CoV have been studied in great detail by the teams of Andrew Mesecar, Scott Pegan, Chris Lima and others (Harcourt et al., 2004; Barretto et al., 2005; Lindner et al., 2005; Ratia et al., 2006; Ratia et al., 2008; Ghosh et al., 2009; Ghosh et al., 2010; Báez-Santos et al., 2014; Lee et al., 2015; Békés et al., 2016). We and others identified many of the previously described features also in SARS-CoV-2 PLpro, including its essentiality in viral replication (Freitas et al., 2020; Klemm et al., 2020; Rut et al., 2020; Shin et al., 2020). Indeed, SARS-CoV and SARS-CoV-2 PLpro share 82% sequence identity (Freitas et al., 2020; Klemm et al., 2020; Rut et al., 2020; Shin et al., 2020).
Inhibitor development campaigns against SARS-CoV PLpro have resulted in two main chemical scaffolds (Ratia et al., 2008; Ghosh et al., 2009; Ghosh et al., 2010; Báez-Santos et al., 2014) the benzamide ring (“GRL-0617” family of compounds) and the piperidine carboxamide (“5c” family of compounds) series. Both have undergone considerable medicinal chemistry efforts to arrive at compounds with sub-micromolar in vitro inhibitory activity (Ghosh et al., 2009; Ghosh et al., 2010; Báez-Santos et al., 2014). As the SARS-CoV and MERS-CoV epidemics subsided, unfortunately so did the development of inhibitors identified in early drug discovery campaigns.
The SARS-CoV-2 pandemic reignited PLpro drug discovery in two areas. Many efforts focused on drug repurposing, aiming to identify a PLpro inhibitor within the already approved drugs and drug candidates available. The benefits of this approach are often mistakenly considered as to provide an immediate starting point for clinical studies, and it is important to recognise that it does not alleviate the need for pre-clinical development (Pushpakom et al., 2019; Begley et al., 2021). The urgency of the COVID-19 pandemic nonetheless justified this avenue of exploration on the exceedingly small chance that potent drugs optimized for one target may be equally potent against new targets. We critically discuss the reported results from putative PLpro inhibitors identified from repurposing approaches in our associated Review (Calleja et al., this issue).
Secondly, we and others showed that GRL-0617 and 5c compounds could efficiently block SARS-CoV-2 PLpro both in vitro and in cells and stop viral replication in cell culture (Klemm et al., 2020; Shin et al., 2020). Efficacy of these early lead compounds was promising but required improvements. Several papers have by now described iterations of the GRL-0617 series compounds (Ma et al., 2021; Osipiuk et al., 2021; Shen et al., 2021), for details, see our associated Review on these drug discovery efforts (Calleja et al., this issue).
Here, we present our efforts to identify PLpro inhibitors within the ReFRAME compound library (Janes et al., 2018), showing that none are suitable for further development. Secondly, we update on our efforts to characterize the 5c scaffold of PLpro inhibitors we first described in Klemm et al. (2020). A co-crystal structure of PLpro bound to the related compound, 3k, and additional analyses explain compound specificity, however, compound stability profiling on 5c identified numerous metabolic liabilities. A medicinal chemistry campaign with the aim to improve compound properties (efficacy and stability) resulted in compounds with the same potency as 5c, but with improved ADME properties. These preliminary studies indicate that significant improvements are still required to arrive at a lead candidate.
RESULTS
Testing ReFRAME Compounds Against PLpro
Most published activity-based PLpro assays measure cleavage of a FRET-labelled peptide substrate based on a native cleavage sequence such as the C-terminus of ubiquitin or ISG15 (LRLRGG). An alternative assay for PLpro assesses hydrolysis of ubiquitin-Rhodamine110; Rhodamine110 is cleaved not off a peptide but off the 8.5 kDa ubiquitin moiety. PLpro binds to ubiquitin-Rhodamine110 more tightly when compared to peptides as it interacts with a significant portion of the 8,000 Å2 ubiquitin surface (see our associated Review for a discussion on assay design). In our previous work (Klemm et al., 2020), we adapted a ubiquitin-Rhodamine110-based high throughput screening (HTS) assay to identify small molecule PLpro inhibitors as previously developed for human DUBs (Turnbull et al., 2017). A first drug repurposing campaign was performed, in the hope to uncover human-safe medications that could be progressed towards the clinic. We ideally required nanomolar inhibitory activity, a “clean” specificity profile against human DUBs (Turnbull et al., 2017) and sensible chemistry lacking reactive groups or PAINS (Baell and Holloway, 2010). However, screening 5,576 molecules including 3,727 unique FDA approved small molecule drugs, we failed to identify suitable compounds that would enable progression to the clinic (Klemm et al., 2020).
We now extended these studies to include the ReFRAME library (Janes et al., 2018), which is a collection of 11,804 compounds, mostly approved drugs and drug candidates that had progressed to late-stage clinical trials, and hence had in-human safety data associated (Janes et al., 2018). As before, our PLpro HTS yielded excellent and highly robust, reproducible data (Figure 1, Supplementary Figure S1). 53 compounds passed the primary screen, and 27 showed inhibitory potential in 10-point titration studies (Figures 1A,B, Supplementary Figure S1D). The latter were also tested against USP21 as a selectivity counter screen. All but two compounds showed identical inhibition towards USP21, indicating off-target issues, compound reactivity, and/or assay interference (Figure 1B, Supplementary Figure S1D). The two remaining compounds were XL-999, a receptor tyrosine kinase and FLT3 kinase inhibitor (DrugBank (Wishart et al., 2008) ID: DB05014), and a derivative of codeine, an opioid receptor agonist (Figure 1C). Both compounds displayed only weak in vitro inhibitory activity against PLpro (IC50 48 and 51 μM, respectively) (Figure 1C) and had been optimized for their human targets. Weak activity against PLpro (necessitating extreme dosing regimes) rendered both compounds unsuitable for progression towards the clinic. Compounds were also considered unsuitable as starting points for medicinal chemistry due to inferior potency and ligand efficiency when compared to other scaffolds (see below).
[image: Figure 1]FIGURE 1 | High Throughput Screen (HTS) of the ReFRAME library for inhibitors of SARS-CoV-2 PLpro. (A) Schematic showing the screening cascade for the identification of selective PLpro inhibitors. 11,804 compounds were screened at 8.33, 4.17 or 0.83 µM through a primary screen against PLpro. Hits showing a median absolute deviation >2.5 (over the DMSO negative control) were selected for a 10-point titration assays against PLpro and a counter screen against USP21 (5 nM). Of the 53 total hits from the screen, 27 compounds retested showing activity against PLpro in the 10-point titration, and 31 showed activity against USP21. Two compounds, XL-999 and C1*, were found to be selective for PLpro over USP21. (B) 10-point titration for the top 12 compounds showing activity against SARS-CoV-2 PLpro. Compounds were assayed at a top concentration of 100 µM and titrated using 1:2 (PLpro) or 1:3 (USP21) serial dilutions. 100 µM rac5c was used as a positive control for the HTS. 10-point titration curves of rac5c and rac3k were performed in a separate control assay and are shown for comparison. (C) Two selective hits from the screening of the ReFRAME library were XL-999 and C1*, with an IC50 of 48 and 51 μM, respectively. Both were found to be weak inhibitors of PLpro and were not further investigated. 10-point titration curves of rac5c and rac3k were performed in a separate control assay and are shown for comparison. IC50 values were derived from one set of independent experiments (n = 1). 
While we performed these studies, a second group also reported screening of SARS-CoV-2 PLpro against the ReFRAME library (Redhead et al., 2021). The best compound in their assays, Tarloxotinib, demonstrated inhibitory activity against PLpro, and strikingly, in a separate set of experiments also inhibited Mpro. In our PLpro assay, Tarloxotinib did not show any inhibitory activity (Supplementary Figure S1). Both proteases hold very different active sites such that appropriate orthogonal assays must be performed when identifying potential Mpro/PLpro dual-inhibitors. In the mentioned study, Tarloxotinib identification as a hit was not followed up with any counter screens against other human DUBs, nor direct binding assays against PLpro.
Together, based on our own results and published studies (Klemm et al., 2020; Redhead et al., 2021), we conclude that drug repurposing against PLpro is not feasible. Moreover, the premise to arrive at immediate treatments appears somewhat flawed since any compound repurposing would still require extensive pre-clinical development for a new indication. Our assessment (further elaborated in our associated Review in this Issue of Frontiers in Chemistry) is in line with work in other therapeutic areas, as highlighted recently (Begley et al., 2021).
Further Characterization of Piperidine Scaffold PLpro Inhibitors, 3k and 5c
Drug repurposing by us and others failed to uncover compounds that could progress to the clinic, and while some of the structurally characterized hits reported by others may serve as potential starting points, we chose to focus on and further characterize the more amenable sub-µM piperidine based inhibitors previously reported for SARS-CoV and SARS-CoV-2 PLpro, namely the 5c family of compounds. In our earlier work (Klemm et al., 2020), we described the effects of compounds rac5c and rac3k (Figure 1C, Supplementary Figure S2), which inhibited PLpro with an IC50 of 600–800 nM, and which decreased SARS-CoV-2 viral titers (TCID50) by 2-3 orders of magnitude when tested at 11 µM concentration in a cellular infection model, which is comparable to Remdesivir at 12.5 µM (Klemm et al., 2020).
Reported compounds 5c and 3k contain a stereocenter between the naphthalene and piperidine rings. In our earlier study, we used racemic mixtures, rac5c and rac3k. Previous work on SARS-CoV PLpro described the (R)-enantiomer as having improved activity when compared to the (S)-enantiomer (Báez-Santos et al., 2014) We synthesized and tested the (R)-enantiomers of both 5c and 3k in vitro and the results showed no loss in inhibitory activity over their racemic counterparts (Supplementary Figure S2A). For the remainder of the study, we used the (R)-enantiomers of the compound series and refer to them as 3k and 5c. As most studies for SARS-CoV-2 PLpro focused on optimizing the inhibitor GRL-0617 (discussed in our associated Review) we compared PLpro inhibition by GRL-0617 to the 5c family of compounds. We observed similar IC50 values (Supplementary Figure S2B) to those reported in other studies (Fu et al., 2021; Ma et al., 2021; Osipiuk et al., 2021; Shen et al., 2021) and confirmed observations from the original SARS-CoV work that 5c remains a more potent inhibitor of SARS-CoV-2 PLpro when compared to GRL-0617 (Supplementary Figure S2).
The structure of 3k bound to SARS-CoV PLpro is published (PDB 4OW0) (Báez-Santos et al., 2014). We co-crystallized 3k with a mutant form of SARS-CoV-2 PLpro in which the catalytic Cys111 was changed to Ser (PLproC111S), which we and others found to yield a more stable enzyme (Osipiuk et al., 2021). The best crystal diffracted to 2.66 Å, and structure determination by molecular replacement revealed the structure of the PLpro bound to 3k (Table 1; Figures 2, 3, Supplementary Figure S3). The new crystal form (space group P21212, see a list of all SARS-CoV-2 crystal forms in our associated Review) has two molecules in the asymmetric unit; both molecules are superimposable with an RMSD of 0.51 Å, and show excellent electron density for the ligand in identical ligand binding sites (Figure 2C, Supplementary Figures S3B,C).
TABLE 1 | Data collection and refinement statistics. Values in parentheses are for highest-resolution shell.
[image: Table 1][image: Figure 2]FIGURE 2 | Molecular basis for inhibition of SARS-CoV-2 PLpro by 3k. (A) Structure of SARS-CoV-2 PLpro bound to 3k in green, with inhibitor in wheat colour in ball-and stick representation representing the (R)-enantiomer. A superimposed structure of apo PLpro [pink, PDB 6WZU (Osipiuk et al., 2021)] shows that the inhibitor does not induce global conformational changes. Catalytic residues are shown in ball and stick representation, and a bound zinc ion in apo PLpro is shown as a grey sphere. (B) Close-up view of the ligand binding site for 3k with key residues indicated. The chemical structure of 3k is also shown, with the stereocenter labelled in red. Hydrogen bonds are indicated by yellow dotted lines. (C) 2|Fo| – |Fc| electron density map contoured at 1 σ for 3k of molecule A (top) and molecule B (bottom) in the asymmetric unit. Also see Supplementary Figure S3. (D) Close-up view of the ligand binding site for inhibitor 3k overlaid with ubiquitin-bound PLpro in orange [PLpro ∼ Ub, PDB 6XAA (Klemm et al., 2020)]. The catalytic Cys111 of PLpro was mutated to a Ser (C111S) in the compound complex. 3k binding inhibits PLpro catalytic activity by blocking the C-terminus of Ub or ISG15 entering the catalytic cleft. 
[image: Figure 3]FIGURE 3 | Molecular basis for the inhibitor specificity towards PLpro variants. (A) Close-up view of the overlay between the ligand binding sites of 3k in complex with SARS-CoV-2 PLpro (green) and SARS-CoV PLpro in salmon (PDB 4OW0 (Báez-Santos et al., 2014)) or MERS-CoV PLpro in teal (PDB 4RNA (Lee et al., 2015)). Cross reactivity by 3k between species is a consequence from the conservation of key interacting residues as indicated. Crucial differences in interacting residues underpin compound specificity. (B) 5c was tested for specificity to inhibit SARS-CoV PLpro, MERS-CoV PLpro, SARS-CoV-2 PLpro, or SARS-CoV-2 PLpro with residues 267–272 of blocking loop 2 (BL2) substituted for those in MERS-CoV (SARS-CoV-2BL) in a UbRh assay. Inhibitor 5c is cross-reactive with SARS-CoV PLpro and SARS-CoV-2 PLpro but not with MERS-CoV PLpro. These data indicate that engaging the conserved BL2 is crucial for the inhibition of PLpro by 5c. Experiments were performed using the HTS assay as two independent experiments (n = 2) each containing two technical replicates. Individual data points represent the mean replicate value for each experiment. (C) SPR assays for compound 5c against PLpro variants from (B). The top panels show double referenced sensorgram data as a function of time and the bottom show steady-state dose response curves. Absence of inhibitor 5c cross-reactivity with MERS-CoV PLpro can be explained by a loss in direct binding. Minor binding can be detected when assayed against SARS-CoV-2BL PLpro compared with MERS-CoV PLpro and confirms most free energy loss during binding is resulting from interactions with the conserved BL2. SPR data for 3k can be found in Supplementary Figure S5. All SPR experiments were performed in triplicate; a representative example is shown. See Supplementary Table S1 for all data and Supplementary Figure S9 for the response curves of the remaining experiments.
The new crystal structure contributes to the understanding of how 3k and 5c inhibit SARS-CoV-2 PLpro and confirm many of the aspects previously illuminated in the SARS-CoV PLpro complex structures of the same series (Báez-Santos et al., 2014). Firstly, compound binding does not invoke gross conformational perturbation of the PLpro fold when compared to apo or ubiquitin-bound PLpro (RMSD 0.44 Å compared to apo PLpro, PDB 6WRH (Osipiuk et al., 2021) and 0.48 Å compared to ubiquitin-bound PLpro PDB 6XAA (Klemm et al., 2020) (Figure 2A). The (R)-enantiomer of the compound was used for co-crystallisation and lies in the binding site (Figure 2B). 3k occupies the channel required by the enzyme to hold to the C-terminal tail of ubiquitin and ISG15, which is on two sides lined by the static core of the PLpro Thumb domain and held in place by the more flexible blocking loop (aa 267-272), termed BL2, an extended β-hairpin that folds over the compound binding site (Figures 2B,D). Tyr268 at the turn of BL2 restrains the central piperidine ring, almost entirely burying it in the enzyme; the piperidine amino group further forms a hydrogen bond with the side chain of Asp164 of the Thumb domain. The naphthyl ring extends into a hydrophobic pocket towards the ubiquitin binding bowl in PLpro, packing against Pro247 and Pro248 (Figure 2B). On the other side of the molecule extending towards the catalytic Cys, a substituted phenyl group is connected to the para-position of the piperidine ring by an amide-linker that forms interactions with both the domain and BL2, including through a key hydrogen bond between the compound amide and the backbone carbonyl of BL2 Tyr268. The substituted phenyl ring extends outwards from the domain core, due to side-chain rotation of Leu162, which blocks the path to the catalytic Cys111 (Figures 2B,D). As a result, 3k and related compounds appear to wrap around BL2, remotely from the catalytic Cys111 (closest compound distance 9.7 Å), yet directly competing with ubiquitin/Ubl-tail binding to the protease channel. There are no sequence differences in residues lining the compound binding site between SARS-CoV and SARS-CoV-2 PLpro, and all interactions described here for SARS-CoV-2 PLpro with 3k were seen in the previous structures of SARS-CoV PLpro with 3k (Báez-Santos et al., 2014) (Figure 3A).
Molecular Basis for Compound Specificity Towards SARS-CoV and SARS-CoV-2 PLpro
To better understand cross-CoV PLpro specificity, and ideally identify or engineer a cross-specific inhibitor, we expanded our assay platform and routinely included SARS-CoV and MERS-CoV PLpro. The BL2 sequence is a poorly conserved region of CoV PLpro, and explains the inability of MERS-CoV PLpro to bind to and be inhibited by SARS-CoV PLpro inhibitors including 5c and 3k (Lee et al., 2015) (Figures 3A,B). To investigate these observations in the context of SARS-CoV-2 PLpro we also engineered a SARS-CoV-2 variant in which the BL2 loop was changed to the equivalent sequence of MERS-CoV. In this variant termed SARS-CoV-2 PLproBL, the 4-amino acid (aa) BL2 loop of SARS-CoV-2 PLpro (G-NYQC-G) was replaced with the 5-aa sequence of MERS-CoV PLpro (G-IETAV-G) that lacks Tyr268. SARS-CoV-2 PLproBL shows lower activity compared to wild-type PLpro in ISG15 and tri-ubiquitin-cleavage assays (Supplementary Figure S4), yet all enzymes performed similarly in the ubiquitin-Rhodamine110 assay used in our HTS platform (data not shown). As anticipated, 5c and 3k inhibited SARS-CoV and SARS-CoV-2 PLpro similarly but failed to act on MERS-CoV PLpro or the SARS-CoV-2 PLproBL variant (Figure 3C, Supplementary Figure S5A, Table 2).
TABLE 2 | Inhibitory activity based on HTS screen (IC50) and binding constants based on SPR (KD) for 3k, 5c and 9. SPR data for 3k and 9 can be found in Supplementary Figures S5, S8, Supplementary Table S1.
[image: Table 2]To confirm direct binding and learn about binding characteristics of our inhibitory compounds to PLpro, we established a surface plasmon resonance (SPR) platform using PLpro of SARS-CoV, SARS-CoV-2 and MERS-CoV, as well as the SARS-CoV-2 PLproBL mutant in parallel. For 5c and 3k, results confirmed those obtained in the biochemical screening assays, also confirming that 5c and 3k lost binding to SARS-CoV-2 PLproBL (Figure 3C, Supplementary Figure S5B, Table 2).
Finally, we assessed the activity of the compounds against a panel of human DUBs, since specificity for PLpro over related human DUBs is essential to avoid toxicity issues. While PLpro is dissimilar at the sequence and structural level to any human DUB family, all known DUBs bind ubiquitin via the extended C-terminus. The selectivity of 3k had been studied to a limited extent against a small panel of representative DUBs (Báez-Santos et al., 2014). We extended these studies by testing 5c with a commercial DUB panel comprising 41 enzymes from all DUB families, assessed with a ubiquitin-Rhodamine110 assay (Figure 4). The results showed that 5c, at 50 μM, did not inhibit any of the human DUBs tested (Figure 4). The clean specificity profile of 5c alleviates some concerns regarding off-target toxicity in human cells and tissues.
[image: Figure 4]FIGURE 4 | Inhibitor 5c does not cross react with human DUBs. 5c was screened at 50 µM against a commercial DUB specificity panel (Ubiquigent) that included several human USP family enzymes that are structurally the most similar DUB enzymes to PLpro. 5c does not notably inhibit any of the tested human DUBs at 50 µM concentration. USP52, USP5 assay performed with addition of ubiquitin at KD; USP53, USP5 assay performed with addition of ubiquitin at Bmax. USP144 indicates assay performed in the presence of proteasome-vinyl sulfone at KD. USP14c indicates the proteasome-vinyl sulfone control only without USP14. See Methods.
Elaboration and Improvement of Piperidine-Based PLpro Inhibitors
To improve compound properties, a medicinal chemistry campaign was initiated, focusing on key aspects of the compound. We learned from previous published works that attempted to improve the piperidine scaffold for SARS-CoV PLpro (Báez-Santos et al., 2014; Báez-Santos et al., 2015; Ghosh et al., 2020), enabling us to explore novel chemical space. We also knew that 3k and 5c were metabolically labile (discussed below) and our designs also aimed to improve the ADME properties of compounds.
In our attempts to improve both potency against SARS-CoV-2 PLpro and metabolic stability, we generated more than 250 derivatives of the 5c series of compounds (a selection of which is shown in Figure 5). All generated compounds were tested in our HTS platform against SARS-CoV-2 PLpro and counter screened against USP21 (Supplementary Figure S6). Selected compounds were also screened against other PLpro enzymes and underwent SPR characterization.
[image: Figure 5]FIGURE 5 | Medicinal Chemistry elaborations to improve piperidine based PLpro inhibitors. Subset of tested piperidine based PLpro inhibitors molecules indicating how the 5c scaffold was altered. The blue box shows alterations to the naphthyl ring, the green box shows modifications of the amide linkage and the orange box shows a subset of the most potent alterations to the benzylic group. These data exposed key insights for improving inhibitor 5c (i) tight SAR is evident around the naphthyl position, with only minor modifications able to achieve <1 µM activity; (ii) the amide and its positioning is important to compound activity; (iii) modifications at the benzylic group gave the most potent compounds. This position appears the most malleable to achieve improved potency against SARS-CoV-2 PLpro. The calculated IC50 (µM) is noted below each compound and is the average of two or four (9 only) independent experiments (n = 2) each containing two technical replicates. Dose response curves can be found in Supplementary Figures S6, S8.
Naphthyl rings are often considered an undesirable functional group as they hold numerous metabolic liabilities including increased lipophilicity, and are considered possible toxicophores. Thus, we hypothesized the naphthyl ring was a significant contributor to the overall metabolic liability of these compounds and hence the primary target for optimization. Given that the π-stack arrangement with Pro247, Pro248 and Tyr268 of the blocking loop is known to be a significant contributor in 5c binding to the SARS-CoV PLpro (Ratia et al., 2008; Báez-Santos et al., 2014) we sought to replicate this interaction with isosteric replacements. Based on the observation that 5c and rac5c are equipotent in the primary assay (Supplementary Figure S2A) (Klemm et al., 2020) and for ease of synthesis, modifications to the naphthyl were initially prepared and tested as racemates (blue in Figure 5). Previously reported isosteric quinoline modifications (Báez-Santos et al., 2014) which maintained modest activity towards SARS-CoV PLpro were not comparable to the potency afforded by the naphthyl ring and were thus avoided. Replacement with a biphenyl (1, for compound numbering, refer to Figure 5), decreased potency 20-fold. Likewise, isosteric replacement with a benzothiophene moiety in 2 negatively impacted the potency whilst the substituted benzothiophene 3 was completely inactive. Surprisingly, simpler di-subsituted phenyl rings (compounds 4 and 5) maintained modest activity. However, the similar methoxy and ethoxy ortho substitutions on the naphtyl ring were not tolerated (e.g., 6 and 7). The fluorine substitution in 8 resulted in 3-fold activity loss while the methoxy derivative 9 showed comparative activity to the parent 5c; together, this data suggests that the interaction pocket for the naphthyl doesn’t tolerate electron deficient substituents but may tolerate electron-donating ones.
Next, we turned our attention to the amide bond (green box in Figure 5). Structural information suggests the amide carbonyl forms no key interaction with the protein. However, reversal of the amide bond 10 proved 4-fold less potent than the parent 5c. The amino analogue 11 led to an 7-fold drop in potency. Finally, we looked at optimizing the terminal benzyl group (orange box in Figure 5). Deletion analogue 12 resulted in only a 4-fold loss of potency suggesting that the existing substituents at this position contribute only moderately to the overall binding affinity of the small molecule. A variety of novel substituents were introduced at this position (data not shown), most of which were reasonably well tolerated. However, only groups that improved on the simple compound 12 were considered as advanceable. A subset of the more potent analogues exploring this position are shown in Figure 5. Heterocycles appear to be the most advantageous substitution at this position with several examples such as 13–15 reaching parity with the parent 5c on potency. Of note, benzenesulfonamide and tetrahydropyran derivatives 16 and 17, were also amongst the most potent analogues. These results indicate that this position can be further optimised to enhance the ligand efficiency of this series. Parallel work (Shan et al., 2021) reported a significant improvement in activity through modification of the benzylic group (18 in Supplementary Figure S7). We attempted to replicate these results (Supplementary Figure S7A) (Shan et al., 2021) and in our hands, this compound is on par with 5c, and does not show vastly improved potency (Supplementary Figures S7A,B).
Compound 9 (Figure 5) retained high activity (760 nM, comparable to 5c) and thus was selected for further orthogonal SPR assays against our panel of DUBs (see above, Table 2, Supplementary Figure S8). The key difference in 9 is a substitution on the naphthyl ring, a methoxy group in the 4 position, which does not impact compound potency or binding affinity. This substituent may however modulate positively the properties of the naphthyl ring, which prompted us to perform initial in vitro ADME studies on compound 9, and compare this with 3k and 5c.
Preliminary ADME Assessment With Selected PLpro Inhibitors
To obtain an initial assessment of the ADME properties, selected compounds were characterized for their metabolic stability when incubated with human or mouse liver microsomes (HLM or MLM, respectively), mouse plasma stability, kinetic solubility, Caco-2 permeability, and mouse plasma protein binding. As shown in Table 3, both 3k and 5c were metabolically labile in both HLM and MLM. Compound 9 was slightly more stable in comparison to 3k and 5c. Preliminary metabolite identification studies suggested that common primary metabolites (Figure 6A) included a dihydrodiol on the naphthalene (confirmed by analysis of the CID spectrum, data not shown), N-dealkylation at the piperidine nitrogen, amide hydrolysis (3k and 5c), and O-demethylation (5c and 9). Multiple mono- and di-oxygenation products were also detected for each compound, but the sites of oxygenation were not determined.
TABLE 3 | ADME properties for selected compounds. Microsomal stability.
[image: Table 3][image: Figure 6]FIGURE 6 | In vitro microsomal stability and metabolite studies on compounds 3k, 5c and 9. (A) Primary sites of metabolism are indicated following incubation with liver microsomes and (B) degradation following incubation with mouse plasma in the absence or presence of the carboxylesterase inhibitor, BNPP (mean of n = 2 per time point). In addition to metabolites shown, several mono- and di-oxygenation products were also observed for each compound however sites of oxygenation were not determined.
Compound 3k was also highly susceptible to hydrolysis in mouse plasma and degradation was prevented by the addition of bis-para-nitrophenylphosphate (BNPP), a known inhibitor of carboxylesterases that are present in plasma and various tissues (Eng et al., 2010). Plasma-mediated hydrolysis was also evident for 5c, although the rate of degradation was much less pronounced than for 3k (Figure 6B). For both 3k and 5c, the amide hydrolysis product was detected at the end of the incubation. Interestingly, hydrolysis of 9 was not detected in either microsomes or plasma. Collectively, these results suggest that the O-methoxy pyridine (5c) in place of the fluorophenyl (3k) reduces the rate of hydrolysis (possibly due to a reduction in Log D), and that the combination of the O-methoxy pyridine (in both 5c and 9) and the methoxy on the naphthalene in 9 greatly reduces the rate of hydrolysis of the central amide (Figure 6B).
Kinetic solubility was good (>100 μg/ml) under conditions representative of the fasted gastric environment (pH 2) but was reduced under conditions that reflect the fasted upper small intestine (pH 6.5) where most drug absorption occurs (Table 4). For 5c, 3k and 9, Caco-2 permeability was high and there was no evidence of efflux suggesting that permeability would not limit oral absorption (Table 4). Mouse plasma protein binding was moderate (5c and 9) to high (3k) (Table 4).
TABLE 4 | Kinetic solubility, Caco-2 permeability and mouse plasma protein binding.
[image: Table 4]These preliminary ADME results suggest that the major limiting factor for this series to achieve high and prolonged in vivo exposure is likely to be hepatic metabolism, accompanied by plasma-mediated hydrolysis for some compounds. Such liabilities are common for early-stage inhibitors and may be addressed by future rounds of medicinal chemistry.
5c Derivatives Inhibitors are Potent Inhibitors of SARS-CoV-2 Infection in Cells
Our previous work had already indicated that rac5c was a potent inhibitor of SARS-CoV-2 replication, in a live-infection model using Calu-3 cells, with no evidence of cytotoxicity up to 33 µM (Klemm et al., 2020). We performed similar assays measuring the median tissue culture infection dose (TCID50), of SARS-CoV-2 infection in presence of increasing amounts of 5c, 3k and 9 (Figure 7). Our results again indicated a 1-log reduction of viral titer at 10 µM compound concentration, while 20 µM of compound 9 reduced viral titer below the limit of detection (Figure 7B). Overall, these results show again that specific inhibition of SARS-CoV-2 PLpro invokes a potent antiviral response, and that small molecule inhibitors of PLpro may prove to be efficacious as novel COVID-19 treatments.
[image: Figure 7]FIGURE 7 | TCID50 Assays for compound 5c, 3k and 9. (A) Schematic and time-course of TCID50 determination. Vero cells were infected with SARS-CoV-2 containing supernatant obtained from infected Calu-3 cells, and treated as shown in the cartoon (see Methods). (B) TCID50 data, mean and standard deviation for one of two representative experiments with six technical replicates each. Compound 9 retained antiviral activity in preventing viral replication, and in stabilising the naphthyl ring appears to correlate with a modest increase in antiviral activity. Remdesivir (RDV) was used for comparison and assayed at 12.5 µM. Experiments were performed as three independent experiments (n = 3) each containing six technical replicates. Values shown are the mean of the three independent experiments, error bars indicate the standard error of the mean. LOD = limit of detection.
DISCUSSION AND CONCLUSION
We here confirm that PLpro is a promising drug target for COVID-19 that requires de novo drug discovery. There is currently little evidence that drug repurposing, a method hoped to be a silver bullet to tackle the COVID-19 pandemic, will be of any benefit, and we show in this work and our associated Review that drug repurposing has failed in the context of PLpro as it has in other settings.
Nonetheless, we also provide promising new insights into how piperidine-based PLpro inhibitors, including the well-studied SARS-CoV PLpro inhibitor 5c, may be derivatized to generate potent and importantly, more drug-like inhibitors. Indeed, we show that commonly used PLpro inhibitors suffer from a multitude of liabilities, mostly due to the presence of a naphthyl moiety that is present in both 5c but also GRL-0617 compounds (see associated Review). In the context of the GRL-0617 series, we note that recent reports have shown that this moiety can be successfully replaced using a substituted 2-phenylthiophene scaffold with no loss in potency (Shen et al., 2021). Our work shows small changes can also ameliorate the properties of the naphthyl-based inhibitors though it is likely that the path towards in vivo- or even clinically suitable compounds is likely to be long.
The druggability of PLpro has so far proven challenging, and high affinity (below 100 nM) compounds have not been reported. Despite this, the considerable efforts applied to inhibiting PLpro and full structural enablement have significantly advanced our understanding such that it remains a viable drug target for treating COVID-19.
Once successful, we anticipate that a PLpro inhibitor will have similarly or even more potent anti-CoV activity, as observed for Mpro inhibitors that have recently been approved. Indeed, in addition to blocking the essential protein processing steps in the viral replication cycle, inhibiting PLpro may also serve additional purposes: as a DUB and deISGylase, PLpro prevents virus-induced derailing of the cellular inflammatory and antiviral cascades affected by PLpro mediated cleavage of ubiquitin and ISG15, and may at least in part be responsible for the observed inflammatory flares reported in COVID-19 patients. We therefore consider PLpro as the ultimate drug target in Coronaviruses, that, although challenging, will likely provide significant safeguarding against future pandemics.
METHODS
Protein Biochemistry, Structural Biology and Compound Screening
Molecular Biology
Bacterial pOPIN-B expression vectors (Berrow et al., 2007) for SARS-CoV-2 PLpro amino acids (aa) 1563-1878 of polyprotein 1 ab, GenBank: QHD43415, with aa E1564 designated as residue 1, were reported previously (Klemm et al., 2020). SARS-CoV PLproWT (aa 1541-1855 of polyprotein 1 ab, RefSeq: NP_828849.7) and MERS-CoV PLproWT (aa 1482-1803 of polyprotein 1 ab, RefSeq: YP_009047202) were codon optimised for bacterial expression, synthesized (Integrated DNA Technologies) and cloned into pOPIN-B digested with KpnI and HindIII using In-Fusion® HD cloning (Takara Clontech). The SARS-CoV-2 PLpro BL2 mutant (SARS-CoV-2 PLproBL) was generated by NEB Q5® Site-Directed Mutagenesis of the SARS-CoV-2 PLproWT plasmid (fwd 5′-GAG​TAT​ACG​GGC​ATC​GAG​ACT​GCA​GTC​GGT​CAC​TAC​AAA C-3′, rev 5′-CGA​TGC​GCA​GGT​GAA​CGT​TC-3′).
For crystallography, we matched a construct used previously (Osipiuk et al., 2021), which has a 1-aa shorter SARS-CoV-2 PLpro sequence (aa 1564-1878) preceded by a Ser-Asn-Ala sequence and includes a catalytic Cys111 mutation to Ser (SARS-CoV-2 PLproC111S). The coding sequence was cloned into pOPIN-S which features a His-SUMO-tag. SUMO protease (SENP1) was produced according to (Pruneda et al., 2016).
Protein Purification
SARS-CoV-2 PLproWT, SARS-CoV-2 PLproBL, SARS-CoV PLproWT, MERS-CoV PLproWT and SARS-CoV-2 PLproC111S expression vectors were transformed into E. coli Rosetta® 2 (DE3) competent cells (Novagen) and bacterial cells were grown in 2xYT medium at 37°C. At OD600 = 0.8 the temperature was reduced to 18°C and expression was induced with 0.3 mM IPTG. Cells were harvested 16 h post induction and stored at −80°C until purification.
For purification, cells were resuspended in lysis buffer/Buffer A (50 mM Tris pH 7.5, 500 mM NaCl, 5 mM β-ME, 10 mM Imidazole) supplemented with lysozyme (2 mg/ml), DNaseI (100 μg/ml), MgCl2 (5 mM) and cOmplete EDTA-free protease inhibitor cocktail tablets (Roche) and lysed by sonication. Lysates were cleared by centrifugation at 40,000 g for 30 min at 4°C. The clarified lysate was filtered through a 0.45 µm syringe filter and His-tagged proteins were captured using a HisTrap HP column (5 ml, Cytiva). The captured protein was washed with 10 CV of 30 mM imidazole wash buffer (Buffer A+ 10% Buffer B) and eluted using five column volumes of 100% Buffer B (Buffer A+ 300 mM Imidazole). Pooled fractions were desalted into 100% Buffer A using a HiPrep 26/10 Desalting column (Cytiva) and then supplemented with His-3C or His-SENP1 protease for His-tag and His-SUMO tag cleavage respectively. Following overnight incubation at 4°C, the cleaved His-tag, His-SUMO tag and His-tagged proteases were captured using a HisTrap HP column (5 ml, Cytiva). The extracted PLpro found in the flow through was further purified by size exclusion chromatography using a HiLoad 16/600 Superdex 75 pg column (Cytiva) equilibrated with storage buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM TCEP).
For HTS, SARS-CoV-2 PLproWT was purified as above. For SPR storage buffer, 20 mM Tris pH 7.5 was replaced with 10 mM HEPES pH 7.5, for crystallisation, 150 mM NaCl was replaced with 50 mM NaCl. Protein samples were concentrated, flash frozen in liquid nitrogen and stored at -80°C.
SARS-2-CoV-PLpro Activity Assay
Assays were essentially performed as described previously (Klemm et al., 2020). In short, SARS-CoV-2 PLpro activity was monitored in a fluorescence intensity assay using the substrate ubiquitin-Rhodamine110, that only becomes fluorescent on cleavage. For HTS, the assay buffer contained 20 mM Tris (pH 8), 1 mM TCEP, 0.03% BSA and 0.01% Triton-X, for all other assays, 1 mM TCEP was replaced with 1 mM GSH. Experiments were performed in 1536-well black non-binding plates (Greiner 782900) with a final reaction volume of 6 µL.
SARS-2-CoV PLpro enzyme (final concentration 50 nM) was added to the plates and incubated at room temperature for 10 min. ubiquitin-Rhodamine110 (final concentration 100 nM) was added to start the reaction and incubated for 12 min at room temperature. For endpoint assays the reaction was stopped by addition of citric acid (1 µL) at a final concentration of 10 mM. All additions were performed using the CERTUS FLEX (v2.0.1, Gyger). The reaction was monitored by an increase in fluorescence (excitation 485 nm and emission 520 nm) on a PHERAstar® (v5.41, BMG Labtech) using the FI 485 520 optic module.
Data was normalised to 1% DMSO (negative control, 0% inhibition) and 100 µM Compound 5c (positive control, 100% inhibition).
SARS-2-CoV-PLproWT Gel Based Activity Assay
Assays were essentially performed as described previously (Klemm et al., 2020). In short, SARS-2-CoV PLpro activity was monitored using SDS-PAGE and tracking the cleavage of K48 Ub3 or hISG15 by SARS-CoV-2 PLproWT or SARS-CoV-2 PLproBL, over time. Each respective enzyme was incubated at 0.25 µM with 2 µM substrate and the reaction was stopped at indicated time points by mixing with NuPAGE® loading dye supplemented with β-mercaptoethanol. The assay buffer contained 20 mM Tris (pH 7.5), 100 mM NaCl and 10 mM DTT. Experiments were performed at 21°C.
SARS-2-CoV-PLproWT Specificity Assay (Ubiquigent)
SARS-CoV-2 PLproWT protein and compound 5c were supplied to Ubiquigent (Dundee, United Kingdom). 5c was assayed using the commercial Ubiquigent Ub-Rh based DUBprofiler® drug discovery screening platform and results were analysed and provided by Ubiquigent.
High Throughput Screen of the ReFRAME Library
A total of 11,804 compounds from the ReFrame (Repurposing, Focused Rescue and Accelerated Medchem) library were screened. Assay-ready plates were prepared at the Global Health Drug Discovery Institute (GHDDI), China. 5 nL of compounds were dry spotted onto 1536-well plates. Stock concentrations of compounds were 10, 5 and 1 mM and final test concentrations were 8.33, 4.17 and 0.83 µM respectively in final 1% DMSO.
Reagents were dispensed using the CERTUS FLEX (v2.0.1, Gyger). Microplates were centrifuged using the Microplate Centrifuge (Agilent) and read on the PHERAstar® (v5.41, BMG Labtech) using the FI 485 520 optic module.
Data was normalised to 1% DMSO (negative control, 0% inhibition) and 100 µM Compound 5c (positive control, 100% inhibition). Screen assay quality was monitored by calculation of robust Z’ by the following formula where (+) denotes the positive controls (low signal), (-) denotes the negative controls (high signal) and MAD is the median absolute deviation:
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where MAD = 1.4826 * median (abs (x – median(x)))
Plates were excluded from analysis if robust Z’<0.5. Hits were selected as >2.5* MAD over the median of the negative control.
To determine the potency of the inhibitors, a series of 10-pt, 1:2 serial dilutions was performed from a highest starting concentration of 100 µM. The 10-point titration curves were fitted with a 4-parameter logistic nonlinear regression model and the IC50 reported is the inflection point of the curve. Data was analysed in TIBCO Spotfire® 7.11.2.
Counter Screen
To confirm that the compounds were specifically inhibiting SARS-CoV-2 PLpro rather than interfering with the fluorescence readout, human USP21 was used as the counter screen assay as previously (Klemm et al., 2020). The same buffer, reagent dispenser and plate reader as in the PLpro assay was used. USP21 enzyme (final concentration 5 nM) was added to the plates and incubated at room temperature for 10 min. ubiquitin-Rhodamine110 (final concentration 100 nM) was added to start the reaction and incubated for 2 min at room temperature. Reaction was stopped by addition of citric acid (1 µL) at a final concentration of 10 mM. A series of 10-pt, 1:3 serial dilutions was performed from a highest starting concentration of 100 µM. The 10-point titration curves were fitted with a 4-parameter logistic nonlinear regression model and the IC50 reported is the inflection point of the curve. Data was analysed in TIBCO Spotfire® 7.11.2.
Crystallisation
Crystallisation screening was performed at the CSIRO’s Collaborative Crystallisation Centre (C3) in Melbourne, Australia. The SARS-CoV-2 PLpro complex with 3k was generated by incubation of SARS-CoV-2 PLproC111S (13 mg/ml) with 2 mM inhibitor, overnight at 4°C and precipitate removed by centrifugation. Crystals grew in 0.1 M bis-tris chloride pH 5.46, 0.117 M Zinc Acetate, 21.6% PEG 8000 in a 96-well sitting drop vapour diffusion plate (150 nL protein to 150 nL reservoir solution) at 8°C. Crystals were cryoprotected with reservoir solution supplemented with 15% glycerol and 1 mM inhibitor before vitrification in liquid nitrogen.
Data Collection, Phasing and Refinement
Diffraction data were collected at the Australian Synchrotron (Australian Nuclear Science and Technology Organisation, ANSTO) beamline MX2 (Aragão et al., 2018) (wavelength: 0.953725 Å, temperature: 100 K). An auto-processed dataset was generated at the synchrotron using XDS, Aimless and Pointless (Evans, 2006, 2011; Kabsch, 2010). The dataset was solved by molecular replacement in Phaser (McCoy et al., 2007) using the apo structure of SARS-CoV-2 PLpro [PDB 6WRH (Osipiuk et al., 2021)] as a search model.
Refinement and model building was performed in PHENIX (Adams et al., 2011) and Coot (Emsley et al., 2010). TLS parameters were set to one TLS group per chain. Additional NCS refinement was utilised in each refinement cycle. Geometric restraints for 3k were generated by the GRADE web server (http://grade.globalphasing.org). Models were validated using MolProbity (Williams et al., 2018). Final Ramachandran statistics were 0.00% outliers, 1.63% allowed and 98.64% favoured. Structural figures were generated using PyMol. Further data collection and refinement statistics can be found in Table 1.
Surface Plasmon Resonance
Experiments were performed on a BIAcore 8K + instrument (Cytiva, United States) PLpro proteins were diluted into 10 mM sodium acetate pH 5 prior to immobilisation on a CM5 sensor chip (Cytiva, United States) by amine coupling. Compounds were diluted to desired concentrations between 20 and 0.01 µM in a running buffer consisting of 20 mM HEPES pH 7.4, 150 mM sodium chloride, 0.05% P20 detergent,1 mM TCEP and 2% DMSO. Multi cycle kinetics were performed with 90 s associations and 300 s dissociations with no further regeneration. Binding constants were determined in BIAcore insight evaluation (version 3.0.12) at steady-state, averaging response over 5 s with a midpoint 5 s before the end of the association phase. Final KD values were determined by averaging the values from three independent experiments, reporting mean and standard deviation.
Medicinal Chemistry
Experimental
All reagents were used as received from commercial suppliers unless otherwise stated. NMR spectra were recorded at ambient temperature either on Bruker Avance IITM 300 MHz, Bruker Avance IIITM 400 MHz or Bruker Avance IIITM HD 400 MHz instruments in the specified deuterated solvents. Observed proton absorptions were reported as units of parts per million (ppm) relative to respective residual solvent peaks, CDCl3 (d 7.26), DMSO-d6 (d 2.50). Multiplicities were reported: s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), dt (doublet of triplets) and m (multiplet). Coupling constants were reported as a J value in Hertz (Hz). HPLC/UPLC and LC-MS data was obtained on either an Agilent 6120 series with a Phenomenex Poroshell 120 EC-C18, (2.1 mm × 30 mm, 2.7 mm) column# or Waters Acquity H-Class UPLC/MS with Acquity HSS-T3 (2.1 mm × 100 mm, 1.8 mm) column* or Prontosil-EP1 (4.6 × 250 mm) 5 μm column^ using a gradient elution of 5–100% acetonitrile in water containing 0.1% formic acid. Preparative HPLC was performed on a Waters X-Bridge TM prep C18 OBD column (19 mm × 100 mm, 5 mM) using various gradients based on analytical retentions using water and acetonitrile containing 0.1% formic acid over 10 min at a flow rate of 20 ml/min. Abbreviations: DCM (dichloromethane), EDCI[N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride], DIEA (N,N-diisopropylamine), THF (tetrahydrofuran), MeOH (methanol), EtOAc (ethyl acetate), EtOH (ethanol), DMF (N,N′-dimethylformamide), HATU {1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo [4,5-b]pyridinium 3-oxid hexafluorophosphate}.
Literature compounds 3k (Báez-Santos et al., 2014), 5c (Báez-Santos et al., 2014) and 18 (Shan et al., 2021) were synthesised as previously described in their respective references.
3k
1H NMR (300 MHz, CDCl3) δ 8.48 – 8.38 (m, 1H), 7.90 – 7.80 (m, 1H), 7.74 (d, J = 8.0 Hz, 1H), 7.57 (d, J = 7.3 Hz, 1H), 7.53 – 7.38 (m, 3H), 7.32 – 7.22 (m, 1H), 7.01 (d, J = 7.5 Hz, 1H), 6.99 – 6.90 (m, 2H), 5.76 (s, 1H), 4.43 (d, J = 5.8 Hz, 2H), 4.11 (q, J = 6.3 Hz, 1H), 3.24 (d, J = 11.0 Hz, 1H), 2.90 (d, J = 11.6 Hz, 1H), 2.22 – 1.64 (m, 7H), 1.47 (d, J = 6.7 Hz, 3H). ES + MS: (M + H) 391.2. HPLC# tg = 1.59 min.
5c
1H NMR (300 MHz, CDCl3) δ 8.48 – 8.39 (m, 1H), 8.08 (dd, J = 5.3, 0.6 Hz, 1H), 7.89 – 7.80 (m, 1H), 7.74 (d, J = 8.1 Hz, 1H), 7.57 (d, J = 6.5 Hz, 1H), 7.52 – 7.38 (m, 3H), 6.73 (dd, J = 5.3, 1.4 Hz, 1H), 6.58 (dd, J = 1.4, 0.7 Hz, 1H), 5.79 (t, J = 5.7 Hz, 1H), 4.39 (d, J = 6.0 Hz, 2H), 4.11 (q, J = 6.6 Hz, 1H), 3.91 (s, J = 2.8 Hz, 3H), 3.24 (d, J = 11.7 Hz, 1H), 2.91 (d, J = 11.3 Hz, 1H), 2.24 – 1.68 (m, 7H), 1.47 (d, J = 6.7 Hz, 3H). ES + MS: (M + H) 404.2. HPLC# tg = 1.23 min.
18
1H NMR (300 MHz, DMSO) δ 8.70 (s, 1H), 8.50 – 8.40 (m, 1H), 8.27 (t, J = 5.6 Hz, 1H), 7.98 – 7.86 (m, 1H), 7.80 (d, J = 7.9 Hz, 1H), 7.63 – 7.40 (m, 4H), 7.28 (dt, J = 12.0, 2.3 Hz, 1H), 7.11 (s, 1H), 6.63 – 6.49 (m, 1H), 4.27 – 4.03 (m, 3H), 3.48 – 3.38 (m, 4H), 3.07 (s, 1H), 2.78 (s, 1H), 2.33 (s, 4H), 2.25 – 2.08 (m, 4H), 2.01 (s, 2H), 1.73 (d, J = 12.0 Hz, 1H), 1.67 – 1.47 (m, 3H), 1.41 (d, J = 6.0 Hz, 3H). ES + MS: (M + H) 532.0 HPLC# tg = 0.99 min.
General Methods – Compounds 1–9
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Step (i): To a stirred solution of 1-[((benzyloxy)carbonyl]piperidine-4-carboxylic acid (3.00 g, 11.4 mmol) in DCM (60 ml) was added EDCI (5.46 g, 28.5 mmol), 1H-1,2,3-benzotriazol-1-ol hydrate (4.36 g, 28.5 mmol) and DIEA (9.95 ml, 57.0 mmol). After stirring for 10 min, (2-methoxypyridin-4-yl)methanamine (1.89 g, 13.7 mmol) was added under N2 atmosphere. The reaction mixture was stirred at ambient temperature until completion of the reaction (TLC monitoring), the reaction was quenched with saturated NH4Cl (50 ml) and extracted with DCM (2 × 50 ml). The combined organic layer was dried over anhydrous Na2SO4 and evaporated under reduced pressure. The compound was purified by CombiFlash (SiO2, 100% EtOAc) to give benzyl 4-{[(2-methoxypyridin-4-yl)methyl]carbamoyl}piperidine-1-carboxylate (2.80 g, 64% yield) as an off-white solid. 1H NMR (400 MHz, DMSO) δ 8.43 (t, J = 5.7 Hz, 1H), 8.07 (d, J = 5.2 Hz, 1H), 7.44 – 7.26 (m, 5H), 6.82 (d, J = 5.0 Hz, 1H), 6.61 (s, 1H), 5.07 (s, 2H), 4.23 (d, J = 5.9 Hz, 2H), 4.02 (d, J = 13.2 Hz, 2H), 3.82 (s, 3H), 2.84 (br s, 2H), 2.47 – 2.36 (m, 1H), 1.74 (d, J = 11.5 Hz, 2H), 1.47 (qd, J = 12.5, 4.2 Hz, 2H). ES + MS: (M + H) 384.15 HPLC* tg = 2.08 min.
Step (ii): To a stirred solution of benzyl 4-{[(2-methoxypyridin-4-yl)methyl]carbamoyl}piperidine-1-carboxylate (2.80 g, 7.30 mmol) in THF (20 ml) and MeOH (20 ml) was added 20% Pd(OH)2 on carbon (2.80 g, 100% w/w) at ambient temperature. The resulting mixture was stirred for 3 h under H2 pressure (atm). After completion of reaction (by TLC monitoring) the reaction mixture was filtered through Celite® and the filter cake washed with MeOH. The filtrate was collected and concentrated in vacuo to give Intermediate A as a yellow oil. The product was used without purification for further reaction. 1H NMR (400 MHz, DMSO) δ 8.35 (s, 1H), 8.07 (d, J = 5.3 Hz, 1H), 6.82 (d, J = 5.2 Hz, 1H), 6.59 (s, 1H), 4.22 (d, J = 6.0 Hz, 2H), 3.82 (s, 3H), 2.99 (d, J = 12.3 Hz, 2H), 2.76 (d, J = 11.7 Hz, 1H), 2.37 – 2.24 (m, 1H), 2.20 – 2.04 (m, 1H), 1.92 – 1.76 (m, 1H), 1.74 – 1.38 (m, 4H). ES + MS: (M + H) 250.15 HPLC* tg = 0.58 min.
General Reductive Alkylation
1-{1-[(1,1′-biphenyl)-3-yl]ethyl}-N-[(2-methoxypyridin-4-yl)methyl]piperidine-4-carboxamide, (1). To a stirred solution of 1-[(1,1′-biphenyl)-3-yl]ethenone (133 mg, 0.68 mmol) and Intermediate A (170 mg, 0.68 mmol) in THF (10 ml) at 0°C was added Ti(OiPr)4 (621 μL, 2.05 mmol) under nitrogen and the temperature raised to 80°C for 16 h. The reaction mixture was cooled to 0°C, diluted with MeOH (5 ml) and then sodium borohydride (61.0 mg, 1.70 mmol) was added under N2. The reaction mixture was allowed to achieve ambient temperature and stirred until complete by LCMS & TLC. The reaction mixture was concentrated in vacuo and diluted with saturated NaHCO3 (10 ml) and extracted with EtOAc (3 × 10 ml). The combined organics were dried over anhydrous Na2SO4 and concentrated in vacuo. The crude residue was purified by preparative HPLC to give the title compound (138 mg, 47% yield). 1H NMR (300 MHz, DMSO) δ 8.30 (t, J = 6.0 Hz, 1H), 8.15 (s, 1H), 8.05 (d, J = 5.7 Hz, 1H), 7.69 – 7.61 (m, 2H), 7.59 – 7.27 (m, 7H), 6.80 (dd, J = 5.3, 1.3 Hz, 1H), 6.58 (s, 1H), 4.21 (d, J = 5.9 Hz, 2H), 3.81 (s, 3H), 3.57 (q, J = 6.7 Hz, 1H), 3.04 (d, J = 11.1 Hz, 1H), 2.85 (d, J = 11.5 Hz, 1H), 2.21 – 2.06 (m, 1H), 2.05 – 1.84 (m, 2H), 1.81 – 1.48 (m, 4H), 1.35 (d, J = 6.8 Hz, 3H). ES + MS: (M + H) 430.2 HPLC# tg = 1.36 min.
1-{1-[benzo(b)thiophen-3-yl]ethyl}-N-[(2-methoxypyridin-4-yl)methyl]piperidine-4-carboxamide formate (2). The title compound was prepared as described for compound 1 from 1-[benzo(b)thiophen-3-yl]ethanone in 20% yield. 1H NMR (400 MHz, DMSO) δ 8.30 (t, J = 6.0 Hz, 1H), 8.13 (dd, J = 9.4, 8.0 Hz, 2H), 8.05 (d, J = 5.2 Hz, 1H), 7.98 – 7.92 (m, 1H), 7.52 (s, 1H), 7.36 (pd, J = 7.0, 1.2 Hz, 2H), 6.79 (d, J = 4.2 Hz, 1H), 6.57 (s, 1H), 4.20 (d, J = 5.9 Hz, 2H), 4.04 (q, J = 6.5 Hz, 1H), 3.80 (s, 3H), 2.95 – 2.81 (m, 2H), 2.18 – 2.05 (m, 2H), 1.97 (t, J = 10.4 Hz, 1H), 1.73 – 1.54 (m, 3H), 1.53 – 1.36 (m, 4H). ES + MS: (M + H) 410.17 HPLC* tg = 4.59 min.
N-[(2-methoxypyridin-4-yl)methyl]-1-{1-[2-methylbenzo(b)thiophen-3-yl]ethyl}piperidine-4-carboxamide (3). The title compound was prepared as described for compound 1 from 1-[2-methylbenzo (b)thiophen-3-yl]ethanone in 2% yield. 1H NMR (400 MHz, DMSO) δ 8.34 (t, J = 6.0 Hz, 1H), 8.22 (d, J = 8.0 Hz, 1H), 8.05 (d, J = 5.2 Hz, 1H), 7.82 (d, J = 7.7 Hz, 1H), 7.33 – 7.23 (m, 2H), 6.81 (d, J = 5.0 Hz, 1H), 6.59 (s, 1H), 4.21 (d, J = 6.0 Hz, 2H), 3.81 (s, 3H), 3.65 (q, J = 6.7 Hz, 1H), 3.34 (d, J = 8.0 Hz, 1H), 3.29 (s, 3H), 2.60 (d, J = 11.3 Hz, 1H), 2.22 – 2.14 (m, 1H), 1.95 – 1.64 (m, 4H), 1.55 (d, J = 11.7 Hz, 1H), 1.50 – 1.33 (m, 4H). ES + MS: (M + H) 424.03 HPLC* tg = 6.31 min.
1-(1-(5-chloro-2-methoxyphenyl)ethyl)-N-((2-methoxypyridin-4-yl)methyl)piperidine-4-carboxamide (4). The title compound was prepared as described for compound 1 from 1-(5-chloro-2-methoxyphenyl)ethanone in 82% yield. 1H NMR (300 MHz, Chloroform-d) δ 8.08 (dd, J = 5.3, 0.7 Hz, 1H), 7.41 (d, J = 2.7 Hz, 1H), 7.14 (dd, J = 8.7, 2.7 Hz, 1H), 6.82 – 6.70 (m, 2H), 6.58 (h, J = 1.5, 0.8 Hz, 1H), 5.85 (s, 1H), 4.40 (d, J = 6.1 Hz, 2H), 3.91 (s, 4H), 3.79 (s, 3H), 3.21 (d, J = 11.2 Hz, 1H), 2.87 (d, J = 9.3 Hz, 1H), 2.22 – 1.65 (m, 7H), 1.26 (d, J = 6.7 Hz, 3H). ES + MS: (M + H) 418.0 HPLC# tg = 1.09 min.
1-[1-(5-chloro-2-ethoxyphenyl)ethyl]-N-[(2-methoxypyridin-4-yl)methyl]piperidine-4-carboxamide (5). The title compound was prepared as described for compound 1 from 1-(5-chloro-2-ethoxyphenyl)ethanone in 65% yield. 1H NMR (300 MHz, Chloroform-d) δ 8.08 (dd, J = 5.3, 0.7 Hz, 1H), 7.39 (d, J = 2.7 Hz, 1H), 7.12 (dd, J = 8.7, 2.7 Hz, 1H), 6.80 – 6.70 (m, 2H), 6.62 – 6.55 (m, 1H), 5.84 (s, 1H), 4.40 (d, J = 6.0 Hz, 2H), 4.05 – 3.88 (m, 6H), 3.20 (d, J = 11.0 Hz, 1H), 2.89 (d, J = 11.1 Hz, 1H), 2.23 – 1.67 (m, 7H), 1.40 (t, J = 7.0 Hz, 3H), 1.27 (d, J = 6.8 Hz, 3H). ES + MS: (M + H) 432.2 HPLC# tg = 1.28 min.
1-[1-(2-methoxynaphthalen-1-yl)ethyl]-N-[(2-methoxypyridin-4-yl)methyl]piperidine-4-carboxamide formate (6). The title compound was prepared as described for compound 1 from 1-(2-methoxynaphthalen-1-yl)ethanone in 15% yield. 1H NMR (400 MHz, DMSO) δ 9.01 (d, J = 7.3 Hz, 1H), 8.34 (t, J = 5.6 Hz, 1H), 8.15 (s, 1H), 8.05 (d, J = 5.2 Hz, 1H), 7.82 (d, J = 8.7 Hz, 2H), 7.43 – 7.39 (m, 2H), 7.32 (t, J = 7.5 Hz, 1H), 6.80 (d, J = 5.2 Hz, 1H), 6.58 (s, 1H), 4.35 (d, J = 4.9 Hz, 1H), 4.20 (d, J = 5.8 Hz, 2H), 3.89 (s, 3H), 3.80 (s, 3H), 3.44 (d, J = 10.7 Hz, 1H), 2.55 (d, J = 10.9 Hz, 1H), 2.24 – 2.13 (m, 1H), 1.93 (s, br, 1H), 1.88 – 1.70 (m, 3H), 1.50 (d, J = 13.7 Hz, 1H), 1.46 – 1.34 (m, 4H). ES + MS: (M + H) 434.25 HPLC* tg = 4.62 min.
1-[1-(2-ethoxynaphthalen-1-yl)ethyl]-N-[(2-methoxypyridin-4-yl)methyl]piperidine-4-carboxamide (7). The title compound was prepared as described for compound 1 from 1-(2-ethoxynaphthalen-1-yl)ethanone in 4% yield. 1H NMR (400 MHz, DMSO) δ 9.03 (d, J = 8.6 Hz, 1H), 8.33 (t, J = 5.9 Hz, 1H), 8.05 (d, J = 5.2 Hz, 1H), 7.79 (t, J = 9.6, 2H), 7.46 – 7.28 (m, 3H), 6.80 (d, J = 5.1 Hz, 1H), 6.58 (s, 1H), 4.36 (q, J = 6.5 Hz, 1H), 4.25 – 4.09 (m, 4H), 3.80 (s, 3H), 3.42 (d, J = 11.2 Hz, 1H), 2.55 (d, J = 12.3 Hz, 1H), 2.24 – 2.12 (m, 1H), 1.89 (t, J = 10.7 Hz, 1H), 1.85 – 1.67 (m, 3H), 1.49 (d, J = 12.4 Hz, 1H), 1.45 – 1.32 (m, 7H). ES + MS: (M + H) 448.22 HPLC* tg = 4.87 min.
1-[1-(4-fluoronaphthalen-1-yl)ethyl]-N-[(2-methoxypyridin-4-yl)methyl]piperidine-4-carboxamide (8). The title compound was prepared as described for compound 1 from 1-(4-fluoronaphthalen-1-yl)ethanone in 48% yield. 1H NMR (400 MHz, DMSO) δ 8.51 (d, J = 7.7 Hz, 1H), 8.32 (t, J = 5.8 Hz, 1H), 8.06 (t, J = 5.6 Hz, 2H), 7.67 – 7.58 (m, 2H), 7.51 (dd, J = 7.6, 6.0 Hz, 1H), 7.27 (dd, J = 10.4, 8.2 Hz, 1H), 6.80 (d, J = 5.1 Hz, 1H), 6.57 (s, 1H), 4.20 (d, J = 5.9 Hz, 2H), 4.15 (q, J = 6.5 Hz, 1H), 3.80 (s, 3H), 3.02 (d, J = 10.8 Hz, 1H), 2.80 (d, J = 11.2 Hz, 1H), 2.22 – 2.10 (m, 1H), 2.09 – 1.96 (m, 2H), 1.71 (d, J = 12.4 Hz, 1H), 1.67 – 1.44 (m, 3H), 1.39 (d, J = 6.6 Hz, 3H). ES + MS: (M + H) 422.21 HPLC* tg = 5.88 min.
1-[1-(4-methoxynaphthalen-1-yl)ethyl]-N-[(2-methoxypyridin-4-yl)methyl]piperidine-4-carboxamide (9). The title compound was prepared as described for compound 1 from 1-(4-methoxynaphthalen-1-yl)ethanone in 17% yield. 1H NMR (400 MHz, DMSO) δ 8.41 (d, J = 8.3 Hz, 1H), 8.32 (t, J = 5.8 Hz, 1H), 8.17 (d, J = 8.0 Hz, 1H), 8.05 (d, J = 5.3 Hz, 1H), 7.50 (dt, J = 14.8, 7.1 Hz, 2H), 7.42 (d, J = 8.0 Hz, 1H), 6.91 (d, J = 8.1 Hz, 1H), 6.80 (d, J = 5.3 Hz, 1H), 6.57 (s, 1H), 4.20 (d, J = 5.8 Hz, 2H), 4.12 – 4.01 (m, 1H), 3.95 (s, 3H), 3.80 (s, 3H), 3.02 (d, J = 10.2 Hz, 1H), 2.82 (d, J = 11.2 Hz, 1H), 2.23 – 2.08 (m, 2H), 2.01 (q, J = 10.0 Hz, 2H), 1.70 (d, J = 13.3 Hz, 1H), 1.66 – 1.45 (m, 2H), 1.38 (d, J = 6.5 Hz, 3H). ES + MS: (M + H) 434.21 HPLC* tg = 4.72 min.
General Methods – Compound 10
[image: FX 2]
Step (iii): (1R)-1-(1-naphthyl)ethanamine (1.41 g, 8.24 mmol) and potassium carbonate (2.56 g, 18.3 mmol) were taken up in EtOH (20 ml) and Water (5 ml) and warmed to 60oC. Concurrently, 1,1-dimethylpiperidin-1-ium-4-one iodide (2.31 g, 9.06 mmol) was dissolved in EtOH:water (1:2, 5 ml) and added drop-wise to the previous mixture. The resulting mixture was heated to reflux for 4 h. After this time the EtOH was removed in vacuo and the remaining aqueous extracted with EtOAc. The extracts were combined, dried over anhydrous MgSO4, filtered, and concentrated in vacuo. The crude material was purified by combi-flash (SiO2, 0–15%EtOAc/DCM) to give 1-[(1R)-1-(1-naphthyl)ethyl]piperidin-4-one (1.44 mg, 69% yield) as a yellow oil. 1H NMR (300 MHz, CDCl3) δ 8.50 – 8.41 (m, 1H), 7.92 – 7.83 (m, 1H), 7.77 (d, J = 8.2 Hz, 1H), 7.62 (d, J = 7.1 Hz, 1H), 7.56 – 7.41 (m, 3H), 4.34 (q, J = 6.7 Hz, 1H), 2.98 – 2.73 (m, 4H), 2.52 – 2.32 (m, 4H), 1.54 (d, J = 6.7 Hz, 3H). ES + MS: (M + H) 272.1. HPLC# tg = 0.89 min.
Step (iv): To a solution of 1-[(1R)-1-(1-naphthyl)ethyl]piperidin-4-one (1.43 g, 5.65 mmol) in THF (40 ml) was added 1-(isocyanomethylsulfonyl)-4-methyl-benzene (1.21 g, 6.17 mmol) followed by potassium tert-butoxide (760 mg, 6.77 mmol) and dry MeOH (5 ml). The reaction was stirred at ambient temperature over 18 h. After this time the reaction was concentrated in vacuo and the crude residue partitioned between saturated NaHCO3 and EtOAc. The layers were separated and the aqueous further extracted with EtOAc. The extracts were combined, dried over anhydrous MgSO4, filtered, and concentrated in vacuo. The crude residue was purified by combi-flash (SiO2, 0–5%EtOAc/DCM) to give 1-[(1R)-1-(1-naphthyl)ethyl]piperidine-4-carbonitrile (417 mg, 28% yield) INTERMEDIATE B as a yellow oil. 1H NMR (300 MHz, CDCl3) δ 8.44 – 8.35 (m, 1H), 7.91 – 7.81 (m, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.57 – 7.39 (m, 5H), 4.16 (q, J = 6.7 Hz, 1H), 2.97 – 2.76 (m, 1H), 2.76 – 2.55 (m, 2H), 2.52 – 2.27 (m, 2H), 2.00 – 1.74 (m, 4H), 1.47 (d, J = 6.7 Hz, 3H). ES + MS: (M + H) 265.2. HPLC# tg = 1.11 min.
(R)-2-methoxy-N-((1-(1-(naphthalen-1-yl)ethyl)piperidin-4-yl)methyl)isonicotinamide (10). To a 0°C solution of INTERMEDIATE B (88.4 mg, 0.334 mmol) in dry THF (3 ml) under N2 was added lithium aluminium hydride (14.2 mg, 0.374 mmol) in one portion. The reaction was allowed to achieve ambient temperature and stirred over 18 h. The reaction was quenched by minimal drop-wise addition of 1M Rochelle’s salt. The reaction mixture was then filtered through Celite®, the filter cake washed with EtOAc and the filtrate concentrated in vacuo. The crude material was used directly in the subsequent coupling step without further purification. To a solution of crude amine (45.0 mg, 0.168 mmol), 2-methoxypyridine-4-carboxylic acid (25.7 mg, 0.168 mmol) and DIEA (35.0 µL, 0.201 mmol) in DMF (3 ml) was added HATU (64.0 mg, 0.168 mmol). The reaction was stirred at ambient temperature over 18 h. The reaction was diluted with saturated NaHCO3 and extracted with EtOAc. The extracts were combined, washed with water (x3) and brine, dried over anhydrous MgSO4, filtered, and concentrated in vacuo. The crude material was purified by preparative HPLC to give 2-methoxy-N-[[1-[(1R)-1-(1-naphthyl)ethyl]-4-piperidyl]methyl]pyridine-4-carboxamide (23.3 mg, 34% yield) as a pale yellow oil. 1H NMR (300 MHz, CDCl3) δ 8.26 – 8.17 (m, 2H), 8.04 (d, J = 8.3 Hz, 1H), 7.98 – 7.88 (m, 2H), 7.83 (s, 1H), 7.66 – 7.50 (m, 3H), 7.39 (dd, J = 5.4, 1.5 Hz, 1H), 5.16 – 5.07 (m, 1H), 3.97 (d, J = 12.0 Hz, 1H), 3.92 (s, 3H), 3.32 (td, J = 13.5, 6.7 Hz, 3H), 2.70 – 2.33 (m, 3H), 2.09 – 1.89 (m, 6H), 1.80 (d, J = 11.7 Hz, 1H). ES + MS: (M + H) 404.2. HPLC# tg = 1.39 min.
General Methods – Compounds 12–17
[image: FX 3]
Intermediate C was prepared as previously described (Báez-Santos et al., 2014).
1H NMR (300 MHz, MeOD) δ 8.30 (d, J = 8.5 Hz, 1H), 8.02 (t, J = 8.5 Hz, 2H), 7.87 (d, J = 7.4 Hz, 1H), 7.74 – 7.56 (m, 3H), 5.45 (dd, J = 13.3, 6.6 Hz, 1H), 4.04 (d, J = 10.6 Hz, 1H), 3.29 – 3.08 (m, 2H), 2.98 (t, J = 13.4 Hz, 1H), 2.59 (t, J = 12.5 Hz, 1H), 2.29 (d, J = 12.7 Hz, 1H), 2.21 – 1.95 (m, 2H), 1.88 (d, J = 6.8 Hz, 3H), 1.83 – 1.65 (m, 1H). ES + MS: (M + H) 284.1. HPLC* tg = 1.04 min.
General Amide Coupling – Compounds 12–17
(R)-N-methyl-1-(1-(naphthalen-1-yl)ethyl)piperidine-4-carboxamide (12). To a solution of Intermediate C (50 mg, 0.18 mmol) and methylamine hydrochloride (13 mg, 0.19 mmol) in DMF (3 ml) under N2 was added DIEA (70 μL, 0.40 mmol) followed by HATU (75 mg, 0.20 mmol). The reaction stirred at ambient temperature until complete by LCMS. The reaction was diluted with water and extracted with EtOAc. The extracts were combined, washed with water (x3) and brine, dried over anhydrous MgSO4, filtered and concentrated in vacuo. The crude residue was purified by preparative HPLC to give the title compound in 32% yield. 1H NMR (400 MHz, DMSO) δ 8.45 (d, J = 7.7 Hz, 1H), 7.91 (d, J = 7.8 Hz, 1H), 7.80 (d, J = 6.8 Hz, 1H), 7.63 (s, 1H), 7.58 – 7.41 (m, 3H), 4.13 (s, 1H), 3.04 (d, J = 10.1 Hz, 1H), 2.76 (d, J = 10.1 Hz, 1H), 2.12 – 1.89 (m, 3H), 1.65 (d, J = 10.8 Hz, 1H), 1.52 (s, J = 15.4 Hz, 3H), 1.39 (d, J = 4.7 Hz, 3H). ES + MS: (M + H) 297.17. HPLC* tg = 4.57 min.
(R)-N-[(1-methyl-2-oxo-1,2-dihydropyridin-4-yl)methyl]-1-[1-(naphthalen-1-yl)ethyl]piperidine-4-carboxamide (13). The title compound was prepared as described for compound 12 from 4-(aminomethyl)-1-methylpyridin-2(1H)-one hydrochloride in 57% yield. 1H NMR (300 MHz, CDCl3) δ 8.42 (d, J = 7.1 Hz, 1H), 7.89 – 7.79 (m, 1H), 7.74 (d, J = 8.3 Hz, 1H), 7.57 (d, J = 5.7 Hz, 1H), 7.53 – 7.38 (m, 3H), 7.18 (d, J = 7.0 Hz, 1H), 6.36 (d, J = 1.1 Hz, 1H), 6.07 - 5.98 (m, 2H), 4.25 (d, J = 6.1 Hz, 2H), 4.17 - 4.05 (m, 1H), 3.48 (s, 3H), 3.23 (d, J = 12.6 Hz, 1H), 2.90 (d, J = 9.4 Hz, 1H), 2.27 – 1.66 (m, 7H), 1.46 (t, J = 7.5 Hz, 3H). ES + MS: (M + H) 404.2. HPLC# tg = 0.98 min.
(R)-N-[(2-methylthiazol-5-yl)methyl]-1-(1-(naphthalen-1-yl)ethyl)piperidine-4-carboxamide (14). The title compound was prepared as described for compound 12 from (2-methylthiazol-5-yl)methanamine in 25% yield. 1H NMR (400 MHz, DMSO) δ 8.44 (d, J = 8.0 Hz, 1H), 8.37 (t, J = 5.2 Hz, 1H), 7.91 (d, J = 7.3 Hz, 1H), 7.79 (d, J = 7.6 Hz, 1H), 7.58 – 7.42 (m, 4H), 7.39 (s, 1H), 4.33 (d, J = 5.7 Hz, 2H), 4.13 (q, J = 5.4 Hz, 1H), 3.04 (d, J = 8.8 Hz, 1H), 2.77 (d, J = 10.8 Hz, 1H), 2.56 (s, 3H), 2.14 – 1.91 (m, 3H), 1.66 (d, J = 12.0 Hz, 1H), 1.60 – 1.44 (m, 3H), 1.39 (d, J = 6.1 Hz, 3H). ES + MS: (M + H) 394.18. HPLC* tg = 5.20 min.
(R)-1-(1-(naphthalen-1-yl)ethyl)-N-(pyridin-3-ylmethyl)piperidine-4-carboxamide (15). The title compound was prepared as described for compound 12 from pyridin-3-ylmethanamine in 11% yield. 1H NMR (400 MHz, DMSO) δ 8.46 – 8.42 (m, 3H), 8.32 (t, J = 5.4 Hz, 1H), 7.91 (d, J = 7.4 Hz, 1H), 7.80 (d, J = 7.7 Hz, 1H), 7.62 – 7.42 (m, 5H), 7.32 (dd, J = 7.8, 4.8 Hz, 1H), 4.25 (d, J = 5.9 Hz, 2H), 4.15 (s, br, 1H), 3.06 (d, J = 10.1 Hz, 1H), 2.79 (d, J = 10.0 Hz, 1H), 2.21 – 2.08 (m, 1H), 2.01 (s, br, 2H), 1.71 (d, J = 13.1 Hz, 1H), 1.67 – 1.46 (m, 3H), 1.40 (d, J = 5.9 Hz, 3H). ES + MS: (M + H) 374.21. HPLC* tg = 4.93 min.
(R)-1-(1-(naphthalen-1-yl)ethyl)-N-(4-sulfamoylbenzyl)piperidine-4-carboxamide formate (16). The title compound was prepared as described for compound 12 from 4-(aminomethyl)benzenesulfonamide hydrochloride in 46% yield. 1H NMR (300 MHz, DMSO) δ 8.45 (d, J = 7.1 Hz, 1H), 8.35 (t, J = 5.7 Hz, 1H), 8.14 (s, 1H), 7.95 – 7.87 (m, 1H), 7.80 (d, J = 8.0 Hz, 1H), 7.74 (d, J = 8.4 Hz, 2H), 7.58 – 7.42 (m, 4H), 7.36 (d, J = 8.4 Hz, 2H), 7.28 (s, 2H), 4.28 (d, J = 5.9 Hz, 2H), 4.16 (q, J = 6.9 Hz, 1H), 3.08 (d, J = 10.6 Hz, 1H), 2.79 (d, J = 11.2 Hz, 1H), 2.23 – 1.94 (m, 3H), 1.73 (d, J = 13.5 Hz, 1H), 1.67 – 1.46 (m, 3H), 1.40 (d, J = 6.6 Hz, 3H). ES + MS: (M + H) 452.2 HPLC* tg = 1.08 min.
(R)-1-(1-(naphthalen-1-yl)ethyl)-N-((tetrahydro-2H-pyran-4-yl)methyl)piperidine-4-carboxamide (17). The title compound was prepared as described for compound 12 from (tetrahydro-2H-pyran-4-yl)methanamine in 78% yield. 1H NMR (300 MHz, CDCl3) δ 8.42 (d, J = 7.5 Hz, 1H), 7.89 – 7.80 (m, 1H), 7.74 (d, J = 8.1 Hz, 1H), 7.57 (d, J = 7.1 Hz, 1H), 7.53 – 7.38 (m, 3H), 5.53 (s, 1H), 4.15 – 4.07 (m, 1H), 4.01 – 3.89 (m, 2H), 3.34 (td, J = 11.8, 2.2 Hz, 2H), 3.23 (d, J = 11.0 Hz, 1H), 3.14 (t, J = 6.4 Hz, 2H), 2.90 (d, J = 11.3 Hz, 1H), 2.18 – 1.94 (m, 3H), 1.94 – 1.62 (m, 6H), 1.62 – 1.51 (m, 2H), 1.47 (d, J = 6.6 Hz, 3H), 1.28 (qd, J = 12.1, 4.5 Hz, 2H). ES + MS: (M + H) 381.2. HPLC# tg = 1.07 min.
General Synthesis Compound 11
(R)-1-(2-methoxypyridin-4-yl)-N-((1-(1-(naphthalen-1-yl)ethyl)piperidin-4-yl)methyl)methanamine formate (11). To a stirred solution of 5c (200 mg, 0.50 mmol) in THF (10 ml) was added 2.5M lithium aluminium hydride in THF (595 μL, 1.49 mmol) at 0°C under N2. Then the reaction mixture was heated to 90°C and stirred for 5 h. After completion of the reaction (TLC Monitoring), the reaction mixture was quenched with 0.1 ml water, 0.1 ml 15% aq. NaOH and 0.2 ml water respectively at 0°C. The reaction mixture was filtered through Celite® and the filter cake washed with THF. The combined organics were dried over anhydrous Na2SO4 and concentrated in vacuo. The crude residue was purified by preparative HPLC to give the title compound in 14% yield. 1H NMR (400 MHz, DMSO) δ 8.43 (d, J = 7.2 Hz, 1H), 8.17 (s, 1H), 8.05 (d, J = 5.2 Hz, 1H), 7.94 – 7.87 (m, 1H), 7.79 (d, J = 8.0 Hz, 1H), 7.57 – 7.42 (m, 4H), 6.92 (d, J = 5.2 Hz, 1H), 6.75 (s, 1H), 4.15 (q, J = 6.5 Hz, 1H), 3.81 (s, 3H), 3.67 (s, 2H), 3.04 (d, J = 10.2 Hz, 1H), 2.74 (d, J = 11.1 Hz, 1H), 2.33 (d, J = 6.5 Hz, 2H), 2.05 – 1.93 (m, 2H), 1.72 (d, J = 12.6 Hz, 1H), 1.60 (d, J = 12.4 Hz, 1H), 1.45 – 1.33 (m, 4H), 1.15 – 0.99 (m, 2H). ES + MS: (M + H) 390.24. HPLC^ tg = 4.78 min.
Absorption, Distribution, Metabolism and Excretion Studies
Microsomal Stability and Metabolite Identification
The microsomal stability assay was performed by incubating compounds (1 µM) with human or mouse liver microsomes (0.4 mg/ml, Sekisui XenoTech, Kansas City, KS) suspended in 0.1 M phosphate buffer (pH 7.4) containing 1 U/mL glucose-6-phosphate dehydrogenase at 37°C. The metabolic reaction was initiated by the addition of an NADPH-regenerating system (final concentrations of 1.3 mM NADP, 3.5 mM glucose-6-phosphate, and 3.3 mM MgCl2). Control samples that did not include cofactor were also included. Samples were mixed and maintained at 37°C using a microplate incubator (THERMOstar®, BMG Labtech GmbH, Offenburg, Germany) and quenched at various time points over 60 min by the addition of acetonitrile containing metolazone as an internal standard. Quenched samples were centrifuged, and the supernatant removed and analyzed by LC/MS (Waters Xevo G2 QToF MS coupled to an Acquity UPLC) using a Supelco Ascentis Express RP C8 column (5 cm × 2.1 mm, 2.7 µm) and a mobile phase consisting of 0.05% formic acid in water and 0.05% formic acid in acetonitrile and mixed under gradient conditions. The flow rate was 0.4 ml/min and injection volume was 5 µL. The in vitro intrinsic clearance was calculated from the first order degradation rate constant for substrate depletion.
Metabolite identification was conducted with the assistance of Waters UNIFI software and candidate masses were filtered based on retention time, mass error and the response relative to that of the parent. The identity of an M+34 metabolite as the dihydrodiol on the naphthalene was confirmed by analysis of the CID spectrum. For other metabolites, identification was based on accurate mass only.
Kinetic Solubility
Kinetic solubility was determined based on a method described previously (Bevan and Lloyd, 2000). Test compounds prepared at 10 mg/ml in DMSO were diluted into buffer (pH 2.0 or pH 6.5) to give a 1% v/v final DMSO concentration. After standing for 30 min at ambient temperature, samples were analyzed via nephelometry to determine a solubility range. The maximum value of the assay is 100 μg/ml and the minimum value is 1.6 μg/ml.
Caco-2 Permeability
The apparent permeability coefficient was assessed using Caco-2 cell monolayers as described previously (Charman et al., 2020). Briefly, experiments were conducted over 120 min using an aqueous transport buffer (pH 7.4 Hanks balanced salt solution containing 20 mM HEPES) in both the apical and basolateral chambers. Propranolol (high permeability control), lucifer yellow (low permeability control) and rhodamine 123 (P-gp substrate) were used as controls. Donor solutions were prepared by spiking compound into transport buffer, equilibrating at 37°C for approximately 4 h, and centrifuging to remove any precipitated material. The supernatant was used as the donor solution and flux was assessed over 120 min. Samples were taken from the donor chamber at the start and end of the transport experiment, and from the acceptor chamber at 5-6 time points. The volume of acceptor solution removed was replaced with blank transport buffer and concentrations corrected for the dilution. Samples were stored frozen at -80°C until analysis by LC/MS as described below. The apparent permeability coefficient (Papp) was calculated as Papp = (dQ/dt)/(Co x A), where dQ/dt is the rate of permeation across the cell monolayer, Co is the initial donor concentration and A is the monolayer surface area. Papp was measured in both the apical to basolateral (A-B) and basolateral to apical (B-A) directions and the efflux ratio was calculated as B-A Papp/A-B Papp. Mass balance was also confirmed.
Plasma Stability
Compound stability in mouse plasma was assessed in the absence and presence of 500 µM bis-para-nitrophenyl phosphate (BNPP), a known carboxylesterase inhibitor (Eng et al., 2010). Compound was spiked into blank mouse plasma (that had been pre-equilibrated with blank solvent or 500 µM BNPP at 37°C for 1 h) and maintained at 37°C under a humidified CO2-enriched (2%) atmosphere for pH control. Samples were collected at 0, 2, 4 and 6 h (n = 2 aliquots per time point) and snap frozen on dry ice and stored at -80°C until analysis by LC/MS.
Plasma Protein Binding
Mouse protein binding was determined via rapid equilibrium dialysis (RED) using a method modified from that reported previously (Curran et al., 2011). Mouse plasma (with 500 µM BNPP as a carboxylesterase inhibitor) was spiked with compound, mixed, and aliquots taken to determine the compound concentration in pre-dialysis matrix. The remaining spiked matrix was equilibrated at 37°C (∼10 min) prior to adding to the RED inserts (300 µL per insert). Inserts (n = 4 per compound) were placed in a Teflon holding plate and dialysed against protein-free 0.1 M phosphate buffered saline (pH 7.4; 500 µL per insert) at 37°C on an orbital plate shaker (ThermoMixer C, Eppendorf; 800 rpm). At the end of the 6 h dialysis period, aliquots were taken from the donor and dialysate chambers to obtain measures of the total and free concentrations, respectively. To control solution pH, the dialysis was performed in an incubator under a humidified CO2-enriched (2%) atmosphere and the pH of the post-dialysis matrix and dialysate were confirmed to be within pH 7.4 ± 0.1. The donor and dialysate samples were matrix matched (to a common composition of 50/50 plasma and buffer) and stored frozen at -80°C until analysis by LC/MS. The fraction unbound was determined as the ratio of the dialysate to donor concentration with the assumption that the system had reached steady state equilibrium at the end of the dialysis period.
LC/MS Analysis
Plasma protein binding and Caco-2 samples were assayed by LC/MS using a Waters Xevo TQ MS coupled to a Waters Acquity UPLC. The column was a Supelco Ascentis Express RP C8 column (5 cm × 2.1 mm, 2.7 µm) and the mobile phase consisted of 0.05% formic acid in water and 0.05% formic acid in acetonitrile mixed under gradient elution conditions with a 4 min cycle time, 0.4 ml/min flow rate and a 4 µL injection volume. Detection was conducted by electrospray ionization under positive and negative mode with multiple reaction monitoring. Diazepam was included as an internal standard and MS transitions included (m/z) 391.3 > 154.91 (3k), 404.23 > 250.18 (5c), 434.16 > 185.06 (9), and 285.04 > 193.07 (diazepam). The calibration standards were prepared in blank 50/50 plasma and buffer mixture (same matrix as the samples). Proteins were precipitated with acetonitrile (2:1 acetonitrile:matrix) and sample concentrations quantified by comparison to the calibration standards. Accuracy (% bias) and precision (%RSD) were within ±12% and <10%, respectively, for all compounds.
Cell-Based Studies and Infection Assays
Cell Lines Used
Calu-3 and Vero (CCL-81) cells displayed expected cell morphologies and were sent for validation to Garvan Molecular Genetics facility (on 15 June 2020). Cell lines were screened on a monthly basis for mycoplasma contamination using the PlasmoTest kit (Invivogen) as per manufacturer’s instructions. All used cells were mycoplasma free.
Cell Culture
Calu-3 cells were cultured in Dulbecco’s Modified Eagle Medium F12 supplemented with 10% (v/v) heat-inactivated foetal bovine serum (FBS; Sigma-Aldrich), 100 U/ml penicillin and 100 mg/ml streptomycin at 37°C and 5% CO2.
For infection studies, Vero (CCL-81) cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM + 1 g/L D-Glucose, L-Glutamine and 110 mg/L Sodium Pyruvate; Gibco) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich), 100 U/mL penicillin and 100 mg/ml streptomycin at 37°C and 5% CO2.
SARS-CoV-2 Infection and Inhibitor Treatment
SARS-CoV-2 was obtained from The Peter Doherty Institute for Infection and Immunity (Melbourne, Australia), where the virus was isolated from a traveller from Wuhan arriving in Melbourne and admitted to hospital in early 2020. Viral material was used to inoculate Vero/hSLAM cells for culture, characterisation and rapid sharing of the isolate (Caly et al., 2020).
For infection assays Calu-3 cells were seeded in a volume of 100 μL DMEM F12 into tissue culture-treated flat-bottom 96-well plates (Falcon) at a density of 3.5 × 104 cells/well and incubated over night before infection and/or treatment at confluency. On day of infection and/or treatment cells were washed twice with serum free DMEM medium and infected with SARS-COV-2 and MOI of 0.1 in 25 μL of serum-free medium containing TPCK trypsin (0.5 μg/ml working concentration, ThermoFisher). Cells were cultured at 37°C and 5% CO2 for 30 min. Cells were topped up with 150 µL of medium containing PLpro inhibitor compounds at indicated concentrations in 6 replicates per concentration. At 48 h post infection/treatment, 100 μL of supernatant was harvested from each well and kept frozen at -80°C.
Median Tissue Culture Infectious Dose (TCID50) Assay
For TCID50 assays, Vero cells were seeded in a volume of 100 µL DMEM medium into tissue culture treated flat-bottom 96-well plates (Falcon) at a density of 1 × 104 cells/well and incubated overnight. The next day, Vero plates were washed twice with PBS and 125 µL of DMEM +100 U/mL penicillin and 100 mg/ml streptomycin (serum free) + TPCK trypsin (0.5ug/ml working conc) was added and kept at 37°C, 5% CO2. Calu-3 cell supernatants were thawed and serial 1:7 dilutions prepared in 96-well round bottom plates at 6 replicates per dilution. 25 µL of serially diluted calu-3 supernatant were added onto Vero cells and plates incubated for 4 days at 37°C, 5% CO2 before measuring cytopathic effect under a light microscope. The TCID50 calculation was performed using the Spearman and Kärber method.
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Supplementary Figure S1 | (A) The screening data quality for the ReFRAME library screen was monitored by the robust Z’, calculated on 128 negative and 128 positive control wells for each assay plate. All plates had a robust Z’ > 0.5 with an average value of 0.65 across 9 plates. (B) Signal to background (S/B) ratio for each of the plates screen. S/B was consistent with an average of 3 across all plates screened. (C) Summary of screen data expressed at % inhibition. The hit selection criteria was defined as compounds where % inhibition was >2.5* MAD above the average of the negative control. There were 789 compounds identified using these criteria. 53 compounds were selected and the potency was determined in 10-point titrations. (D) 10-point titration for 53 compounds identified from a HTS of the ReFRAME library. Compounds were assayed at a top concentration of 100 µM and titrated using 1:2 (Plpro) or 1:3 (USP21) serial dilutions. 100 µM rac5c was used as a positive control for the HTS. The top 12 most potent compounds are also shown in Figure 1B.
Supplementary Figure S2 | (A) Dose response curves for rac5c, 5c, rac3k and 3k. The (R)-enantiomers of both 5c and 3k were synthesized and their activity was compared against their racemic counterparts. The inhibitory activity was tested in two independent experiments (n = 2) each containing two technical replicates using the HTS assay. Individual data points represent the mean replicate value for each experiment. (B) Chemical structure and dose response curve for the literature compound GRL-0617. The inhibitory activity was tested in two independent experiments (n = 2) each containing two technical replicates using the HTS assay. We observed a similar IC50 to reports in other studies (Fu et al., 2021; Ma et al., 2021; Osipiuk et al., 2021; Shen et al., 2021). This confirms observations seen with SARS-CoV that 5c remains a more potent inhibitor PLpro. Individual data points represent the mean replicate value for each experiment.
Supplementary Figure S3 | (A) Electron density map (2|Fo| – |Fc|) at 1 σ for the asymmetric unit. SARS-CoV-2 PLpro is shown as a ribbon and 3k is shown in stick representation. (B, C) Electron density map (2|Fo| – |Fc|) at 1 σ of the ligand binding site for 3k in molecule A (chain A) or for molecule B (chain B), with key interacting/changed residues indicated. In both chains, clear electron density can also be seen atop the ligand that was modelled as a single molecule of DMSO. The DMSO is held in place by interacting with the carbonyl in 3k.
Supplementary Figure S4 | To ensure the SARS-CoV-2 PLpro BL (PLproBL) mutant was active prior to calculating dose response curves, triubiquitin (top) and pro-ISG15 (bottom) cleavage was followed over time and visualised on Coomassie-stained SDS-PAGE gels [see Methods and (Klemm et al., 2020)]. PLproBL retained activity, though was less active compared to wild-type PLpro. A catalytically dead PLpro (PLproC111S) was used as a negative control for the assay.
Supplementary Figure S5 | (A) 3k was tested for specificity to inhibit SARS-CoV PLpro, MERS-CoV PLpro, SARS-CoV-2 PLpro, or SARS-CoV-2 PLpro with residues 267-272 of blocking loop 2 (BL2) substituted for those in MERS-CoV (SARS-CoV-2BL) in a UbRh assay. Inhibitor 3k is cross-reactive with SARS-CoV PLpro and SARS-CoV-2 PLpro but not with MERS-CoV PLpro. These data indicate that engaging the conserved BL2 is crucial for the inhibition of PLpro by 3k. Experiments were performed using the HTS assay as two independent experiments (n = 2) each containing two technical replicates. Individual data points represent the mean replicate value for each experiment. (B) SPR assays for compound 3k against PLpro variants from Figure 3B. The top panels show double referenced sensorgram data as a function of time and the bottom show steady-state dose response curves. As for 5c, absence of inhibitor reactivity with MERS-CoV PLpro can be explained by a loss in direct binding. Binding was measured by detecting changes in response units (RU) of the sensor chip. All SPR experiments were performed in triplicate; a representative example is shown. See Supplementary Table S1 for all data and Supplementary Figure S9 for the response curves of the remaining experiments.
Supplementary Figure S6 | Dose response curves used to calculate the inhibitory activity of the selected compounds shown in Figure 5. Experiments were performed using the HTS assay as two independent experiments (n = 2) each containing two technical replicates. Individual data points represent the mean replicate value for each experiment.
Supplementary Figure S7 | (A)Chemical structure and dose response curve for the literature compound 18 identified as compound 19 in the corresponding publication (Shan et al., 2021). The inhibitory activity was tested in four independent experiments (n = 4) each containing two technical replicates using the HTS assay and does not appear to improve on that seen for 5c in our hands. Individual data points represent the mean replicate value for each experiment. (B) SPR assay for literature compound 18 against SARS-CoV-2 PLpro. The top panels show double referenced sensorgram data as a function of time and the bottom show steady-state dose response curves. No direct binding assays were performed in (Shan et al., 2021) and here we show the affinity for compound 18 lies within the range of 5c and does not appear to improve on the binding affinity with PLpro. Binding was measured by detecting changes in response units (RU) of the sensor chip. All SPR experiments were performed in triplicate; a representative example is shown. See Supplementary Table S1 for all data and Supplementary Figure S9 for the response curves of the remaining experiments.
Supplementary Figure S8 | (A) 9 was tested for specificity to inhibit SARS-CoV PLpro, MERS-CoV PLpro, SARS-CoV-2 PLpro, or SARS-CoV-2 PLpro with residues 267-272 of blocking loop 2 (BL2) substituted for those in MERS-CoV (SARS-CoV-2BL) in a UbRh assay. Inhibitor 9 is cross-reactive with SARS-CoV PLpro and SARS-CoV-2 PLpro but not with MERS-CoV PLpro. The presence of a methoxy on the naphthalene appears to favour improved metabolic stability rather than affecting direct binding with PLpro. Experiments were performed using the HTS assay as four independent experiments (n = 4) each containing two technical replicates. Individual data points represent the mean replicate value for each experiment. (B) SPR assays for compound 9 against PLpro variants from Figure 3B. The top panels show double referenced sensorgram data as a function of time and the bottom show steady-state dose response curves. The presence of a methoxy on the naphthalene appears to favour improved metabolic stability rather than affecting direct binding with PLpro. Binding was measured at steady-state by detecting changes in response units (RU) of the sensor chip averaging over 5 s prior to the end of the analyte injection. All SPR experiments were performed in triplicate; a representative example is shown. See Supplementary Table S1 for all data and Supplementary Figure S9 for the response curves of the remaining experiments.
Supplementary Figure S9 | All compounds tested by SPR were performed in triplicate as independent experiments. This Panel shows the remaining two dose response curves for the SPR assays noted throughout the main text and in Supplementary Table S1. The mean value of all three experiments ± SD is reported throughout the text.
Supplementary Table S1 | SPR affinities determined at steady state for three independent experiments (Exp1, Exp2 and Exp3) reporting mean and 1 SD for each experiment group. Dose response curves are shown in Figure 3C, Supplementary Figures S5, S7–S9.
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The emergence of SARS-CoV-2 causing the COVID-19 pandemic, has highlighted how a combination of urgency, collaboration and building on existing research can enable rapid vaccine development to fight disease outbreaks. However, even countries with high vaccination rates still see surges in case numbers and high numbers of hospitalized patients. The development of antiviral treatments hence remains a top priority in preventing hospitalization and death of COVID-19 patients, and eventually bringing an end to the SARS-CoV-2 pandemic. The SARS-CoV-2 proteome contains several essential enzymatic activities embedded within its non-structural proteins (nsps). We here focus on nsp3, that harbours an essential papain-like protease (PLpro) domain responsible for cleaving the viral polyprotein as part of viral processing. Moreover, nsp3/PLpro also cleaves ubiquitin and ISG15 modifications within the host cell, derailing innate immune responses. Small molecule inhibition of the PLpro protease domain significantly reduces viral loads in SARS-CoV-2 infection models, suggesting that PLpro is an excellent drug target for next generation antivirals. In this review we discuss the conserved structure and function of PLpro and the ongoing efforts to design small molecule PLpro inhibitors that exploit this knowledge. We first discuss the many drug repurposing attempts, concluding that it is unlikely that PLpro-targeting drugs already exist. We next discuss the wealth of structural information on SARS-CoV-2 PLpro inhibition, for which there are now ∼30 distinct crystal structures with small molecule inhibitors bound in a surprising number of distinct crystallographic settings. We focus on optimisation of an existing compound class, based on SARS-CoV PLpro inhibitor GRL-0617, and recapitulate how new GRL-0617 derivatives exploit different features of PLpro, to overcome some compound liabilities.
Keywords: antiviral drug discovery, SARS-CoV-2, COVID-19, papain like protease (PLpro), Nsp3, GRL-0617, structure-activity relationship (SAR), medicinal chemistry
INTRODUCTION
The COVID-19 pandemic and its causative coronavirus (CoV), SARS-CoV-2 continues to wreak havoc in many countries. The rate at which global disruption took place and the continual challenges presented to countries globally, and to people individually, lack comparisons to any other events in past generations. Science stepped up to the challenge, and provided a remarkable response, and solutions, saving lives within a very short timeframe, through implementation of public health measures and even more strikingly, through rapid development of vaccines. Considering that global or local measures on how to deal with a pandemic were by-and-large non-existent prior to 2020, this has been an extraordinary feat. At the same time, the latest emergence of the SARS-CoV-2 Omicron variants (B.1.1.529) serves as a reminder that the pandemic is far from over and COVID-19 continues to kill people daily. It is now widely accepted that it is essential to not only provide protection but also improve treatment options for individuals in which SARS-CoV-2 infection may lead to severe illness, hospitalisation, and death.
One form of such treatments emerges from exploiting the accumulated knowledge around the viral pathogens, in particular Coronaviruses (Almeida et al., 1968; Hartenian et al., 2020; V’kovski et al., 2020). The first Coronaviruses, B814 (Tyrrell and Bynoe, 1965), 229E (Hamre and Procknow, 1966) and OC43 (McIntosh et al., 1967) were identified in the late 1960s and CoV infections in humans are quite common, mostly leading to mild symptoms, and were therefore largely neglected in the wider population and in the scientific community (Paules et al., 2020). The first widely noted, deadly-to-human, CoV was SARS-CoV (Drosten et al., 2003; Ksiazek et al., 2003; Peiris et al., 2003), that caused an epidemic in 2003. Since then, new CoVs were identified frequently, to include NL63-CoV (Hoek et al., 2004), HKU1-CoV (Woo et al., 2005), MERS-CoV (Drosten et al., 2003; Boheemen et al., 2012), and then in December 2019, SARS-CoV-2 (Wu F. et al., 2020; Lu et al., 2020; Zhou et al., 2020; Zhu et al., 2020). Deadly (but not exceedingly infectious) viruses such as SARS-CoV and MERS-CoV clearly showed their pathological potential (Paules et al., 2020). Predicting the origin for SARS-CoV-2 or that of the next CoV remains difficult (Andersen et al., 2020; Zhang and Holmes, 2020; Holmes et al., 2021; Koopmans et al., 2021) largely because their use of discontinuous transcription for viral replication, which allows for a high rate of recombination between different species (Sola et al., 2015), a feature also noted in SARS-CoV-2 (Kim et al., 2020).
Despite this considerable sequence diversity within CoVs, the overall makeup of the CoV genome is identical and offers numerous functional access points for interference. The main steps in a viral life cycle include entry into the host cell, followed by release of the viral genome that is then translated by the host cells’ ribosomes (Hartenian et al., 2020; V’kovski et al., 2020). The translation products are polyproteins that require processing, self-cleavage, into individual functional proteins that either have structural roles in forming viral particles, or non-structural roles such as facilitating replication of the viral genome. Assembly of new viral particles and exocytosis of the mature virions through the formation of double membraned vesicles (DMVs) completes the viral life cycle (Hartenian et al., 2020; V’kovski et al., 2020). The roles of each of the viral structural/accessory protein and non-structural proteins (nsps) have been studied extensively (Hartenian et al., 2020; V’kovski et al., 2020; Chazal, 2021). Targeting essential steps early in the process of viral replication has been the most successful strategy to stop CoV infection.
Creation of 16 individual nsps and (re)assembly of a subset to generate of a functional viral replicase responsible for carbon-copying viral genetic material (Subissi et al., 2014; Malone et al., 2022) are the key upstream steps conserved in all CoVs, and have been the focus of antiviral drug discovery (Malone et al., 2022). The drug Remdesivir, first developed against the replicase of the Hepatitis C virus and later found to also target the Ebola virus (Zaire Ebolavirus of the Filoviridae family unrelated to CoVs) (Warren et al., 2016; Tchesnokov et al., 2019) and zoonotic CoVs (Sheahan et al., 2017; Agostini et al., 2018; Brown et al., 2019; Eastman et al., 2020), had been the first and for some time only FDA approved small molecule treatment of COVID-19 (Beigel et al., 2020; FDA, 2020; Goldman et al., 2020; Spinner et al., 2020). Its utility has since been refuted by the World Health Organisation (WHO) (Consortium et al., 2020), and Remdesivir is no longer recommended for use in the clinic (WHO, Therapeutics and COVID-19 Living Guideline, 03 March 2022 Update). Ridgeback Therapeutics and Merck developed and clinically tested Molnupiravir, an oral SARS-CoV-2 replicase inhibitor, which was approved by the FDA in December 2021, and which was initially reported to show 50% efficacy against hospitalisation or death in COVID-19 patients (Bernal et al., 2021; FischerII et al., 2021). Molnupiravir benefitted from earlier work on the Venezuelan equine encephalitis virus (an Alphavirus of the Togoviridae family unrelated to CoVs) before its focus was shifted towards testing against CoVs. Molnupiravir inhibits viral replication in mouse models of SARS-CoV and MERS-CoV (Sheahan et al., 2020) and of SARS-CoV-2 in ferrets (Cox et al., 2021). Unlike Remdesivir which acts to terminate chain elongation during viral replication (Tchesnokov et al., 2019; Gordon C. J. et al., 2020), Molnupiravir induces countless mutations in the nascent RNA strand, effectively causing the virus to mutate itself to death (Gordon et al., 2021; Willyard, 2021). The efficacy of Molnupiravir has since been revised to 30% (Kozlov, 2021) and concerns were raised that Molnupiravir may induce mutations in patient DNA (Zhou et al., 2021). Despite these issues, Molnupiravir was FDA-approved in December 2021 for emergency use in at-risk adults (FDA, 2021).
The steps prior to assembly of the viral replicase present a further, exploitable viral Achilles Heel. Cleavage of the viral polyprotein is facilitated by two viral proteases that perform specific cleavage events to release individual nsps (Hartenian et al., 2020; V’kovski et al., 2020). The first protease is a papain-like protease domain, PLpro, within the large nsp3 protein, which is responsible for cleaving sequences between nsp1 and nsp2, nsp2 and nsp3, and nsp3 and nsp4 (Harcourt et al., 2004). The second protease is the main protease or Mpro encoded by nsp5, which is responsible for cleaving the polyproteins at 11 further sites to release the remaining 12 nsps (Fan et al., 2004). Both activities are essential for viral replication and therefore, both PLpro and Mpro are prime drug targets in CoVs, including SARS-CoV-2 (Hilgenfeld, 2014; Báez-Santos et al., 2015; Lei et al., 2018). Indeed, in late 2021, an oral Mpro inhibitor termed Nirmatrelvir successfully completed clinical trials (clinical trial identifier NCT04960202, NCT05011513) (Owen et al., 2021), and became the third FDA approved small molecule drug against SARS-CoV-2, reaching 89% efficacy in clinical settings against severely ill patients (NCT04960202). The development of Nirmatrelvir benefitted from corporate memory available within Pfizer, who restarted earlier drug discovery efforts targeting SARS-CoV Mpro, leading to a record-breaking timeline for the development of a first-in-human approved small molecule drug (Owen et al., 2021). Mpro inhibitors are further reviewed in (Cui et al., 2020) and (Mengist et al., 2021).
In this Review, we focus on inhibiting PLpro, the remaining highly attractive and druggable target in CoVs (also recently reviewed in (Jiang et al., 2022)). Like Mpro, PLpro is a Cysteine protease, however both enzymes are structurally unrelated and cleave distinct sequences. Moreover, while Mpro appears to have only a small number of non-viral host substrates (Gordon DE. et al., 2020), PLpro moonlights as a potent regulator of host cell signalling processes for its ability to cleave ubiquitin and ubiquitin-like interferon-stimulated gene (ISG)15 posttranslational modifications. The latter deubiquitinase/DUB and deISGylase activities enable use of methodologies, tools and assays developed for current drug discovery efforts that target human DUBs, which have emerged as drug targets for a variety of conditions from cancer (Fraile et al., 2012) to neurodegenerative diseases (Schmidt et al., 2021); however to date only few DUB inhibitors have entered into clinical trials and none have been approved for use in humans (Schauer et al., 2020).
Despite cleaving ubiquitin and ISG15, PLpro is structurally dissimilar to human DUBs. Nevertheless, some parallels to human ubiquitin specific proteases (USPs) can be drawn (Mevissen and Komander, 2016). These similarities became apparent through the initial structural studies on SARS-CoV and MERS-CoV PLpro, reported over the last 15 years in a host of comprehensive studies by the Mesecar, Pegan, Lima and other labs (Harcourt et al., 2004; Barretto et al., 2005; Lindner et al., 2005; Ratia et al., 2006; Lee et al., 2015; Békés et al., 2016) The works explained biochemistry and substrate binding for DUB and ISG15 cleavage in molecular detail, and highlighted variations on the theme of PLpro activities present between CoVs. A further highly significant insight into SARS-CoV in particular, was the drugability of PLpro by small molecule inhibitors. Influential studies in 2008 and 2010 (Ratia et al., 2008; Ghosh et al., 2009, 2010) reported on two distinct chemical series, disclosed some of the first co-crystal structures of a DUB inhibited by small molecules, and presented considerable SAR data on each series of sub-µM inhibitors. A follow up study in 2014 then improved on the metabolic stability of these compounds, as well as presenting a co-crystal structure of SARS-CoV PLpro in complex with compound 3k (Báez-Santos et al., 2014) (also see our associated manuscript, Calleja et al., in this issue).
In 2020, many research groups including ours quickly appreciated the high similarity at the sequence and structural level between SARS-CoV and SARS-CoV-2 PLpro, and excitingly, it was found that SARS-CoV PLpro inhibitors were able to also inhibit SARS-CoV-2 PLpro with almost identical activity profiles (Freitas et al., 2020; Klemm et al., 2020; Shin et al., 2020). We focussed our efforts on a series of compounds based on a central piperidine chemical scaffold, the most developed and potent SARS-CoV PLpro inhibitors available, and we showed that 5c, a compound targeting SARS-CoV PLpro (Báez-Santos et al., 2014), was a potent in vitro inhibitor with antiviral activity in a cell-based SARS-CoV-2 infection model (Klemm et al., 2020). Our latest data on this series of compounds is discussed in Calleja et al. elsewhere in this issue. Many other groups focussed on a second chemical scaffold, exemplified by a compound named GRL-0617 (Ratia et al., 2008; Ghosh et al., 2009). A wealth of data reported within the last 2 years, has since provided structural data to the Protein Data Bank (PDB) on numerous co-crystal structures for this scaffold. We here review the ideas and progress revealed in recent publications, starting by a discussion of the manifold efforts to inhibit PLpro via available medicines, in drug repurposing campaigns.
DRUG REPURPOSING
Successful drug discovery efforts beginning from hit discovery can take decades and billions of dollars of investment. For PLpro and Mpro, earlier campaigns may (and in case of Mpro, did) accelerate such timelines considerably. However, when the pandemic hit, drug repurposing (or repositioning) was heralded as a way to fast track translation, with the assumption that within the available, but somewhat limited, collection of drugs approved for use in humans, some may have off-label uses for COVID-19. This initially offered high hopes of success, perhaps for the wrong reasons (Begley et al., 2021). In fact, there are only very few examples of successful drug repurposing (Begley et al., 2021).
Nonetheless, many drug repurposing libraries exist that include FDA-approved small molecules, but also compounds that have undergone late-stage preclinical development or entered clinical trials. Such commonly used libraries include the ReFRAME (Repurposing, Focused Rescue and Accelerate MedChem) (Janes et al., 2018), the Sigma Aldrich LOPAC®1,280 (List Of Pharmacologically Active Compounds) and other designer libraries, hand-selected by researchers. Many High Throughput Screening (HTS) campaigns for drug repurposing involved either target-based assays or phenotypic screening to identify drugs for treating COVID-19.
BIOCHEMICAL ASSAY DESIGN FOR PLPRO HTS—TECHNICAL CONSIDERATIONS
High throughput screens for viral proteases are typically activity based in vitro screens exploiting knowledge of protease target sequence(s). Most screens are based on fluorescence spectroscopy, where a fluorophore is conjugated to a peptide substrate based on its natural cleavage sequence. For PLpro, an additional route exploited its DUB activity. Activity-based DUB assays measure cleavage of a folded protein, ubiquitin, at its C-terminus, and enzymes such as PLpro not only comprise binding elements for the C-terminal sequence (LRLRGG) of ubiquitin or ISG15, but also contain a binding surface that covers a significant portion of the 8,000 Å2 ubiquitin surface. Indeed, it has been shown that cleavage of a fluorophore conjugated to ubiquitin is >10,000-fold more efficient than cleavage of a peptide-only substrate. The presence of ubiquitin likely orients and stabilises the target peptide in the catalytic cleft, contributing to catalytic efficiency of the cleavage reaction (Dang et al., 1998).
For both types of assays, hydrolysis of the substrate peptide or ubiquitin releases the fluorophore and generates a fluorescent signal indicative of enzyme activity that can be measured. 7-Amido-4-Methylcoumarin (AMC) (Dang et al., 1998) or a disubstituted Rhodamine moiety (Rh110) (Hassiepen et al., 2007) are well established fluorophores for measuring enzymatic cleavage of ubiquitin substrates. AMC however, holds a significant disadvantage as its excitation wavelength is in the UV range (341 nm). While most HTS screens will use substrate concentrations of around or below the Km to identify competitive inhibitors, in the situation of highly active enzymes (such as in the case of most viral proteases), the Km for the enzyme is low and the concentration of compound required to detect inhibition is high enough such that compounds may absorb UV light, and thus run the risk of being potentially identified as false positives. The Rh110 moiety is advantageous in assaying for potential PLpro inhibitors, as it alleviates many of the AMC limiting factors, as well as provides a broader dynamic range. Pan Assay Interfering Compounds (PAINS) (Baell and Holloway, 2010) are a key challenge in any HTS campaign and may have been overlooked in some studies reported during the pandemic. Their identification can be difficult and can distract from bona fide hits. A key consideration in the identification of viral protease inhibitors is the design of suitable and ideally meaningful secondary assays and counter screens, to test for direct binding of compounds to target, and to assess specificity by testing compounds on other protease(s) (structurally similar or dissimilar). Indeed, from our experience, many small molecule “hits” from an enzymatic assay fail to confirm in orthogonal assays such as SPR and ITC, and therefore stringent criteria for activity and binding in orthogonal assays are essential for DUB drug discovery programs. Notably, the results reported over the last 2 years discussed below, have often failed to include careful evaluation and validation of the hits arising from HTS campaigns, and most repurposing campaigns did not provide orthogonal analysis of their “hit” compounds (summarised in Table 1). Moreover, while in vitro assays are often performed against the PLpro domain in isolation, a further, important orthogonal assay expands on this work to test the activity of PLpro inhibitors towards full-length nsp3 as expressed by the virus. A nice advance for testing compounds against full-length nsp3, are cell-based activity assays based on the FlipGFP reporter (Zhang et al., 2019), an assay shown to be successful in detecting the inhibition of both Mpro (Froggatt et al., 2020) and PLpro (Ma et al., 2021).
TABLE 1 | Summary of reported drug repurposing attempts against SARS-CoV-2 PLro.
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Numerous drug repurposing studies reported putative PLpro inhibitors. We do not discuss a large set of in silico studies based on compound docking as they lack binding or inhibition data, but focus on those studies where biochemical data was obtained. For repurposing using a PLpro directed assay, distinct HTS libraries were used, including the ReFRAME library (Smith et al., 2020; Redhead et al., 2021) and Calleja et al. in this issue of Frontiers In Chemistry, LOPAC1280 (Klemm et al., 2020), ApexBio FDA approved drug library (Xu et al., 2021), the Pathogens Box Library from Medicines for Malaria Venture (Smith et al., 2020), and libraries of FDA approved drugs and natural products from Selleck Chem (Zhao et al., 2021). In addition, some reports used custom, hand-selected compound libraries (Anson et al., 2020; Lim et al., 2021). Each effort yielded putative PLpro inhibitors, summarised in Table 1 and discussed below.
Tanshinone and Derivatives
Multiple studies have reported Tanshinone derivatives as inhibitors of SARS-CoV-2 viral replication with PLpro as the proposed target (Lim et al., 2021; Xu et al., 2021; Zhao et al., 2021). Tanshinones are compounds found naturally in the plant Salvia miltiorrhiza commonly used in Chinese medicine. It is thought that many naturally bioactive molecules are inhibitors of the CoV proteases (Benarba and Pandiella, 2020; Khare et al., 2020; Chen W. et al., 2021) and the fact that Tanshinones have appeared in multiple independent studies, including that for SARS-CoV, could indicate it is a true inhibitor of PLpro. A follow-up study (Ma and Wang, 2022) thoroughly tested the reported Tanshinone based compounds in a cellular assay, and invalidated earlier findings by showing that compound activity was much lower than reported. Moreover, many of the aforementioned studies lack effective orthogonal assays demonstrating a direct interaction between these compounds and PLpro. Tanshinone derivatives feature many chemical liabilities; two reactive ketone groups and an orthoquinone moiety are known to be redox substrates. Redox cycling compounds have been shown to generate hydrogen peroxide (H2O2) in the presence of reducing agents found in most protein buffers (Johnston, 2011). The presence of a strong oxidant such as H2O2 in biochemical screening assays could interfere with assay readouts and/or would likely irreversibly oxidise the catalytic cysteine of PLpro and render the protein inactive–with the causative compounds appearing as false positives. On the other hand, it is interesting that only Tanshinone derivatives with a naphthalene group (Tanshinone I) were able to inhibit DUB activity (Park et al., 2012), as this chemical group features strongly in known PLpro inhibitors (see below). Lack of evidence for direct binding, but more concerningly, no assessment of off-target effects and/or cellular toxicity, make this inhibitor class an unlikely contender for a useful PLpro-based drug.
Hepatitis C Drugs Asunaprevir, Simeprivir and Grazoprevir
Another set of known drugs gaining traction for use as COVID treatment came from a boutique library of FDA approved Hepatitis C virus (HCV) drugs. Asunaprevir, Simeprivir and Grazoprevir (Anson et al., 2020) are nanomolar HCV NS3/NS4 serine protease inhibitors and were suggested to also target SARS-CoV-2 PLpro. One report (Gammeltoft et al., 2021) showed that combination treatment of Remdesivir with either Simeprevir, Grazoprevir or Paritaprevir was able to reduce viral titers in an in vitro viral replication assay. However, it was not clear whether these effects were synergistic nor did the work specify a putative target for the drugs. As for many identified treatments of viral replication, there was also a delicate balance between effectiveness and cytotoxicity at the concentrations required. The resulting poor Selectivity Index of the compounds suggests that use in humans would be challenging. Another study (Bafna et al., 2021) showed promising synergistic data for Paritaprevir and Grazoprevir in combination with Remdesivir. The hypothesis that PLpro is the target of the drugs was undermined by data showing only a weak inhibitory activity (20–25%) against PLpro in an AMC assay (Bafna et al., 2021). Again, this suggested that compound efficacy is most likely due to off-target effects. As before, incomplete reports lacking thorough biochemical investigation combined with the need for high, likely toxic, dosages of these compounds raises questions about their use as effective treatments for COVID-19 and for their specificity towards PLpro. Moreover, with a starting IC50 of 54 µM (Anson et al., 2020) for Asunaprevir, medicinal chemistry to improve these already complex compounds would prove challenging.
Famotidine
Famotidine entered the repurposing stage after reports of a retrospective study in China highlighted patients taking the drug exhibited improved clinical outcomes–the data associated with these reports remain unpublished. Famotidine, marketed as Pepcid®, is an FDA approved histamine H2 receptor antagonist prescribed to treat heartburn. Two retrospective studies later conducted in the US also confirmed similar findings (Freedberg et al., 2020; Mather et al., 2020), however, like most reports for repurposed drugs, the mechanism of action underlying the observed beneficial effects remain ill-defined (Mura et al., 2021). One computational study suggested Mpro (Wu C. et al., 2020) as the target, while another suggested PLpro (Kandeel et al., 2020). Experimental data found no evidence for Famotidine to bind or inhibit PLpro in vitro, and the compound was unable to inhibit SARS-CoV-2 replication in a cellular infection model (Loffredo et al., 2021). It is possible that the observed clinical benefits of Famotidine resulted from its primary function as a histamine H2A receptor antagonist (Malone et al., 2021). Nevertheless, the DrugBank (Wishart et al., 2006, 2017) database indicates that Famotidine has entered a number of clinical trials for the treatment of COVID-19 (DrugBank Accession Number DB00927); the results of the studies are yet to be released.
Cysteine Modifying Compounds, Ebselen and Disulfiram
Ebselen and Disulfiram are two cysteine reactive compounds, which were previously identified as inhibitors of SARS-CoV and MERS-CoV PLpro (Lin et al., 2018) and more recently of SARS-CoV-2 PLpro and Mpro (Jin et al., 2020; Amporndanai et al., 2021). For PLpro, it was proposed that enzyme inhibition occurs by inducing oxidation of the catalytic cysteine, or one of the cysteines found in the zinc finger domain, thereby reducing PLpro stability (Sargsyan et al., 2020; Weglarz-Tomczak et al., 2021). Interestingly, similar reactivity with the catalytic cysteine of Mpro was recently observed, sparking optimistic hopes of a multitarget drug. However, Ebselen is a Selenium containing promiscuous cysteine protease inhibitor (Ma et al., 2020). A recent structure of Ebselen in complex with PLpro C111S mutant (PDB 7M1Y) showed that Ebselen binds distally from both the active site and the zinc binding “Fingers” domain (unpublished). Indeed, the lack of specificity (Ma et al., 2020), common occurrence as a false-positive hit in HTS campaigns, and promiscuous and likely toxic nature of the compounds make such broad oxidants questionable for clinical development towards a viral protease.
Acriflavine
Acriflavine (ACF), published as a low µM (IC50) PLpro inhibitor, was another drug identified with potential for repurposing. ACF showed promising antiviral activity in a number of different cell lines though it was unable to rival Remdesivir in blocking viral replication in the lungs of K18-ACE2 mice (Napolitano et al., 2022). The published structure of PLpro in complex with a component of ACF, Proflavine (PDB 7NT4), indicates Proflavine is the active component inhibiting PLpro. Proflavine exists as a low level DNA intercalating agent (and hence a possible carcinogen) (Gatasheh et al., 2017), which likely elicits an antiviral response via premature activation of the cGAS-STING pathway (Pépin et al., 2017). Confounding its on-target specificity, ACF has been shown to reduce tumour growth by directly inhibiting HIF-1a dimerization (Lee et al., 2009). ACF appears to be under investigation for its use in treating diseases such as cancer (Cheloni et al., 2017; Mangraviti et al., 2017; Nehme et al., 2020) and malaria (Dana et al., 2014); or as a topical ointment for treating chronic urinary tract infections (Gama et al., 2020). The myriad of indications points towards the polypharmacology of Acriflavine and it is important to note that this compound is not currently approved by the FDA for any of these indications.
PHENOTYPIC SCREENS
In addition to PLpro targeted in vitro screens, numerous phenotypic screens, measuring the impact of available drugs on SARS-CoV-2 replication in cells, have been performed and reported. While simple conceptually, phenotypic screens can be more complex than biochemical assays and require careful target identification and validation studies to fully elucidate the mechanism underpinning the cellular effect. Phenotypic screen also do not alleviate the need for extensive medicinal chemistry (Moffat et al., 2017). As a result, many compounds dubbed as having potential for repurposing (Riva et al., 2020) have not been further explored. Several detailed reviews recently covered the various drug repurposing attempts for SARS-CoV-2 (Guy et al., 2020; Santos et al., 2020; Ng et al., 2021).
Most prominently, phenotypic screens were performed using a number of known libraries such as the ReFRAME library (Riva et al., 2020), or those from the National Centre for Advancing Translational Sciences (NCATS) (Chen C. Z. et al., 2021), and some of these studies suggested some candidate drugs that inhibited SARS-CoV-2. However, the target of these drugs in a phenotypic screen could either be a viral protein, or a host protein essential for the virus. Importantly, from a PLpro targeting perspective, there was no overlap between putative PLpro inhibitors from in vitro studies, and compounds derived from phenotypic screens. This suggested that identified PLpro targeting compounds were not active in phenotypic screens and that compounds derived from phenotypic screens were unlikely to act through PLpro.
Conclusion for Part I: Drug Repurposing Remains a Complex and Challenging Approach
At the start of the pandemic, without vaccination or active antiviral drugs, drug repurposing was heralded as a silver bullet, and repurposing campaigns were deemed quick-and-easy ways to produce clinic-ready anti-virals. This was ill-considered as outlined recently (Begley et al., 2021), since the development process for any drug remains complex with many ethical and financial considerations such as intellectual property, clinical equipoise and understanding of the drug in a new disease context. In the rare cases where a drug has been repurposed, considerable pre-clinical work is still needed prior to clinical studies. Another concept that seems underappreciated is that drugs are often designed to be very specific modulators of their target proteins. It is therefore highly unlikely that the same compound will have a similar level of potency against an unrelated target. As a consequence, it is likely that significant medicinal chemistry efforts would still be required.
Still, in the DrugBank database, there are currently over 3,000 clinical trials directed towards repurposing efforts for the treatment of COVID-19. Following three separate clinical trials, Remdesivir is currently the only repurposed drug to receive FDA approval for treating COVID-19 (Beigel et al., 2020; FDA, 2020; Goldman et al., 2020; Spinner et al., 2020). This is not surprising, as the mechanism behind viral RNA-dependent-RNA polymerases (RdRp) are inherently conserved. Remdesivir is a nucleoside analogue, required by all viruses to replicate, and initially it held promise as a broad-spectrum antiviral medication. However, despite the apparent theoretical similarities, even Remdesivir failed to be an efficacious drug against COVID-19 and would likely require re-development to optimise it for the SARS-CoV-2 Replicase.
“Lead repurposing” however, has nicely worked for SARS-CoV-2 PLpro. We and others showed that early-stage inhibitors developed for SARS-CoV PLpro are also efficacious against SARS-CoV-2 PLpro. The two most potent of these, 5c and GRL-0617, originated from earlier high throughput screening campaigns followed up by substantial structure guided medicinal chemistry efforts (Ratia et al., 2008; Ghosh et al., 2009; Báez-Santos et al., 2014). While development of SARS-CoV PLpro inhibitors stopped well short of clinical studies, both series have been further advanced against SARS-CoV-2. The efforts toward repurposing outlined above are summarised in Table 1 and we further discuss our own data on 5c series of compounds in the associated research paper (Calleja et al., this issue). Here, we focus on latest reported developments for GRL-0617 series compounds.
Structural Biology Enables SARS-CoV-2 PLpro Drug Discovery
The start of the pandemic triggered by a previously unknown pathogen, has led to an unprecedented response of the structural biology community that focused on the proteins of SARS-CoV-2 with all available tools and techniques. As a result, structures of the SARS-CoV-2 proteome have flooded the PDB. The first crystal structures of PLpro were those bound to mono-ubiquitin (PDB 6XAA) (Klemm et al., 2020), the C-terminal domain of human ISG15 (ISG15CTD, PDB 6XA9) (Klemm et al., 2020), full length mouse ISG15 (PDB 6YVA) (Shin et al., 2020), as well as high resolution apo structures [PDB IDs 7D47, 7NFV, 6W9C–unpublished, 6WRH, 6WZU, 6XG3 (Osipiuk et al., 2021), 7D6H (Shan et al., 2021), 7D7K (Zhao et al., 2021) and 7CJD (Gao et al., 2020)]. The first inhibitor bound structures utilised peptide-based inhibitors, VIR250 (PDB 6WUU) (Rut et al., 2020) and VIR251 (PDB 6WX4) (Rut et al., 2020). Collectively, these apo- and substrate-bound structures were instrumental to provide comprehensive insight into PLpro function and mechanism, but also highlighted the rather high similarity between SARS-CoV and SARS-CoV-2 PLpro. Notably, SARS-CoV-2 PLpro appears to be highly amenable to crystallisation, and there are to date 14 distinct crystal settings (different space groups and/or unit cell dimensions) for PLpro and its complexes (Figure 1). Indeed, the majority of by-now available structures of SARS-CoV-2 PLpro, are complex structures with bound inhibitors, especially from the GRL-0617 class (Figures 1, 2). Elsewhere in this issue, we report a structure of SARS-CoV-2 PLpro bound to inhibitor 3k explaining intricacies of the piperidine carboxamide based inhibitors, 5c and 3k. This series of compounds were reviewed early in the pandemic (Ghosh et al., 2020) and we discuss our medicinal chemistry efforts geared towards addressing metabolic liabilities of these compounds.
[image: Figure 1]FIGURE 1 | Reported apo and compound structures of SARS-CoV-2 PLpro. Shown are unliganded and compound bound structures publicly released in the Protein Data Bank (PDB) since the beginning of the COVID-19 pandemic. The unit cell for each space group is shown (thin red lines) and the corresponding symmetry mates from the asymmetric unit are depicted with matching colours. The structures are grouped according to their bound ligands, the ligand is labelled above each unit cell, and the corresponding PDB accession numbers shown below. The obtained resolution or resolution range for each crystallographic setting is indicated.
[image: Figure 2]FIGURE 2 | Molecular basis for inhibition of SARS-CoV-2 PLpro by GRL-0617. (A) Structure of SARS-CoV-2 PLpro bound to GRL-0617 in teal (PDB 7JRN (Ma et al., 2021)), with inhibitor in wheat colour in ball-and stick representation representing the (R)-enantiomer. A close-up view of the ligand binding site for GRL-0617 with key residues indicated is also shown and hydrogen bonds are displayed as a dashed yellow line. A superimposed structure of apo PLpro [purple, PDB 6WZU (Osipiuk et al., 2021)] shows that the inhibitor does not induce global conformational changes. The catalytic Cys is shown in ball and stick representation, and a bound zinc ion in apo PLpro is shown as a grey sphere. (B) Close-up view of the GRL-0617 binding site overlaid with ubiquitin from the ubiquitin-PLpro complex in orange [PLpro ∼ Ub, PDB 6XAA (Klemm et al., 2020)] and with ISG15 from PLpro bound to the C-terminal ISG15 Ubl fold in pink [PLpro ∼ ISG15CT, PDB 6XA9 (Klemm et al., 2020)]. The orthomethyl resides in a pocket formed by Leu162, Tyr264, and Tyr273 occupying the position of the Arg74 in Ub or Arg155 in ISG15. Upon ligand binding, Leu162 rotates its side chain to block the channel and the path of the Ubl tail to the catalytic Cys111. The catalytic Cys111 is shown in ball and stick representation. (C) Close up view of the ligand binding site for GRL-0617 in SARS-CoV-2 PLpro in teal overlaid with SARS-CoV PLpro in green [PDB 3E9S (Ratia et al., 2008)]. Key residues are fully conserved between SARS-CoV and SARS-CoV-2 which explains cross specificity of compounds. Hydrogen bonds are displayed as a dashed yellow line.
Definition and exploitation of the GRL-0617 binding pocket or ‘hot spot’ (Fu et al., 2021), which is shared with 3k/5c-class compounds, has substantially benefited from structure-guided drug design. New reports focussing on optimising GRL-0617 for its binding site are published frequently, and the current state-of-play is reviewed in the next sections.
Origin of GRL-0617
HTS campaigns performed by the team of Andrew Mesecar against SARS-CoV PLpro, followed by extensive medicinal chemistry led to the development of GRL-0617 (Ratia et al., 2008; Ghosh et al., 2009), a SARS-CoV inhibitor with sub-μM activity in vitro that inhibited SARS-CoV viral replication in cell-based infection studies. The mechanism of inhibition was explained via a co-crystal structure (PDB 3E9S) (Ratia et al., 2008), highlighting how the compound targeted the binding channel required to interact with the cleavage motif. Researchers quickly realised that identical residues line the ligand binding sites in SARS-CoV-2 PLpro, and it was no surprise that GRL-0617 also inhibited viral replication of SARS-CoV-2 (Freitas et al., 2020; Shin et al., 2020). These results further cemented PLpro as an excellent drug target for COVID-19 antiviral treatments. Subsequent structures of SARS-CoV-2 PLpro in complex with GRL-0617 (Gao et al., 2020; Fu et al., 2021; Osipiuk et al., 2021) confirmed that the binding site and mode of inhibition, as a reversible competitive inhibitor, was virtually identical to that for SARS-CoV PLpro.
OVERVIEW OF THE PLPRO INHIBITOR BINDING SITE
GRL-0617 binds to a groove within the ‘Palm’ domain of PLpro (for nomenclature Figure 2A), used to hold the cleavage motif of PLpro. However, the most prominent aspect of its binding mechanism relies on a flexible segment, termed blocking loop 2 (BL2) (Lee et al., 2015), a β-hairpin that folds over the core of the compound and shields it from solvent. Tyr268 at the tip of the β-hairpin restrains the substituted benzamide, almost entirely burying it in the enzyme (Figure 2A). On one side of the compound, the naphthyl ring extends into a hydrophobic groove between BL2 and the Palm domain, packing against Pro247 and Pro248. Two hydrogen bonds further stabilise the compound in its binding site; the amide nitrogen of the compound with the side chain of Asp164 of the “Thumb” domain; and the amide carbonyl of the compound with the backbone of Gln269 on BL2 (Figure 2A). Towards the catalytic Cys111, some 7 Å away, an orthomethyl group on the substituted phenyl ring fits into a hydrophobic pocket lined by Leu162, Tyr264 and Tyr273 (Figures 2A,B), occupying the position of the usually positively charged residue (Lys or Arg) preceding the Gly-Gly motif (including Arg74 in ubiquitin or Arg155 in ISG15; hereafter, we refer to the ubiquitin residue numbers). Leu162 that lines the channel in apo and substrate bound structures, rotates its side chain to block the channel and the path to catalytic Cys111, and now interacts with the substituted phenyl of the compound (Figures 2A,B) (see peptide inhibitors below for an example of where Leu162 indeed rotates again to open the congested channel). This conformational change is seen in all GRL-0617 or 5c compound structures to date and is a good indicator of compound binding.
As discussed above, the binding mode for GRL-0617 to SARS-CoV-2 PLpro could be anticipated due to high structural and sequence identity with SARS-CoV PLpro. Indeed, the interacting residues and all compound interactions are conserved between SARS-CoV and SARS-CoV-2 PLpro (Figure 2C). The work in the last 2 years elaborated the vicinity of the GRL scaffold, mainly in order to improve on the observed IC50 of ∼1–2 µM in vitro (Table 2 for a list of current studies, their HTS assay(s) and observed IC50 of GRL-0617). Since GRL-0617 was already the result of extensive medicinal chemistry, most researchers attempted to achieve potency increase by expanding the GRL-0617 core.
TABLE 2 | Currently reported potencies (IC50, µM) of GRL-0617 against SARS-CoV-2 PLpro.
[image: Table 2]Targeting Glutamate 167 (Glu167)
The first crystal structures of GRL-0617 bound to SARS-CoV-2 PLpro reveal that the orientation of the steric clash between the orthomethyl group on the benzene ring and the amide group forces the methyl into an orientation that mimics the substrate backbone of ubiquitin Arg74 (Figures 2B, 3A). In this orientation, the charged Glu167 side chain is solvent exposed and within reach by expanding from the 5-amino group towards (Figures 3A,B). Prior SAR on SARS-CoV PLpro indicated that changes to this site were tolerated (Ghosh et al., 2009; Welker et al., 2021) and hence several groups have since attempted to expand from this handle.
[image: Figure 3]FIGURE 3 | Overview of the reported attempts to target Glu167 in PLpro. (A,B) Close up view of the GRL-0617 binding pocket with PLpro in teal in cartoon representation (A) or as with the calculated surface charge overlaid (B). The inhibitor is shown in wheat colour in ball-and stick representation. Residues Lys157 to Glu167 in the PLpro Thumb domain form a shallow negatively charged pocket. Several compounds target the side chain of Glu167 to improve potency of GRL-0617. (C) The GRL-0617 scaffold (boxed) was extended at the para-position of the benzene ring (at the R position). The red line indicates the handle used for the respective substituents - in GRL-0617 an amino group is present at this position. Given compound data refer to, IC50 from in vitro activity assays, and KD values from SPR where available (See Table 3 for the compound identifiers from their respective publications). Basic amines appear to be most tolerated at this position while replacement with alkyl groups are detrimental to activity of the compound. Co-crystal structures for 1–4 and 17 (Figure 4) are shown [PDB IDs 1 (7JIT), 2 (7JIW), 3 (7KOL), 4 (7KOJ), 17 (7LBS)]. Compounds 3 and 4 were published in the PDB but excluded from the final publication, so no IC50 data is available (Osipiuk et al., 2021).
One of the earliest groups to design compounds targeting Glu167 (1–7, Figure 3C and Table 3) was at the Centre for Structural Genomics of Infectious Diseases (CSIG), and reported co-crystal structures for four compounds (1–4, Figure 3C) (Osipiuk et al., 2021). In 1, a carbonyl group creates additional hydrogen bonds with Glu167 (3.0 Å bond distance) and Tyr268 hydroxyl from the BL2 loop (2.4 Å), whereas an acrylamide moiety in 2 adopts a different conformation, forming a H-bond interaction with the side chain of Gln269 (3.2 Å). The remaining compounds (3–4) make no new interactions (Figure 3C). Although 1 and 2 both have additional contacts with PLpro, they incur a > 2-fold loss in potency observed in comparison with GRL-0617 (Table 2) suggesting that the new interactions do not enhance the stability of the complex. Similarly, all other compounds reported in (Osipiuk et al., 2021) (5–7, Figure 3C), did not improve on GRL-0617.
TABLE 3 | Compound IDs from their respective studies for those reported in Figures 2–5.
[image: Table 3]Another series of compounds (Shen et al., 2021) observed the variable activity of extensions towards Glu167 (8–12, Figure 3C). The direct addition of an azetidine ring to the 5-amino group of GRL-0617 in 8 provided the most potent and successfully increased the potency of GRL-0617 from 1.6 to 1.0 µM (Table 2; Figure 3C). A modelled structure of 8 highlighted a potential interaction between Glu167 and the azetidine nitrogen, a prediction then confirmed by a crystal structure of a related compound, from the same study (17, Figure 3C) (Shen et al., 2021). In 17, the naphthyl ring is replaced with a 2-phenylthiophene scaffold (Figure 4), the effects of which are described in the next section.
[image: Figure 4]FIGURE 4 | Overview of compounds which successfully replaced the naphthyl ring in GRL-0617. (A,B) Close up view of the GRL-0617 binding pocket with PLpro represented in teal in cartoon representation overlaid with the surface representation (A) or calculated surface charge of the protein (B). GRL-0617 in wheat colour and compound 17 in green are depicted in ball and stick representation. In (A) the key residues are noted to highlight the BL2 groove formed by closure of the blocking loop and induced upon ligand binding. 17 shows that the replacement of the naphthalene ring with a 2-phenylthiophene appears to effectively replace the dependency of the naphthyl group. The BL2 groove is then engaged by a basic amine tail to improve potency. (C) Boxed (left), the parent scaffold for modifying the naphthyl group. Boxed (right) Second iteration of compound designs, starting at the 2-phenyl thiophene scaffold (13). The red line indicates the handle used for the respective substitution. Compound data refer to IC50 from in vitro activity assays, and KD values from SPR where available (see Table 3 for the compound identifiers from their respective publications). 13–16, the 2-phenyl thiophene appears to successfully replace the naphthyl ring while still maintaining potency. 17–24, Aromatics containing basic amines appear to be the most potent at this position. Co-crystal structures for 17–21 are shown [PDB IDs, 17 (7LBS), 18 (7LOS), 19 (7LLF), 20 (7LBR), 21 (7LLZ)]. In the case of 17, the basic nitrogen interacts with residues lining the BL2 groove.
Alternative analogues prepared by Osipiuk et al. (2021) also engaged Glu167, but none of them were as potent as the azetidine containing compounds reported by Shen et al. (2021). Azetidine nitrogens are more basic than amides, ureas, anilines, or carbamates used by Osipiuk et al., which may explain the marked difference in efficacy. Compounds 8, 9, and 10 display a narrow IC50 range of 1.0, 1.2 and 1.3 µM (Figure 3C), respectively, but differing only in their positioning of the H-bond acceptor. Removing the H-bond acceptor entirely in this position resulted in a 4-fold loss of potency (compounds 11–12). It is interesting to note that these subtle changes in protein-ligand interactions appear more pronounced when comparing the KD values of these compounds obtained by SPR (1.0, 3.1 and 6.0 µM respectively, Figure 3C).
It is clear from Osipiuk et al. (2021) and Shen et al. (2021), that targeting Glu167 in isolation is unlikely to provide significant improvement in activity required to justify in vivo studies. Nevertheless, both studies provided valuable structural information about PLpro compound binding.
Targeting the BL2 Groove and the Naphthyl Ring
The naphthyl ring in GRL-0617, a moiety crucial for its activity, packs in a tight hydrophobic pocket of PLpro (Figures 4A,B). The original SAR for naphthyl ring subsitutions was performed for SARS-CoV PLpro: both empirical and computational methods confirmed its replacements obliterate compound activity (with the 1-naphthyl being preferred over the 2-naphthyl) (Ghosh et al., 2009; Amin et al., 2021; Welker et al., 2021). Notwithstanding its contribution to the binding affinity of GRL-0617 to PLpro, naphthyl groups come with many liabilities (outlined below), so it is not surprising that many groups have attempted to find more suitable and druglike isosteres.
Naphthyl moieties exist in clinically used drugs in a broad range of diseases, but their presence must be carefully considered as they can add significant metabolic liabilities and are often viewed as toxicophores (Makar et al., 2019). In addition, they significantly increase lipophilicity of a compound. Shen et al. (2021) combined their designs targeting Glu167 with additional changes to the naphthyl ring (13–16, Figure 4C and Table 3), achieving sub-µM efficacy in vitro (17–24, Figure 4C and Table 3). Their most successful replacement was a 2-phenylthiophene scaffold, which notably leveraged binding cooperativity when combined with the azetidine ring targeting Glu167 (compare 8 in Figure 3C and 13 in Figure 4C). Interestingly, further substitutitions to this scaffold were tolerated (17–24, Figure 4C) and those with a basic amine “tail” were favoured (17–22, Figure 4C).
Several structures were reported (17–21), and each highlighted that the novel scaffold targeted a previously unexplored hydrophobic “BL2 groove” found adjacent to the blocking loop; (Shen et al., 2021). intruiguingly, all but compound 17 showed disordered ‘tail’ regions in BL2 groove, suggesting that it remains highly flexible. It might be possible that each of the “tail” regions are trapped by a network of transient interactions with residues lining the BL2 groove (Gly266, Pro248 and Tyr264) that together contribute to an overall lower free energy state, possibly explaining the observed mobility and disorder within the crystal structures. In the case of 17, the basic nitrogen interacts with residues lining the BL2 groove - including the amide backbones of Tyr264 and Tyr268 (Figure 4C), and explains the observed improvement in potency when compared to the thiophene scaffold alone (compare 13). 17 also exhibited a ∼5-fold lower dissociation rate (KD) and improved antiviral efficacy over GRL-0617. It was exciting to see the improved antiviral efficacy accompanied by the replacement of the naphthyl group. Replacing this compound moiety is a promising development on this class of inhibitors as it likely represents a metabolic liability along the path to the clinic.
A Tertiary Amine Connects GRL-0617 Based Compounds to Asp164
Another delicate interaction formed between PLpro and GRL-0617 is a network of hydrogen bonds between the central carboxamide, the side chain of Asp164 and the backbone nitrogen of Gln269 (Figures 2A, 5A). Various attempts have failed to replace the central amide in GRL-0617 (Shen et al., 2021; Welker et al., 2021) where the isosteric change to a sulphonamide group also dramatically reduced activity (25, Figure 5B and Table 3) (Shen et al., 2021). In GRL-0617, the amide is juxtaposed by the orthomethyl substituent found on the phenyl ring amide (Figure 5A) mimicking the backbone of ubiquitin Arg74. The orthomethyl is invariant in all iterations of GRL-0617 mentioned thus far, and compound activity is extremely sensitive to changes at this site (Ghosh et al., 2009; Shen et al., 2021). For example, changing the methyl for a trifluoro-methyl (26, Figure 5B and Table 3), a larger group with different electronegativity, ablated compound activity, whereas exchanging the methyl with a chlorine group (27, Figure 5B and Table 3) decreases potency by ∼5-fold (Shen et al., 2021).
[image: Figure 5]FIGURE 5 | Modification of the amide bond in GRL-0617. (A) Close up view of the binding pocket for GRL-0617, 31 (PDB 7SDR) and 36 (PDB 7RZC). PLpro is represented in teal, lime green or grey respectively in cartoon representation and the inhibitors are shown in wheat, pink, or orange respectively in ball-and-stick representation. In GRL-0617 the side chain of Asp164 forms a crucial H-bond interaction with the amide nitrogen and the orthomethyl group remains invariant in most derivatives, as its binding pocket restricts the orientation of the phenyl ring. In 31 and 36 the amide bond was successfully replaced with a tertiary amine and both compounds appear to have effectively removed the dependency on the orthomethyl group by increasing the bond strength with Asp164. (B) The amide bond and orthomethyl appear to be highly sensitive to variation (25–27). Conservative substitution with a chlorine group (27) reduces the IC50 5-fold, to 4.8 µM. Hit compounds 28–29 from (Ma et al., 2021) enabled the merging of compound properties with GRL-0617. (C) Compounds explored in (Ma et al., 2021). A tertiary amine enables more extensive variations to the phenyl group not achieved prior, while retaining compound potency.
Another recent HTS campaign (Ma et al., 2021), identified two hit compounds (28–29, Figure 5B and Table 3) which differed from GRL-0617 in that the hits were lacking the naphthyl ring and the central amide was replaced with a tertiary amine. Furthering their efforts, the team were able to merge the properties of all three compounds to achieve sub µM efficacy is many of their optimised compounds (30–38, Figure 5C). In GRL-0617, the carboxamide carbonyl forms a connection with the backbone nitrogen of Gln269 (Figure 2A), a connection presumably lost when replaced with a tertiary amine. In their new compounds, the tertiary amine would likely be protonated in physiological conditions - exposing a positively charged nitrogen instead of the neutral NH of the amide. Interestingly, the protonated tertiary amine appeared to substitute for the loss of the carboxamide connection, as 30 still retained equipotent activity to GRL-0617. Structures from two of their optimised compounds, were later released by the CSIG (31, 36, Figure 5A, PDB 7SDR and 7RZC, respectively) confirming that the amine indeed formed a more prominent H-bond with the side chain of Asp164—the carboxyl group of which rotates slightly to optimise the interaction (Figure 5A, compare GRL-0617).
Another important insight from this new scaffold was that it allowed for a greater diversity of substitutions on the phenyl group, alleviating the need for an orthomethyl group. Similar potency was achieved with compounds where the ortho-position was either unsubstituted (31, Figure 5C), substituted with chlorine (32, Figure 5C) or larger groups (33–35, Figure 5C) and further, the entire phenyl could be replaced with an indole group (36–38, Figure 5C). Hence, the idea to replace the amide bond with a tertiary amine appears to have unlocked a useful new scaffold for SAR exploration.
The above examples highlight the progress of the scientific community in elaborating a decade-old PLpro inhibitor, GRL-0617, through iterative medicinal chemistry. While not discussed here, many of the applied design principles may also guide improvements for other PLpro inhibitor series, in particular the piperidine scaffolds exemplified by compounds 5c and 3k (see Table 1). Whilst not achieved to date, we are confident that low nM inhibitors for PLpro, likely required for meaningful clinical translation, are within reach.
An Alternative Strategy: Covalent Peptide Inhibitors
A common strategy to target Cys proteases is to identify and then permutate peptide-based inhibitors that directly target the catalytic Cys. While peptide inhibitors are challenging as drugs due to metabolic liabilities, susceptibility towards amide bond hydrolysis and poor cell penetration, they are a mainstay for medicines mimicking protein-protein interactions (PPIs) (Lau and Dunn, 2018). This strategy has worked recently for Mpro, and is the basis for the now-FDA approved covalent Mpro peptidomimetic inhibitor from Pfizer, Nirmatrelvir (Owen et al., 2021). An important aspect was that Mpro is exquisitely specific for hydrolysing substrates directly after a glutamine residue, a property not seen in any human cysteine protease, alleviating cross-specificity and toxicity concerns. This is somewhat more of a problem for PLpro, since the existing PLpro target preference for the LXGG (Rut et al., 2020) motif is present in ∼100 DUBs and other ubiquitin-like proteases in the human genome.
Yet, the Olsen group generated competitive, covalent peptide inhibitors for PLpro from a combination of natural and unnatural amino acids (Rut et al., 2020). The peptides, dubbed VIR250 and VIR251, were effective inhibitors across multiple CoV species however, their specificity against human Ubl proteases were not reported. Peptide inhibitors may prove useful in deciphering the required residues that dictate specificity through the protease active site, and the co-crystal structures obtained (PDB 6WUU, 6WX4) contributed early-on to the detailed characterisation of SARS-CoV-2 PLpro.
To improve on the efficacy of such inhibitors for PLpro, there have been recent attempts at combining the specificity of small molecules (such as GRL-0617) with the potency of covalent peptides or war heads (Liu et al., 2021a; Parks et al., 2021). In particular the latter manuscript, currently available as a preprint, discusses how GRL-0617 is derivatised to reach the catalytic Cys111, and a crystal structure shows that Leu162 indeed rotates again to open the congested channel typically observed in liganded PLpro structures. It is interesting to note that PLpro retains this plasticity, though it appears that other compounds (2 in Figure 3C) are unable to invoke this conformational change despite incorporating potential covalent war heads.
This approach to synthesize peptide-drug conjugates (PDCs) targeting SARS-CoV-2 PLpro appeared to improve on specificity toward the catalytic cysteine. Yet, these PDCs were still found to be nonselective for the other ten cysteines found in PLpro (Liu et al., 2021a). While peptide-based inhibitors remain an interesting avenue for development, the issues of their specificity for PLpro, and typically low oral bioavailability indicate that, as for Nirmatrelvir (Owen et al., 2021), significant medicinal chemistry will be required to convert the peptidic features into more favourable drug-like properties.
Other Identified Small Molecule Inhibitors of PLpro
There are several other studies that identified small molecule inhibitors of PLpro that are here mentioned for completeness. One study identified the Survivin inhibitor YM155 (Zhao et al., 2021), and while a structure bound to PLpro was released (PDB 7D7L), it appears that no direct interactions are taking place to indicate this is a true PLpro inhibitor. Further, the side chain from the crucial Tyr268 residue, claimed to embrace the compound in a similar fashion to GRL-0617, remains unresolved in the submitted structure. In addition, YM155 was also found to be cytotoxic in a recent follow up study (Ma and Wang, 2022).
Another study identified a well-known pan DUB inhibitor, PR-619 (Liu et al., 2021b) and the USP1 inhibitor SJB2-043 as direct inhibitors of PLpro. Both highlight the similarity of PLpro to human DUBs, and may be interesting tools for in vitro experiments, though GRL-0617 seems a superior tool at this point. Others also identified 6-thioguanine and 6-mercaptopurine (Sivakumar and Stein, 2021; Swaim et al., 2021), which were later invalidated as either inactive or toxic in follow-up cellular assays (Ma and Wang, 2022). Finally, a number of naturally occurring compounds were also highlighted (Srinivasan et al., 2021) for their activity as allosteric inhibitors of PLpro (preprint at the time of writing this Review). Structures of these (Figure 1) highlighted that they inhibit substrate binding at the S2 site of PLpro, a feature not yet seen for any PLpro inhibitors. Allosteric inhibitors are a largely unexplored avenue for targeting PLpro and it remains unclear how effective such inhibitors would be in the context of inhibiting full length Nsp3. While new insights may be gleaned from e.g., structural work with non-specific compounds in principle, all mentioned compounds seem very far away to warrant clinical development.
CONCLUSION AND OUTLOOK
We have witnessed the unprecedented rise of a global pandemic caused by the lethal coronavirus SARS-CoV-2. To date, it is estimated that COVID-19 has killed almost 6 million people worldwide. However, the response from the scientific community has also been unprecedented, in scale, speed and collaborative spirit. Many researchers have refocussed their efforts to better understand, and eventually help defeat, SARS-CoV-2, and we have witnessed a striking number of incredible scientific achievements, first-and-foremost a global vaccination effort based on latest technological achievements. In addition, the pandemic has propelled to the forefront, and shown the immense value of, areas of basic research that were considered niche only a few years ago. Indeed, the achievements described here were building on a rich well of prior knowledge, provided by a small number of research labs that have studied earlier coronaviruses for decades, and whose work has identified cell biological and biochemical mechanisms, validated and de-risked viral targets, and provided essential starting points to make quick progress in drug discovery.
It is clear that antiviral drugs for COVID-19 remain one of the most pressing necessities to regain normality after the pandemic. The first antivirals have recently emerged and will quickly become key tools for clinicians treating COVID-19 patients. However, it can also be safely assumed that SARS-CoV-2 will find a way to alleviate this new attack, and the emergence of drug resistance mutants is just a matter of time. For this and other reasons, our efforts to develop new antivirals, for SARS-CoV-2 and ideally all CoVs, need to continue and require long-term support and funding.
In our minds, PLpro is the prime untapped target for the next CoV antiviral medicine. It is, by now, well-studied and understood, essential for CoV lifecycle, and its moonlighting functions as DUB and deISGylase derail our cellular inflammatory responses, a hallmark of the most marked pathologic outcomes of COVID-19. This latter function as a DUB, presents challenges and opportunities. On one hand, specific DUB inhibitors are notoriously challenging to develop, and have to date only been achieved for a handful of DUBs out of the pool of ∼100 human enzymes. For example, the USP7 specific inhibitors, FT671 and FT827, each relied on pockets not found in the apo or substrate bound forms of the enzyme, and which were induced upon ligand binding (Turnbull et al., 2017). This feature is also observed for the current PLpro inhibitors which target the BL2 “hot spot” and though the scaffolds targeting this site had been relatively limited prior to the pandemic, the studies mentioned in this Review have highlighted possibilities to generate novel chemical scaffolds. Only one DUB inhibitor has entered clinical trials to date. Surprisingly and despite high structural conservation of PLpro required to cleave specific sequences, to date the identified inhibitors seem all SARS-CoV and SARS-CoV-2 specific and do not target MERS-CoV (most other CoV PLpros have not been assessed). It needs to be seen whether a pan-CoV PLpro inhibitor is achievable.
Nonetheless, as we detail in this Review, armed with prior knowledge from SARS-CoV and in just 2 years we have seen rapid developments to advance a promising inhibitor scaffold, based on GRL-0617. Further increases in potency are paramount to enter lead optimisation, and then a detailed assessment and improvement of pharmacokinetics or pharmacodynamics is required. Such studies will be important contributions for the advancement of PLpro inhibitors to the clinic. Considering the speed of discovery and scale of theglobal effort, we expect to see breakthroughs on the GRL-0617 series, the related piperidine-based 5c series, and/or on as yet unreported compound series originating from fresh HTS campaigns, later in 2022.
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Cysteine proteases comprise an important class of drug targets, especially for infectious diseases such as Chagas disease (cruzain) and COVID-19 (3CL protease, cathepsin L). Peptide aldehydes have proven to be potent inhibitors for all of these proteases. However, the intrinsic, high electrophilicity of the aldehyde group is associated with safety concerns and metabolic instability, limiting the use of aldehyde inhibitors as drugs. We have developed a novel class of compounds, self-masked aldehyde inhibitors (SMAIs) which are based on the dipeptide aldehyde inhibitor (Cbz-Phe-Phe-CHO, 1), for which the P1 Phe group contains a 1′-hydroxy group, effectively, an o-tyrosinyl aldehyde (Cbz-Phe-o-Tyr-CHO, 2; (Li et al. (2021) J. Med. Chem. 64, 11,267–11,287)). Compound 2 and other SMAIs exist in aqueous mixtures as stable δ-lactols, and apparent catalysis by the cysteine protease cruzain, the major cysteine protease of Trypanosoma cruzi, results in the opening of the lactol ring to afford the aldehydes which then form reversible thiohemiacetals with the enzyme. These SMAIs are also potent, time-dependent inhibitors of human cathepsin L (Ki = 11–60 nM), an enzyme which shares 36% amino acid identity with cruzain. As inactivators of cathepsin L have recently been shown to be potent anti-SARS-CoV-2 agents in infected mammalian cells (Mellott et al. (2021) ACS Chem. Biol. 16, 642–650), we evaluated SMAIs in VeroE6 and A549/ACE2 cells infected with SARS-CoV-2. These SMAIs demonstrated potent anti-SARS-CoV-2 activity with values of EC50 = 2–8 μM. We also synthesized pro-drug forms of the SMAIs in which the hydroxyl groups of the lactols were O-acylated. Such pro-drug SMAIs resulted in significantly enhanced anti-SARS-CoV-2 activity (EC50 = 0.3–0.6 μM), demonstrating that the O-acylated-SMAIs afforded a level of stability within infected cells, and are likely converted to SMAIs by the action of cellular esterases. Lastly, we prepared and characterized an SMAI in which the sidechain adjacent to the terminal aldehyde is a 2-pyridonyl-alanine group, a mimic of both phenylalanine and glutamine. This compound (9) inhibited both cathepsin L and 3CL protease at low nanomolar concentrations, and also exerted anti-CoV-2 activity in an infected human cell line.
Keywords: SARS coronavirus-2, cathepsin L, self-masked aldehydes, reversible covalent inactivation, COVID-19, cysteine proteases
INTRODUCTION
The global COVID-19 pandemic, caused by the β-coronavirus SARS-CoV-2, has, as of the end of 2021, resulted in 289 million cases and 5.4 million deaths worldwide (Johns Hopkins University of Medicine, 2022). The socio–economic consequences of this pandemic are difficult to overstate. Despite the availability of effective vaccines since 2021, and the recent (emergency use) approval of a bespoke, small-molecule drug (Paxlovid (Pfizer, 2021); nirmatrelvir, combined with ritonavir) for the treatment of COVID-19, the emergence of new variant forms of the SARS-CoV-2 virus, such as the delta and omicron strains, will require further discovery of new therapeutic agents to counter the inevitable development of SARS-CoV-2 variants that are resistant to these first-generation drugs.
The virally-encoded cysteine protease known as the Main protease, or 3CL protease (Zhang et al., 2020; Dai et al., 20202020; and Mellott et al., 2021), is the target of nirmatrelvir, also known as PF-07321332 (Owen et al., 2021) (Scheme 1). PF-07321332 exerts reversible covalent inhibition of the 3CL protease by a putative mechanism of action involving the formation of a thioimidate adduct (Scheme 1) (Bai et al., 2021; Owen et al., 2021).
[image: Scheme 1]SCHEME 1 | Putative Chemical Mechanisms of Reversible Covalent Inhibition of SARS CoV-2 3CL Protease by Nirmaltrelvir (top) and Irreversible Covalent Inactivation of Human Cathepsin L by K777 (bottom).
In general, the most effective inhibitors of cysteine proteases are peptide analogues bearing electrophilic warheads, which undergo reaction with the active-site cysteine (Puzer et al., 2004; Cianni et al., 2019; and Cianni et al., 2021). The peptide or peptidomimetic moieties of such inhibitors are based on the substrate specificity of the target cysteine protease, and are therefore designed to selectively guide the appended warhead to the active-site of intent.
In this regard, the preferred peptide substrates of the cysteine protease cathepsin L (Brömme et al., 1994; Puzer et al., 2004) and cruzain (Zhai and Meek, 2018) contain leucine, phenylalanine, or a similar amino-acid sidechain at the P2 (Schechter and Berger, 1967) of the peptide, while for the CoV-2 3CL protease, a virtually invariant glutamine is found at the P1 position, and leucine and other hydrophobic amino-acid sidechains exist at the P2 positions (Rut et al., 2021). These preferences inform the development of specific peptide scaffolds for the inhibitors of these proteases. It is generally held that reversible covalent inhibition will afford inhibitors of higher selectivity and lower cytotoxicity than their irreversible counterparts, such as the vinyl sulfone warhead of K777 (Doyle et al., 2007; Kerr et al., 2009). Peptide aldehydes comprise a long-standing class of reversible covalent inhibitors of the cysteine protease (Lewis and Wolfenden, 1977; Woo et al., 1995; Pehere et al., 2019).
In addition to the essentiality of the 3CL protease to establish cellular infection by SARS-CoV-2, host-cell proteases are also involved, catalyzing the peptidolysis of the coronaviral spike protein (S), which is required for cellular uptake and intracellular trafficking of the coronavirus (Mellott et al., 2021; Hoffmann et al., 2020). Accordingly, these host proteases may also provide additional drug targets for SARS-CoV-2 infection. We recently reported that K777, or K11777, a di-peptide vinyl sulfone inactivator of the trypanosomal cysteine protease, cruzain (Scheme 1), which had been a clinical candidate for Chagas disease (McKerrow et al., 2009), was an exceptionally potent anti-SARS-CoV-2 agent (Mellott et al., 2021). We used a propargyl analogue of K777 to covalently label and characterize the cellular target of K777 in SARS-CoV-2-infected Vero E6 cells. We showed that cathepsin L was specifically labeled by K777, and in addition, we demonstrated that purified human cathepsin L catalyzed a unique cleavage of the spike protein from SARS-CoV-2; an event that assists the coronaviral uptake. As a result, human cathepsin L comprises an additional cellular target for the development of anti–COVID-19 agents.
While peptidic aldehydes form reversible thiohemiacetal adducts with the active-site cysteines of cysteine proteases (Cianni et al., 2021; Lewis and Wolfenden, 1977; Pehere et al., 2019; and Woo et al., 1995), and thereby afford exceptionally potent inhibition, free aldehydes are in general too reactive to provide therapeutic agents (Kaplowitz, 2005; Gampe and Verma, 2020; and O'Brien et al., 2005). However, CAT811, a macrocyclic aldehyde which is an inhibitor of the cysteine protease calpain, may be applied topically to the eye leading to the reduction of cataract formation (Morton et al., 2013). Consequently, we developed a novel class of reversible covalent inhibitors of cruzain, known as self-masked aldehyde inhibitors (SMAIs). SMAIs exist in aqueous solutions as stable δ-lactols, and in our hands, cruzain catalyzed the opening of the lactol to provide the enzyme-bound aldehyde, which subsequently formed a thiohemiacetal adduct with cruzain (Figure 1) (Li et al., 2021). These SMAIs provided potent inhibition of cruzain (Ki = 18–350 nM), and some of these compounds demonstrated potent anti-trypanosomal activity in cellular-infection models of Chagas disease (Li et al., 2021). Given that human cathepsin L and cruzain share 36% amino-acid identity, and consequently, similar peptide-substrate specificity, we sought to characterize these SMAIs as inhibitors of human cathepsin L, and then evaluate potent inhibitors as potential anti-SARS-CoV-2 agents in models of cellular infection. We describe the results of these studies herein. In the preparation of this article, we became aware that benzyl δ-lactols of structures similar to our SMAIs are found in the anti-bacterial, nature-products known as cordycepamides (Fan et al., 2020).
[image: Figure 1]FIGURE 1 | (A) Putative chemical mechanisms of reversible covalent inhibition of a cysteine protease by Cbz-Phe-Phe-CHO (1) and its self-masked aldehyde analogue 2 (Li et al., 2021). Dipeptide aldehyde 1 binds to free enzyme E to form an EI complex, which apparently undergoes a reaction with the active-site to form a thiohemiacetal adduct (k3), the EI* complex, which can slowly revert via the k4 step to re-form the aldehyde. The self-masked aldehyde (2), is a o-tyrosinyl analogue of 1, which exists in the solution as a δ-lactol; the form which binds to the protease. The cysteine protease apparently catalyzes the ring-opening of the lactol (The k3 step), to afford the bound aldehyde (EI’), which proceeds to form the reversibly-covalent EI* complex (Li et al., 2021). (B) Kinetic scheme for time-dependent inhibitor I which competes with substrate A for free enzyme E to rapidly form complex EI (described by inhibition constant Ki, orange), which after minutes forms slowly-reversible complex EI* (described by inhibition constant Ki*, blue), for which Ki > Ki*.
MATERIALS AND METHODS
Chemicals
Sodium acetate, disodium-EDTA, Tris-HCl, and NaCl were obtained from Millipore Sigma. CHAPS and dithiothreitol were obtained from BioGold. Cbz-Phe-Arg-7-amino-4-methylcoumarin (Z-FR-AMC) was purchased from EMD Millipore or GenScript. The methods for the synthesis and characterization of the FRET-based substrate for 3CL-PR, (Abz)HN-Ser-Ala-Val-Leu-Gln*Ser-Gly-Phe-Arg-Lys (ε-Dnp)-CONH2 is described in Mellott et al. (2021). The synthesis and characterization of all self-masked aldehyde inhibitors described in this work may be found in Li et al. (2021).
Cathepsins
Recombinant proteases were obtained from the following vendors: recombinant human cathepsin L (Millipore Sigma, Athens Research and Technology, Inc.), and human liver cathepsin B (Millipore Sigma), which were used without further purification. The solid proteins were dissolved into a solution of 50 mM sodium acetate (pH 5.5), 1 mM Na2EDTA, 1 mM CHAPS, 10% (v/v) DMSO, and 5 mM DTT to final protein concentrations of 1–10 μM in 20-μL aliquots, and stored at −80°C until needed. These samples were then diluted into the same buffer to concentrations of ∼100 nM, and these dilutions were stored at 4°C and used daily until depletion.
Expression and Purification of SARS-CoV-2 3CL Protease (3CL-PR)
The expression and purification of the 3CL-PR have been previously described (Mellott et al., 2021). In brief, an expression construct of SARS-CoV-2 3CL-PR contained a GST domain at the N-terminus of the 3CL-PR coding sequence, followed by the 3CL-PR cleavage sequence (SAVLQ*SGF) preceding the sequence encoding the remaining 303 amino acids of the 3CL-PR monomer, followed at its C-terminus by a modified PreScission protease sequence (SGVTFQ*GP), that preceded a His6 sequence (Zhang et al., 2020; Mellott et al., 2021). Upon expression, auto-proteolysis from 3CL-PR removed the N-terminal GST tag, yielding the authentic N-terminus (SGF). After binding this processed protein to a nickel-NTA column, eluted fractions were pooled and dialyzed to remove imidazole. Proteolysis of the C-terminal H6 tag was conducted by incubating with 3.5 units of HRV 3C Protease (Thermo Fisher Scientific) per mg of 3CL-PR (determined by Nanodrop) at 4°C overnight. Subsequently, the protein mixture was subjected to chromatography on a 5-ml GSTrap HP column, and then a 5-ml HisTrap HP column (GE Healthcare), to remove, respectively, the GST-fused HRV 3C protease and undigested H6-tagged protein. After chromatography on an anion exchange column and gel-filtration column, the tag-free 3CL-PR was pooled and concentrated (10 kDa molecular weight cutoff filter, GE Healthcare). The protein was deemed to be ≥95% pure by SDS–PAGE, and was stored at –80°C in 12 mM Tris-HCl, 120 mM NaCl, 0.1 mM EDTA, and 2 mM DTT, (pH 7.5) with 50% glycerol (v/v). Analytical gel filtration indicated that native 3CL-PR was the expected homodimer (68 kDa).
Kinetic Assays and Characterization of Inhibition for Human Cathepsin B and L
For assays of cathepsin L and B, inhibitors were evaluated in 0.25-ml reaction mixtures containing a buffer of sodium acetate (pH 5.5), 1 mM CHAPS, 1 mM Na2EDTA, and 5 mM DTT at 25°C. The fluorogenic substrate Cbz-Phe-Arg-7-amino-4-methyl-coumarin (Z-FR-AMC) was dissolved in 100% DMSO, as were all inhibitors and aliquots of both substrates, and inhibitors were added to the reaction mixtures with final concentrations of DMSO of 10% (v/v). Reactions were initiated by addition of the proteases to final concentrations of 1–2 nM of either cathepsin L or cathepsin B. Michaelis constants for Z-FR-AMC were determined for cathepsin L (Km = 2.9 μM) and cathepsin B (Km = 150 μM), and fixed concentrations of Z-FR-AMC of 1x or 2xKm were used to evaluate inhibitors. Formation of the fluorescent product AMC was monitored over 30–60-min time courses for reaction mixtures in 96-well black microplates (Greiner). Rates of peptidolysis of the dipeptide-AMC substrate(s) were measured on either a SpectraMax M2 (Molecular Devices) or a Synergy Mx (Biotek, Wisnooki, VT) microplate reader which measured the formation of fluorescence using an excitation wavelength of λex = 360 nm, with detection of emission at λem = 460 nm at ≥8-s intervals. Control samples excluded substrate. The measured relative fluorescence units (RFUs) of generated AMC were converted to reaction rates of μM/s by use of a standard curve of known AMC concentrations obtained for both plate readers.
Kinetic Analysis of SARS-CoV-2 3CL-PR and Characterization of Its Inhibitors
In reaction mixtures containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1 mM EDTA, 2 mM DTT, 10% (v/v) DMSO (a final concentration arising from addition of substrates and inhibitors added from 100% (v/v) DMSO solutions), and variable concentrations (10–175 μM) of the FRET-based substrate Abz-SAVLQ*SGFRK (DNP)-NH2,5 the reaction was initiated by the addition of 3CL-PR to final concentrations of 25–50 nM in 96-well plates (Greiner, flat-bottom half volume, clear black plates). Rates of peptidolysis of the Abz-SAVLQ*SGFRK (DNP)-NH2 substrate were measured on either a SpectraMax M5 (Molecular Devices) or a Synergy HTX (Biotek, Wisnooki, VT) microplate reader with λex = 320 nm, λem = 420 nm in 8–60 s intervals, and time courses of inhibition were obtained for either 30 or 60 min intervals. Control samples excluded the substrate. The measured relative fluorescence units (RFUs) of the generated Abz-SAVLQ-COOH were converted to reaction rates of μM/s by use of a standard curve of known concentration of fully hydrolyzed substrates obtained for both plate readers.
Cell Culture and Evaluation of Efficacy in SARS-CoV-2 Infection
Vero E6 cells [CRL:1586, ATCC], derived from African green monkey cells were grown in an Eagle’s minimal essential medium (EMEM) supplemented with standard doses of penicillin and streptomycin, and 10% fetal bovine serum (FBS), which we designate as the M-10 medium. Human A549 cells that had been stably transduced with human ACE2 viral receptor (A549/ACE2), and then selected for increased ACE2 receptor, were grown in M-10. SARS-CoV-2 (USA_WA1/2020 isolate), the 3rd passage in Vero E6 cells from the original CDC (Atlanta) material with a confirmed sequence, was used throughout the study. A modified Vero E6-based standard micro-neutralization assay was used to rapidly evaluate the drug efficacy against the SARS-CoV-2 infection. Briefly, confluent Vero E6 or A549/ACE2 cells grown in 96-wells microtiter plates were pre-treated with 78 nM to 20 µM of the SMAIs and K777 (2-fold serially diluted) for 2 h, before infection with ∼100 or ∼500 infectious SARS-CoV-2 particles, respectively, in 100 µL EMEM supplemented with 2% FBS (2-MEM). Cells pre-treated with 2-fold serially-diluted dimethyl sulfoxide (DMSO; final concentration = 1% (v/v)) with or without the virus were included as positive and negative controls, respectively. After cultivation at 37°C for 3 days (Vero E6) or 4 days (A549/ACE2), individual wells were observed by microscopy for the status of a virus-induced formation of the cytopathic effect (CPE). The efficacy of individual drugs was calculated and expressed as the lowest concentration capable of completely preventing virus-induced CPE in 100% of the wells. The values of EC50 (the concentration of inhibitor that results in a 50% growth of the virus) were determined in two ways: 1) In duplicate samples of a single compound dilution in which 100% CPE was observed for both replicates, and in which no CPE was observed at the next highest concentration of the inhibitor in duplicates, we assigned the value of EC50 as the average of these two concentrations. 2) In cases in which duplicate concentrations result in one sample displaying CPE while the other does not, the value of EC50 was assigned to this concentration. All experiments using infectious viruses were conducted at the University of Texas Medical Branch under BSL-3 conditions.
Fitting of Kinetic Data
The time-course data for compounds which exhibited time-dependent inhibition were fitted to Eq. 1, for which P is the relative fluorescence units of the AMC product, where vi and vs are the initial (t < 500 s) and steady-state (t > 3,000 s) velocities, respectively, and kobs is the rate constant of conversion of vi to vs, t is time in seconds, and C is a background constant.
[image: image]
Resulting values of kobs vs. [I] were re-plotted and fitted to Eq. 2, in which k3 and k4 represent the respective rates of formation and reversion of the EI* complex as shown in Figure 1B, in which Ki = k2/k1 and Ki* = (k2/k1) (k4/(k3 + k4)), and for which A is the fixed substrate concentration, and Ka is the Michaelis constant.
[image: image]
Linearity of kobs vs. [I] of the inhibitor compounds will be observed when Ki >> Ki*. Under these conditions, the concentration of inhibitors required to observe time-dependent inhibition would be much less than the value of Ki for the EI complex. In this case, Eq. 2 reduces to Eq. 3, which is a linear function with a slope = k3/[Ki (1 + [A]/Ka)] and a y-intercept = k4.
[image: image]
Inhibition constants (Ki and Ki* values) were also obtained by fitting plots of vi/v0 and vs/v0 vs. [inhibitor] to Eqs 4 and 5, wherein vi and vs are velocities at, the early and late stages of the time courses of inhibition, respectively, v0 is vi and vs when no inhibitor is present, [I] is variable concentrations of the inhibitor, and Ka is the Michaelis constant of the substrate.
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RESULTS AND DISCUSSION
Inhibition of Cysteine Proteases
The time courses of the inhibition of human cathepsin L by the parent aldehyde inhibitor in this study, Cbz-Phe-Phe-CHO (1), demonstrated initial inhibition, arising from the immediate formation of an EI complex, that apparently isomerized to a tighter complex (EI*) in a concentration-dependent manner, after 1,000 s of incubation (Figures 1, 2A), in a manner nearly indistinguishable from that observed for cruzain (Li et al., 2021). By fitting the time course at each concentration of 1 to Eq. 1, we obtained values of kobs, vi, and vs; the latter two of which were normalized by the division of each value by the corresponding value of vi and vs in which [1] = 0, to provide values of vi/v0 and vs/v0. A replot of the values of kobs vs. [1] (Figure 2A, inset) were fitted to both Eqs 2, 3. The apparent lack of a hyperbolic response of kobs by 1 indicated that Ki was much greater than the applied concentrations of the aldehyde, and that Eq. 3 was the more appropriate equation for data fitting. Consequently, the use of Eq. 3 resulted in values of k3/[Ki (1 + [A]/Ka)] = (1.5 ± 0.2) x 10−4 nM−1 s−1 and k4 = (2.6 ± 0.5) x 10−4 s−1, from which we may calculate k4Ki/k3 ∼ Ki* = 13 nM. The rate constant for the reversal of the EI* complex to EI is exceptionally slow (k4 = (2.6 ± 0.5) x 10−4 s−1), and this is an important factor in the observed, sub-nanomolar value of Ki*, and also reflects the apparent stability of the enzyme-thiohemiacetal complex of EI*. Fitting of the plots of vi/v0 and vs/v0 vs. [1], Eqs. 4 and 5, resulted in respective inhibition constants of Ki = 0.18 ± 0.22 nM and Ki* = 0.14 ± 0.01 nM (Figure 2B), respectively, demonstrating that Cbz-Phe-Phe-CHO is an exceptionally potent inhibitor of human cathepsin L (Table 1 and Figure 2A), and is 3-fold more potent than its inhibition of cruzain (Ki* = 0.44 ± 0.04 nM (Li et al., 2021), Table 1).
[image: Figure 2]FIGURE 2 | Time courses (0–3600 s) of the inhibition of human cathepsin L by Cbz-Phe-Phe-CHO (1) ((A); 0-5 nM of compound 1), Cbz-Phe-o-Tyr-CHO (2) ((C); 0–400 nM of compound 2), and NMe-Pip-Phe-o-Tyr-CHO (8) ((E); 0–50 nM of compound 8). The measured RFUs (relative fluorescence units) were obtained upon cleavage of the fluorogenic peptide substrate Cbz-Phe-Arg-AMC (10 μM; 3X its apparent Michaelis constant with human cathepsin L). The lines drawn through the experimental points were from the plotting of each line to Eq. 1, and resulting values of vi and vs were normalized by dividing by vi and vs at [I] = 0 (v0). to provide values of vi /v0 and vs/v0, which were then replotted vs. each concentration of inhibitor as vi /v0 vs. [inhibitor] (black) and vs/v0 vs. [inhibitor] (red) in (B,D,F). Each plot was fitted to versions of the Cheng–Prusoff equation (Eq. 4 for vi /v0 , and Eq. 5 for vs /v0 ), to provide, the apparent inhibition constants of Ki and Ki*, respectively. The insets in Figures 2A,C are replots of kobs vs. [1] and kobs vs. [2], from values of kobs obtained from each time-course curve for each inhibitor from fitting to Eq. 1, respectively. The line drawn through the inset plots were from fitting to Eq. 3, resulting in values of k3/[Ki (1 + [A]/Ka)] = (1.5 ± 0.2) × 10−4 nM−1 s−1 and k4 = (2.6 ± 0.5) × 10−4 s−1 (inhibitor 1), and k3/Ki = (4 ± 0.5) × 10−6 nM−1 s−1 and k4 = 0.0016 ± 0.0002 s−1 (inhibitor 2). Fitting of vi /v0 and vs/v0 vs. [8] resulted in values of Ki = and Ki* which are found in Table 1, along with all inhibition parameters.
TABLE 1 | Self-masked aldehyde inhibitors of cysteine proteases and their effects on SARS-CoV-2 infected cellsa.
[image: Table 1]Its analogue, the self-masked aldehyde Cbz-Phe-o-Tyr-CHO (2) demonstrated less time-dependent inhibition compared to 1 (Figure 2C), and again, the replot of kobs vs. [2] (Figure 2C, inset) was linear. Fitting of these data to Eq. (3) resulted in the values of k3/Ki = (8 ± 1) x 10−6 nM−1 s−1 and k4 = 0.0016 ± 0.0002 s−1, leading to k4Ki/k3 ∼ Ki* = 200 nM. The conversion of the apparent EI* to EI (rate constant of k4 = 0.0016 ± 0.0002 s−1) is ∼5-fold faster than that of aldehyde 1, which contributes to the 100-fold weaker inhibition of 2, as exemplified by Ki* (see below). As discussed in our study of compound 2 with cruzain, we ascribed this faster rate of reversion of the thiohemiacetal (EI* to EI) due to the facilitation of the phenoxide group of 2 to break the C–S bond of the thiohemiacetal to elicit re-formation of the lactol of 2 (Li et al., 2021). Fitting of plots of vi/v0 and vs/v0 vs. [2] to, Eqs 4 and 5, resulted in respective inhibition constants of Ki = 54 ± 6 nM and Ki* = 12.6 ± 0.4 nM. Also, as with cruzain, the self-masked aldehyde analogue of 1 (Cbz-Phe-o-Tyr-CHO (2)) was 100-fold less potent as an inhibitor of cathepsin L, but the value of Ki* of 2 for cathepsin L was 3.9-fold more potent than that observed for cruzain (Table 1). The kinetic behavior of the inhibitors of 1 and 2 are very similar to that observed with cruzain (Li et al., 2021).
Addition of the electron-donating groups methoxy (3) and methyl (4) at the 4′-position of the o-Tyr group resulted in respective 1.4-fold and 2-fold increases in their Ki* values compared to 2, while the substitution of 2 at this position with the electron-withdrawing groups fluoro (5) and chloro (6) had little effect on the inhibition of cathepsin L compared to unsubstituted compound 2. With the exception of compound 3, these inhibitors were ≥2-fold more potent for human cathepsin L than cruzain, which also indicated that substitution at the 4′-position had less of an effect on the inhibition of cathepsin L than that of cruzain. Like with cruzain, the 4′-methylcarboxylate substituent of compound 7 improved potency 2.6-fold over that of 2, and afforded the most potent SMAI in this series of compounds. Substitution of the terminal Cbz group of 2 with an N-methyl-piperidinyl urea provided a more potent analogue of 2: compound 8 (Figures 2E and F), for which values of Ki = 22 ± 1 nM and Ki* = 9.0 ± 0.4 nM were obtained. Inhibitor 8 has greater aqueous solubility than 2 (Li et al., 2021), and was nearly twice as potent as 2 for human cathepsin L. In the earlier study, we showed that the [aldehydic-13C] form of compound 8, as analyzed by 1H -13C HSQC NMR, remained exclusively in its δ-lactol form in aqueous reaction buffer, but upon the addition of an equimolar amount of cruzain, changes to the chemical shifts in the NMR data were consistent with the formation of an enzyme-bound thiohemiacetal adduct (Li et al., 2021). The improved potency of compound 8 with cathepsin L suggests, but does not prove, that cathepsin L in kind, catalyzes the opening of the δ-lactol form leading to the formation of a thiohemiacetal with cathepsin L.
Where studied, the SMAIs in Table 1 were 120–320-fold less potent inhibitors of human cathepsin B than with cathepsin L. This selectivity also underscores the 36% amino-acid identity between cruzain and human cathepsin L, while there is only a 29% amino-acid identity between human cathepsins L and B. Expectantly, none of compounds 1–8 exhibited inhibition of the SARS-CoV-2 3CL protease at concentrations of 10 μM or lower (Table 1).
Modifications of SMAIs to Develop 3CL-PR Inhibitors That are Also Inhibitors of Human Cathepsin L
We sought to identify an amino-acid sidechain at the P1 position of a peptide scaffold which would be recognized by both human cathepsin L and SARS-CoV-2 3CL PR. To date, only 2-oxopyrrolidinyl-alanyl groups (Op-Ala), in effect, glutaminyl lactams, have afforded suitable sidechains at the P1 position for inhibitors of SARS-CoV-2 3CL-PR (Dai et al., 20202020; Zhang et al., 2020; and Owen et al., 2021). Given that the substituted or un-substituted phenylalanyl groups at the P1 position within the peptidomimetic scaffolds of compounds 1–8 provide potent cathepsin L inhibitors that had no effect on purified 3CL protease, we sought to find an amino-acid group for the P1 sidechain that would be accommodated by both human cathepsin L and SARS-CoV-2 3CL protease. Such bi-functional anti-CoV-2 agents would presage a novel class of COVID-19 drugs that might subvert the development of viral mutations that thwart the action of drugs that only target 3CL protease, or for that matter, cathepsin L.
We hypothesized that compound 9 would be an inhibitor of both 3CL protease and human cathepsin L. In this SMAI, the P3 position contains a valyl group, the P2 position contains the leucyl analogue cyclohexyl-alanyl, and the P1 position contains the novel glutamine analogue, 2-pyridone (Li et al., 2021). We expected the 2-pyridone aldehyde to also form a δ-lactol, and also be recognized by both human cathepsin L and SARS-CoV-2 3CL protease, and this was indeed the case. Compound 9 is a low nanomolar inhibitor of both enzymes (Ki = 22 nM for human cathepsin L, and Ki = 9 nM for SARS-CoV-2 3CL protease), demonstrating the feasibility of designing an inhibitor to target both enzymes.
Prodrugs of SMAI 8
As compound 8, an inhibitor with a peptidomimetic scaffold similar to that of the anti-chagasic compound K777 (common elements include the P3 N-methyl-piperazinoyl group and the P2 phenylalanyl group), demonstrated potent inhibition of human cathepsin L, we sought to protect the δ-lactol functionality of 8 by synthesizing pro-drug forms in which the secondary alcohol of 8 was acylated. (Li et al., 2021) (Scheme 2). Compounds 10–12, respectively comprise the O-acetyl, O-n-propanoyl, and the O-iso-butanoyl derivatives of lactol 8. We previously demonstrated that treatment of pro-drugs 10–12 with porcine esterase in vitro generated inhibitor 8 (Scheme 1). Pro-drugs 10–12 exerted anti-trypanosomal activity at micromolar concentrations in infected-cell cultures which was superior to that of the free lactol 8 (Li et al., 2021). From these results we sought to evaluate these pro-drug forms of 8 in SARS-CoV-2-infected mammalian cells, as described below.
[image: Scheme 2]SCHEME 2 | De-acylation of Pro-drugs of Compound 8 as catalyzed by cellular esterases.
Anti-SARS-CoV-2 Activities of the SMAIs
We tested aldehyde 1, selected SMAIs (compounds 2, 8, 10–12), and the approved drug PF-07321332, in two types of mammalian cells (Vero E6 and A549/ACE2) infected with SARS-CoV-2 (Figure 3 and Table 1), along with data for K777 as previously reported (Mellott et al., 2021). Vero E6 are derived from African green monkeys, while A549/ACE2 cells are human adenocarcinoma cells that are stably transduced with the human ACE2 viral receptor. We previously found that K777, an irreversible inactivator of human cathepsin L blocked the SARS-CoV-2-induced cytopathic effect (CPE) in Vero E6 and A549/ACE2 cells at respective values of EC50 = 625 and <78 nM. In a second study, an EC50 of 156 nM was obtained in Vero E6 cells. These activities of K777 are among the most potent yet observed for any inhibitor of SARS-CoV-2 cell infection. The anti-SARS-CoV-2 effects of PF-07321332 in infected Vero and A549/ACE2 cells were reported as respective EC50 values of 74 and 77 nM. However, in our hands, PF-07321332 had no anti-SARS-CoV-2 effects in Vero E6 cells at concentrations of ≤20 μM, while we measured a value of EC50 = 470 nM in A549/ACE2 cells, which is >6-fold less potent than K777. Regardless of the reasons for these differences obtained in two different laboratories, we consider the results we report in our studies to serve as “benchmark” data for an approved drug to compare with our inhibitors.
[image: Figure 3]FIGURE 3 | Anti-SARS-CoV-2 activity of SMAIs, compared to that of K777 and PF-07321332. SARS-CoV-2-infected Vero E6 and human A549/ACE2 cells were treated as described with K777, aldehyde 1, SMAIs 2, 8, and the pro-drug forms of 8, compounds 10-12.
Dipeptide aldehyde 1 was a potent anti-SARS-CoV-2 agent in Vero E6 cells (EC50 = 470 nM), but upon repeating this experiment with a different sample of 1, we observed a value of EC50 = 7.5 μM. The cause of this discrepancy is unknown, as the experimental conditions are identical. Compound 1 exerted no inhibition of CPE in A549/ACE2 at concentrations of ≤20 μM, which may validate the higher of the two EC50 values observed in Vero E6 cells. The value of EC50 for SMAI 2 was found to be 10 ± 5 μM in Vero E6 cells, while in A549/ACE2 cells, there was no inhibition of CPE at concentrations of ≤20 μM. The 4′-benzyl-substitituted SMAIs 6 and 7 displayed a slightly higher anti-CoV-2 activity in Vero E6 cells, with respective values of EC50 = 4 and 2.5 μM in infected Vero E6 cells (Table 1). The more soluble SMAI, compound 8, had a slightly increased anti-SARS-CoV-2 activity compared to SMAI 2 in Vero E6 (EC50 = 9 ± 2 μM), but again, no anti-viral effect in infected A549/ACE2 cells. We previously reported (Li et al., 2021) that the dual inhibitor of human cathepsin L and 3CL-PR, compound 9, had no effect in SARS-CoV-2-infected Vero E6 cells, but demonstrated an EC50 = 3.75 μM in SARS-CoV-2-infected A549/ACE2 cells (Table 1).
Two of the three pro-drug analogues of compound 8, compounds (10–12) proved the most potent anti-SARS-CoV-2 agents in our study. These inhibitors differ structurally from compound 8 only in that the secondary alcohol of the lactol of 8 is now O-acylated with, acetyl, propanoyl, and iso-butanoyl groups, respectively. As previously proposed (Li et al., 2021), we expected that O-acylation of this hydroxyl group would provide protection of the lactol from opening to the requisite aldehyde, and subsequent reaction with electrophiles within cells. Indeed, pro-drugs 10–12 were highly effective in preventing CPE in both Vero E6 (respective EC50 values of 2.5, 2.5, and 3.75 μM) and especially in A549/ACE2 cells (respective EC50 values of 312, 625, and 156 nM). It is notable that in A549/ACE2 cells, the more sterically-hindered O-iso-butanoyl group provided the most potent inhibition of CPE, suggesting that this ester has the highest metabolic stability in cells of the three pro-drugs studied. It is noteworthy that these three pro-drugs of SMAI 8 are effectively equipotent with that of PF-07321332 in A549/ACE2 cells, and demonstrated an activity at low micromolar concentrations in CoV-2-infected Vero E6 cells, in which PF-07321332 was inactive.
SUMMARY
In this report we have described the expanded use of our novel class of cysteine protease inhibitors, the self-masked aldehydes, to the inhibition of human cathepsin L, in which these inhibitors were more potent than their inhibition of the highly similar cysteine protease, cruzain, from the parasitic protozoan Trypanosoma cruzi. While none of the SMAIs inhibited the 3CL protease of SARS-CoV-2, some nevertheless demonstrated inhibition of the cytopathic effect arising from SARS-CoV-2 infection of two mammalian cell lines. SMAI 8 exhibited a value of Ki = 9 nM vs. human cathepsin L, but with moderate anti-SARS-CoV-2 activity at micromolar concentrations in Vero E6 cells, and with no effect in the SARS-CoV-2-infected A549/ACE2 cells. However, three O-acylated pro-drug forms of 8 blocked CoV-2-mediated CPE in infected A549/ACE2 cells with potencies equivalent to that of the FDA-approved, 3CL-PR inhibitor PF-07321332. As we have embarked on the discovery of a single SMAI that inhibits both hCatL and SARS-CoV-2 3CL protease, as exemplified here by the 2-pyridone analogue of alanine compound 9, which, while a nanomolar inhibitor of both enzymes, the anti-CoV-2 effects of this dual inhibitor are no better than that of SMAIs discussed previously. However, based on the success of pro-drug forms of human cathepsin L inhibitor 8, it would be circumspect to synthesize O-acylated analogues of SMAI 9, and evaluate them in cellular models of the SARS-CoV-2 infection. This will be the focus of upcoming studies.
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Coronavirus disease (COVID-19), which is caused by SARS-CoV-2, is the biggest challenge to the global public health and economy in recent years. Until now, only limited therapeutic regimens have been available for COVID-19 patients, sparking unprecedented efforts to study coronavirus biology. The genome of SARS-CoV-2 encodes 16 non-structural, four structural, and nine accessory proteins, which mediate the viral life cycle, including viral entry, RNA replication and transcription, virion assembly and release. These processes depend on the interactions between viral polypeptides and host proteins, both of which could be potential therapeutic targets for COVID-19. Here, we will discuss the potential medicinal value of essential proteins of SARS-CoV-2 and key host factors. We summarize the most updated therapeutic interventions for COVID-19 patients, including those approved clinically or in clinical trials.
Keywords: SARS-CoV-2, main protease, papain-like protease, RNA-dependent RNA polymerase, neutralizing antibodies, host factors
INTRODUCTION
In the past 2 decades, there have been three coronavirus outbreaks, severe acute respiratory syndrome (SARS) in 2003, Middle East respiratory syndrome (MERS) in 2012, and coronavirus disease 2019 (COVID-19) in 2019. For COVID-19, it was identified that the novel coronavirus SARS-CoV-2 was the causative pathogen. SARS-CoV-2, a new member of the genus Betacoronavirus, was most closely related to three bat coronaviruses, BANAL-52, BANAL-103, and BANAL-236, of which the animal reservoir were Laotian R. malayanus, R. pusillus, and R. marshalli, respectively. Notably, BANAL-52 has the highest nucleotide conservation in the receptor-binding domain (RBD) and N-terminal domain (NTD) of the S1 domain in the spike protein (Temmam et al., 2022). It was evidenced that spike (S) protein of SARS-CoV-2 could mediate viral entry through binding to angiotensin converting enzyme 2 (ACE2) (Hoffmann et al., 2020b; Zhou P. et al., 2020). S protein has two subunits, S1 and S2. The 319–529 amino acid peptide of S1 was identified as the ACE2 binding domain, which is the target of neutralizing antibodies (Shang et al., 2020b). Compared with SARS-CoV, the binding domain of SARS-CoV-2 has stronger affinity to human angiotensin-converting enzyme 2 (hACE2). However, there are several additional receptors shown to mediate virus entry, such as CD147, Neuropilin-1, and Dipeptidyl peptidase 4 (DPP4) (Masre et al., 2021). Proteolytic processing of the SARS-CoV-2 S protein is required for activation. (Shang et al., 2020b). Host proteases, including transmembrane protease serine protease 2 (TMPRSS2), cathepsin L, and furin can cleave S protein and facilitate the entry of SARS-CoV-2 (Shang et al., 2020a; Ou et al., 2020). After the RNA genome of SARS-CoV-2 is released into the host cell, 16 non-structural proteins (nsp), four structural proteins, and several accessory proteins are transcribed and translated. The nsps are encoded by two open reading frames, ORF1a and ORF1b, which mediate the viral replication. The structural proteins include S, envelope (E), membrane (M) and nucleocapsid (N). The accessory proteins, which have not been well studied until now, are thought to play a critical role in SARS-CoV-2 pathogenicity and the regulation of the host immune response (Michel et al., 2020). Overall, every process during the viral life cycle relies heavily on the interactions between viral proteins and host factors. Each of these molecular proteins can be targeted for anti-SARS-CoV-2 drug development. In the current review, we will discuss the druggable targets and their potential therapeutic development.
The pathogenesis of most patients with COVID-19 is asymptomatic and mild, however, some patients will develop severe COVID-19 and even respiratory failure. At the initial stage, viral particles invade epithelial cells in the nasopharynx, where they replicate, migrate down to the airway, and then infect alveolar epithelial cells. Compared with other respiratory viruses, the inflammatory response to SARS-CoV-2 infection is significantly different. A delayed interferon response and high expression of IL-6 were defined as the features of COVID-19 (Blanco-Melo et al., 2020). Notably, the severe COVID-19 and death cases are mainly caused by acute respiratory distress syndrome (ARDS), which is a consequence of the cytokine storm. (Mehta et al., 2020; Chen et al., 2021). Here, we will also discuss the current drug development in targeting cytokine storm and ARDS.
DRUG DEVELOPMENT AGAINST TARGETS OF SARS-COV-2
Non-structural proteins as drug targets
SARS-CoV-2 is a single stranded and positive sense RNA virus (Marra et al., 2003; Chen Y. et al., 2020). The ORF1a and ORF1b in the RNA genome encode two big polypeptides with a ribosomal frameshift, pp1a and pp1ab, which can be cleaved into 16 nsps by nsp3, papain-like protease (PLpro) and nsp5, main protease (Mpro) (Figure 1A). Another important nsp is nsp12, RNA-dependent RNA polymerase (RdRp), which is main component of RNA replication machinery catalyzing the synthesis of RNA (Figure 1A). Due to their critical functions, PLpro, Mpro, and RdRp have been considered as the major drug targets for anti-viral drug development.
[image: Figure 1]FIGURE 1 | Non-structural protein as targets for antiviral drug development. (A) Genome organization of SARS-CoV-2. (B) The crystal structure of the non-structural proteins and their inhibitors. The crystal structure of VIR250 and VIR251in complex with PLpro of SARS-CoV-2; the crystal structure of Mpro and its binding pocket of PF-07321332; the crystal structure of RdRp and its binding pocket of remdsivir. The crystal structures were obtained from RCSB Protein Data Bank. Figure was generated by BioRender.
PLpro and inhibitors
The PLpro of SARS-CoV-2 is an essential coronavirus enzyme encoded by nsp3 (Figure 1A), which cleaves the viral polyprotein to generate a functional replicase complex (Harcourt et al., 2004). PLpro also exhibits deubiquitinating activity on host proteins against host antiviral immune responses (Barretto et al., 2005; Shin et al., 2020). It has been well reported that type I interferons (IFNs) play a key role in the antivirus response through activating the expression of interferon-stimulated genes (ISGs), which could induce the antiviral states of host cells (McNab et al., 2015). Moreover, Type I IFNs can activate both adaptive and innate immune responses by affecting the functions of myeloid cells, B cells, T cells, and NK cells (McNab et al., 2015). For patients with severe COVID-19, impaired type I IFNs response to SARS-CoV-2 infection have been observed (Hadjadj et al., 2020; Lei et al., 2020). SARS-CoV-2-PLpro can remove interferon stimulated gene 15 protein ubiquitylation, and may attenuate host type I IFNs response and promote viral escaping the immune surveillance. (Shin et al., 2020; Osipiuk et al., 2021). Overall, SARS-CoV-2-PLpro is a critical candidate for drug target to inhibit SARS-CoV-2 infection and activate host antiviral immune response.
Several drug screens have been performed against SARS-CoV-2-PLpro, but very few drug candidates have been found, and no clinical trials are currently under evaluation. The first two inhibitors, VIR250 and VIR251, were identified, and the structural biological experiments showed that these inhibitors can bind to the pocket of PLpro of SARS-CoV-2, (Figure 1B; Table 1), providing a molecular basis for the substrate specificity and the inhibitory mechanisms (Rut et al., 2020; Patchett et al., 2021). Since SARS-CoV-2-PLpro has the similar catalytic preference and activity with SARS-CoV PLpro, the inhibitors that have been developed for SARS-CoV PLpro can be repurposed against SARS-CoV-2. Therefore, GRL0617, which was designed for SARS-CoV, showed inhibition of PLpro of SARS-CoV-2 (Ratia et al., 2008; Gao et al., 2021) (Table 1). Based on the structure of GRL0617, several new compounds were synthesized and are also capable of inhibiting SARS-CoV-2 viral replication in cells (Osipiuk et al., 2021).
TABLE 1 | Protease enzyme and RdRP inhibitors at or after clinical trials.
[image: Table 1]Main proteases and inhibitors
Mpro, also called 3C-like protease (3CL protease), is another major protease encoded by SARS-CoV-2 RNA genome. Mpro is encoded by nsp5 (Figure 1A), and cleaves polyproteins, pp1a and pp1ab to release nonstructural proteins that mediate the assembly of the replication and transcription complex (Jin et al., 2020). The crystal structure of SARS-CoV-2 Mpro was reported soon after the identification of SARS-CoV-2 (Jin et al., 2020). Mpro contains three domains (Domains I, II, and III), which are conserved across coronaviruses. There is a substrate binding site under the gap of domain I and II, which has a catalytic dyad exerting proteolysis activity (Hegyi and Ziebuhr, 2002). In this dyad, Mpro forms a conserved binding pocket, and many drugs can bind to this site (Jin et al., 2020). In addition, Mpro is highly conserved and has no counterpart in host cells, which prompt targeting Mpro therapeutics will not induce the unnecessary side effect (Jin et al., 2020). Together, these make SARS-CoV-2 Mpro a promising virus-specific drug target.
Recently, An Emergency Use Authorization (EUA) was issued by Food and Drug Administration (FDA) for Paxlovid (Figure 1B and Table 1), developed by Pfizer, for the treatment of mild-to-moderate COVID-19. Paxlovid is comprised of nirmatrelvir, a Mpro inhibitor, co-packaged with ritonavir. Ritonavir is not the active ingredient to bind to Mpro, but functions as a regulator to prolong the duration of nirmatrelvir and increasing the drug plasma concentrations to inhibit SARS-CoV-2 replication (Anastassopoulou et al., 2022).
Significant efforts have been made to develop drugs targeting Mpro. Numerous inhibitors have exhibited binding activity to Mpro. Jin et al (Jin et al., 2020) identified several lead compounds targeting Mpro, including disulfiram, carmofur, ebselen, shikonin, tideglusib, PX-12, N3 and TDZD-8. Disulfiram can strongly inhibit Mpro with a half effective concentration (EC50) at 9.35 μM. And ebselen also exhibited a strong inhibition against Mpro. Both ebselen and disulfiram are under clinical trials for the patients with COVID-19 (NCT04485130 and NCT04484025). In addition, a computational docking analysis identified Bepridil, which displayed a huge potential for SARS-CoV-2 treatment in the in vitro assay. (Vatansever et al., 2021) (Table 1).
In addition, several studies reported a series of α-ketoamides that inhibit Mpro (Zhang et al., 2020). Another study presented two peptidomimetic aldehydes can inhibit Mpro activity through covalently binding to the C145 of the catalytic active center. Another two inhibitors labeled 11a and 11b, exhibited excellent inhibition of Mpro with low EC50 at 0.053 and 0.040 μM, respectively (Dai et al., 2020). Based on the strategy, there are a series of aldehyde derivatives that have been developed. MI-09 and MI-30, significantly reduced viral burden in the lungs of an in vivo model with good pharmacokinetic activity and safety in animals (Qiao et al., 2021). 6j was verified to reduce both SARS-CoV-2 infection in an ex vivo assay and the MERS-CoV viral titer of infected hDPP4-KI mice (Rathnayake et al., 2020). Guided by previous studies about Mpro of SARS-CoV, a panel of Mpro inhibitors reversibly bonding to the Mpro active-site cysteine C145 have been developed. Among these compounds, MPI5 and MPI8 could prevent SARS-CoV-2 infection in ACE2 expressing A549 and Vero cell lines. At the same time, MPI8 also showed high selectivity toward cathepsin L and high cellular and antiviral potency (Yang K. S. et al., 2021; Ma et al., 2022).
RNA-dependent RNA polymerase and inhibitors
Since SARS-CoV-2 is a positive sense RNA virus, RNA synthesis basing on RNA template is critical for SARS-CoV-2 viral transcription and replication (Naydenova et al., 2021). Nsp12, an RNA-directed RNA polymerase, is the key component of the replication and transcription complex (RTC) (Imbert et al., 2006). Nsp8 and nsp7 are two cofactors, which assist to the viral RNA transcription and production of viral particles in complex with nsp12 (Romano et al., 2020). There are three domains in the structure of SARS-CoV-2 RdRp, an interface domain connecting a core RdRp domain and a nidovirus-specific N-terminal domain (Gao et al., 2020). The core RdRp domain catalyzes RNA synthesis and maintains a relatively conserved architecture among the polymerase family of viruses (McDonald, 2013). It is comprised of three subunits, a finger, a palm and a thumb subdomain (Gao et al., 2020). The nidovirus-specific N-terminal domain contains a nidovirus RdRp-associated nucleotidyltransferase (NiRAN) structure. A new N-terminal b hairpin (residues D29 to K50) embeds into the pocket surrounded by the palm subdomain and NiRAN domain (Gao et al., 2020). The interface domain connects the right-hand RdRp domain and the NiRAN domain. The SARS-CoV-2 RdRp plays a similar role with cellular RNA polymerases and is also similar with SARS-CoV RdRp. These processes consist of RNA elongation, capping, and backtracking. (Dulin et al., 2015; Dulin et al., 2017; Chen J. et al., 2020; Malone et al., 2021). Another two nsps, nsp13 and nsp14, are also necessary to SARS-CoV-2 transcription and replication. The helicase nsp13 is an SF1B-family RNA helicase that could stably interact with the RTC of SARS-CoV-2. (Tanner et al., 2003; Ivanov et al., 2004; Lee et al., 2010; Malone et al., 2022). Nsp13 may participate in switching, backtracking, or disruption of the RNA genome template (Newman et al., 2021). Moreover, nsp14 could interact with RTC and play a role in proofreading activity. Since SARS-CoV-2 has a large RNA genome, replication fidelity is essential for maintaining genetic integrity. The backtracking function of nsp13 may assist nsp14 in approaching the mistake nucleotide and use its exonuclease activity to maintain high fidelity during RNA transcription and replication (Chen J. et al., 2020; Malone et al., 2021).
Since its essential role in RNA replication and its lack of a human homolog, RdRp is an important druggable target for anti-SARS-CoV-2 drug development. There are two types of RdRp inhibitors: nucleoside analogue inhibitors (Hall et al., 2021) and nonnucleoside analogue inhibitors (Yin et al., 2021). Remdesivir and molnupiravir are two nucleoside analogue inhibitors, which have been issued EUA by the U.S. FDA (Beigel et al., 2020; Jayk Bernal et al., 2021) (Table 1). Remdesivir is an adenosine analogue and once incorporated, will induce immediate pausing of RNA synthesis (Gordon C. J. et al., 2020). The structure of pre-translocated catalytic RTC incorporated with remdesivir clearly demonstrates its mechanism (Figure 1B). Unlike classic chain terminators, delayed chain termination occurs when remdesivir proceeds to the i+3 position. The incorporated remdesivir will be at position −3 or −4 for the pre- or post-translocated state, respectively (Wang Q. et al., 2020; Kokic et al., 2021). As a prodrug, molnupiravir can be converted into a cytidine analogue in the human body. The cytidine analogue exerts transition mutations during viral replication through indiscriminately incorporating either A or G (Kabinger et al., 2021). In addition, there are several other nucleoside analogue inhibitors, including galidesivir, favipiravir, Ribavirin, and AT-527, that are currently being evaluated in clinical trials (Table 1).
Structural proteins as drug targets
The 3’ one-third RNA genome encodes S, M, E, N viral structural proteins. In addition to these structural proteins, the accessory genes are also located on this region. Although the function of accessory genes in SARS-CoV-2 are still not completely understood, some of them can modulate host innate or adaptive immune response (Nelson et al., 2020; Redondo et al., 2021). The most studied and first reported was the S protein, which mediates viral entry, providing basic information for the development of a neutralizing antibody.
S protein and S protein-neutralizing antibodies
S protein is a trimers structure that forms a crown on the surface of the viral particle (Figure 2A). It mediates virus entry and determines host tropism and pathogenesis. The S protein has two subdomains, S1 and S2, which are cleaved by furin or TMPRSS2 protease. S1 mediates binding to the receptor of host cells and S2 is responsible for membrane fusion (Walls et al., 2020). The S1 subunit contains two functional domains, the C-terminal domain (CTD) and the N-terminal domain (NTD). Part of the S1 subunit is a receptor-binding domain (RBD), which is the core domain and contains a receptor binding motif (Figures 2B,C). To bind the human angiotensin-converting enzyme 2 (hACE2) receptor, the RBD of S1 exhibits the up conformational movement, which enables RBD access to hACE2. When in the closed or “down” conformation, the RBD is hidden in the center (Wrapp et al., 2020). Due to the critical function of S protein, it is an attractive target of neutralizing antibodies (nAbs). The SARS-CoV-2 RBD is the main target of nAbs [6, 7]. Like the RBD, much of the S1 NTD is also exposed on the spike trimer surface and is targeted by neutralizing antibodies. The NTD plays a role in the conformation transition of the S protein. Many studies have proved that potent NTD antibodies confer protection against SARS-CoV-2 challenge, which highlights the importance of NTD-specific nAbs (Chi et al., 2020; McCallum et al., 2021).
[image: Figure 2]FIGURE 2 | S protein and neutralizing antibody. (A) The Structure of the SARS-CoV2 S Glycoprotein. (B-C) The PDB model of S protein and neutralizing antibody. The S309 neutralizing antibody targets the receptor-binding domain (RBD) of S protein (B) The S2L18 neutralizing antibody targets the N-terminal domain (NTD) of S protein (C). Figure was generated by BioRender.
Major effort has been devoted to leverage antibody therapeutics. Based on the targets on the SARS-CoV-2 S protein, the current antibody therapeutics can be classified into RBD targeted nAbs, NTD targeted nAbs and polyclonal antibodies. As shown in Table 2, there are several antibody therapeutics targeting RBD that have been granted emergency use authorization or are currently under clinical trials. Currently, four anti-SARS-CoV-2 nAb products or antibody cocktails have been issued EUAs by FDA, bamlanivimab plus etesevimab, casirivimab plus imdevimab, sotrovimab, and tixagevimab plus cilgavimab for the treatment of non-hospitalized mild to moderate patients with SARS-CoV-2 infection. However, according to the NIH COVID-19 Treatment Guidelines, the use of bamlanivimab plus etesevimab and casirivimab plus imdevimab have not been recommended, since the protective effect disappears against the B.1.1.529 variant (Cameroni et al., 2022; Cao et al., 2022; Liu et al., 2022). Sotrovimab, however, did exhibit antibody neutralizing activity against the Omicron variant in lab testing, and is therefore expected to retain its therapeutic efficacy against this variant. Moreover, another long-acting anti-SARS-CoV-2 mAb combination, tixagevimab plus cilgavimab, also maintained its effectiveness for neutralizing the Omicron variant. (Cameroni et al., 2022; Li et al., 2022; Liu et al., 2022). The nAbs under phase three trials still face the challenges of Omicron variant escape. Therefore, nAbs interventions must be adjusted in real time according to the evolutionary trajectory of SARS-CoV-2. (Table 2).
TABLE 2 | Antibody treatments for COVID-19 at or after phase three clinical trial.
[image: Table 2]DRUG DEVELOPMENT AGAINST HOST FACTORS
SARS-CoV-2 receptors
As a major receptor of SARS-CoV-2 (Shang et al., 2020a; Hoffmann et al., 2020b), ACE2 is a carboxypeptidase that removes a single amino acid from the C terminus of angiotensin I to angiotensin II, which are generated by renin and ACE (Gheblawi et al., 2020). Protein structural analysis revealed that the peptidase domain of ACE2 could bind to the receptor binding motif of the SARS-CoV-2 S protein (Lan et al., 2020; Yan et al., 2020) (Figure 3A). Lack of ACE2 blocks SARS-CoV-2 infection in Huh7.5 (Hoffmann et al., 2021a; Schneider et al., 2021) and Caco-2 (Gordon et al., 2020b) cells. In addition to ACE2, two groups reported neuropilin1 (NRP1) as another entry factor for SARS-CoV-2 (Cantuti-Castelvetri et al., 2020; Daly et al., 2020). TMPRSS2-mediated entry of wild-type SARS-CoV-2 could be enhanced by the presence of NRP1. Mutations at the furin cleavage site could decrease viral infection, which provides evidence that NRP1 requires a furin-cleaved substrate for its function (Cantuti-Castelvetri et al., 2020).
[image: Figure 3]FIGURE 3 | Two approaches of SARS-CoV-2 entry. (A) S protein binds to the host ACE2 receptor, followed by cleaving at S1/S2 and S2’ sites by TMPRSS2 protease. S2 domain mediates the fusion of viral and host membranes. (B) The S protein binds to ACE2, followed by the receptor mediated endocytosis. The viral fusion occurs in cytoplasm after S activation by host protease cathepsin L. Figure was generated by BioRender.
Multiple efforts have been pursued to exploit ACE2 as a therapeutic target. The fundamental principle of targeting ACE2 is to block the accessibility of virus to membrane-bound ACE2. The use of soluble ACE2 as a decoy receptor capable of trapping the virus to prevent membrane attachment is under investigation (Monteil et al., 2020; Zoufaly et al., 2020). Our study suggested that both imatinib and quinacrine dihydrochloride can bind with ACE2 and block the viral entry (Han et al., 2021). Other strategies target ACE2 using pseudoligands, blocking antibodies, or inhibitors downregulating ACE2 expression. Isotretinoin downregulates ACE2 expression (Sinha et al., 2020), and it also reduces dihydrotestosterone levels and downregulates TMPRSS2 (Table 3). Notably, ACE2 is a key enzyme of the renin–angiotensin–aldosterone system (RAAS), which is a commonly prescribed hypertension drug target. Studies suggested that they increase ACE2 expression (Ferrario et al., 2005) and may therefore worsen COVID-19 severity. However, clinical investigations revealed no adverse effects (Cohen et al., 2021; Williams, 2021). (Table 3). For the alternative receptors of SARS-CoV-2, corresponding therapeutics were also studied for reducing the burden of COVID-19. Meplazumab, which blocks the entry of SARS-CoV-2 by targeting CD147, was tested in a phase II clinical trial (NCT04275245) in China (Masre et al., 2021). Moreover, a potential monoclonal neutralizing antibody against NRP1 is currently under investigation for SARS-CoV-2 infection.
TABLE 3 | Inhibitors targeting host factors at or after phase three trials.
[image: Table 3]Proteases essential for SARS-CoV-2 entry
After binding, the S protein conformational transition depends on proteolytic cleavage, which depends on the types of target cell proteases. There are two cleavage sites, one is the S1/S2 boundary and the other is S2’ site of S2 subunit. For SARS-CoV-2, the S1/S2 boundary is cleaved by furin, while the S2’ site cleavage requires proteases in targeted cells. The other two proteases, TMPRSS2 and cathepsin L, activate S protein at different location of the cells. TMPRSS2-mediated S protein activation occurs at the cell surface (Figure 3A), whereas cathepsin-mediated activation occurs in the endo-lysosome (Figure 3B) (Hoffmann et al., 2020a; Sungnak et al., 2020; Zang et al., 2020).
Significant efforts have been applied to develop candidates targeting TMPRSS2 mediated S activation. The TMPRSS2 inhibitors camostat mesylate (Hoffmann M. et al., 2021), namostat (Jang and Rhee, 2020) and aprotinin (Bojkova et al., 2020) are being investigated in multiple ongoing clinical trials. As androgens are involved in the TMPRSS2 expression (Clinckemalie et al., 2013), several studies also investigated androgen-directed therapy (Bhowmick et al., 2020) (Table 3).
Additional work has been applied to develop drug candidates targeting cathepsins, endosomal cysteine proteases required for pH-dependent endocytic entry (Yang and Shen, 2020). Chloroquine and hydroxychloroquine, which inhibit the activity of cathepsin L, have proven antiviral activity in cell culture (Liu et al., 2020). However, chloroquine and hydroxychloroquine failed to block SARS-CoV-2 infection in an in vivo assay (Kaptein et al., 2020; Park et al., 2020) (Table 3). The clinical outcome of chloroquine and hydroxychloroquine is disappointing. Based on RECOVERY and WHO SOLIDARITY, two highly pragmatic trials, hydroxychloroquine treatment may lead to increased mortality in patients with COVID-19 (Axfors et al., 2021).
Lipid and SARS-CoV-2 infection
Genetic screens have identified that several genes controlling fatty acid and cholesterol synthesis are involved in SARS-CoV-2 assembly and replication (Gordon et al., 2020a; Baggen et al., 2021; Chu et al., 2021; Schneider et al., 2021; Wang et al., 2021). Two P4-ATPase complex factors, TMEM30 A and ATP8B1, can transport aminophospholipids and mediate the membrane communication between the ER and other membranes, which were related with viral replication. Sterol-regulatory-element-binding proteins (SREBPs) are the key transcription factors that regulate fatty acid and cholesterol synthesis, which were identified in several genetic screens (Schneider et al., 2021; Wang et al., 2021). Our recent work reported that the compounds inhibiting fatty acid biosynthesis can block SARS-CoV-2 infection (Duan et al., 2021). This suggests Fatty Acid synthase and Acetyl-CoA carboxylase Alpha are potential host targets for drug development, which were verified using animal studies (Chu et al., 2021; Duan et al., 2021). 25-hydrocholesterol could inhibit S protein mediated membrane fusion of SARS-CoV-2 by consuming cholesterol from the cell plasma membrane. (Wang S. et al., 2020). Moreover, TMEM41B is identified as another critical host factor required for infection of human coronaviruses SARS-CoV-2 and SARS-CoV (Baggen et al., 2021; Hoffmann et al., 2021b). Together, this suggests that cholesterol and other lipids participate in the viral life cycle, including viral entry, intracellular transport, and replication complex formation. Viruses interact with lipid membranes to infect a cell and reprogram lipid metabolism to fuel replication.
Potential therapeutic regimens targeting immune system and cytokine storm
The severity and modality of COVID-19 patients correlates with increased concentrations of circulating cytokines (de la Rica et al., 2020; De Virgiliis and Di Giovanni, 2020). The deaths of patients with COVID-19 are closely related with ARDS, which is often caused by an uncontrolled immune response. Continuous expansion and activation of inflammation and release of large amounts of inflammatory cytokines are the main characteristics of ARDS. (Del Valle et al., 2020). Recent cohort studies showed high circulating cytokine levels in patients with COVID-19 (Laing et al., 2020). Therefore, lowering the inflammatory response may be a potential therapeutic strategy for severe COVID-19. Anti-IL-6 receptor nAbs, such as sarilumab, tocilizumab, levilimab and anti-IL-6 mAb siltuximab, have been evaluated in several clinical (Zhou F. et al., 2020; Wang Z. et al., 2020; Huang et al., 2020) (Figures 4A,B and Table 4). An EUA of Actemra (tocilizumab) was issued by the FDA to treat the severe COVID-19 adults and children (more than 2 years old) patients. Moreover, other cytokines and growth factors, including TNF-α, IL-1β, granulocyte-macrophage CSF, vascular endothelial growth factor, and IFN-γ, among others, were exploited as potential drug targets for COVID-19 patients. Our recent studies using an immune-cardiac co-culture platform identified a JAK inhibitor that blocks macrophage-mediated inflammation and myocardial injury (Yang L. et al., 2021). The FDA also issued an EUA for baricitinib (Olumiant), a JAK inhibitor, in combination with remdesivir for confirmed COVID-19 patients. Glucocorticoids are widely used for repressing inflammatory reactions, so theoretically glucocorticoids can reduce the progression to respiratory failure and death in patients with COVID-19. Although the use of glucocorticoids was debated at the beginning of the pandemic (Shang L. et al., 2020; Russell et al., 2020), a randomized clinical trial of dexamethasone reported that patients with severe COVID-19 can benefit from the use of dexamethasone, which could lower the 28-days mortality in patients with invasive mechanical ventilation or oxygenation alone (Group et al., 2021).
[image: Figure 4]FIGURE 4 | Potential therapeutic regimens targeting the immune system and cytokine storm. (A) The SARS-CoV-2 infected cells will secrete great amounts of chemokines or cytokines, which recruit immune cells including macrophages. The cytokine storm is caused by uncontrolled immune response that immune cells continuously activate, expand, and produce immense amounts of cytokines. The inflammation will damage the lung cells followed by the formation of fibrin and accumulation of fluid seeping into the lung cavities, leading to the failure of gas exchange. (B) The nAbs targeting IL-1β, IL-6, TNF-α, and IFN-γ among others have been tested in patients with severe COVID-19. inflammation. Figure was generated by BioRender.
TABLE 4 | Inhibitors targeting the immune system and cytokine storm at or after phase three trials.
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In the last two and half years, SARS-CoV-2 continues to evolve. Recently, the omicron variant has developed into BA.1, BA.2, and BA.3.1 variants (Viana et al., 2022). Omicron variant BA.2 has become the dominant strain in many places (Chen and Wei, 2022). The BA.1 variant has shown substantial escape from neutralizing antibodies induced by vaccination (Cele et al., 2022; Liu et al., 2022; Schmidt et al., 2022). A recent study estimated that BA.2 is about 1.5 times as contagious as BA.1, and 30% more capable than BA.1 to escape current vaccines (Chen and Wei, 2022). Overall, there is an urgent need to develop pan-effective antiviral drugs and nAbs. Here, we have summarized druggable targets and therapeutic development for SARS-CoV-2 infection. The potential treatment targets can be divided into two groups, essential viral proteins and host factors supporting the viral life cycle. The non-structural proteins, Mpro, PLpro, and RdRp, are attractive drug targets, since they play pivotal roles in mediating viral replication and transcription. The structural S protein, which mediates viral entry, is the main target of nAbs and vaccines. S protein is also a very challenging target due to the high variability that enhances immune escape. It is still challenging for the nAbs and vaccine development to keep up with the continuing viral mutations. Regarding host factors, ACE2, TMPRSS2, and cathepsins, which have critical roles in viral binding and membrane fusion, are promising drug targets to develop pan-inhibitors of SARS-CoV-2. A majority of genetic and drug screening, as well as protein interactome studies, have identified several host factors that play roles in viral replication, viral translocation, and assembly. Finally, COVID-19 can produce a systemic inflammatory reaction involving many organs, which is highly associated with the severity of the disease. Thus, blocking immune cell-mediated host damage and cytokine storm are also critical for anti-SARS-CoV-2 drug development. In summary, significant efforts have been applied to understand SARS-CoV-2, which has provided insights into novel anti-SARS-CoV-2 drug development.
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Structural similarities between SARS-CoV2 3CLpro and other viral proteases suggest potential lead molecules for developing broad spectrum antivirals
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Considering the significant impact of the recent COVID-19 outbreak, development of broad-spectrum antivirals is a high priority goal to prevent future global pandemics. Antiviral development processes generally emphasize targeting a specific protein from a particular virus. However, some antiviral agents developed for specific viral protein targets may exhibit broad spectrum antiviral activity, or at least provide useful lead molecules for broad spectrum drug development. There is significant potential for repurposing a wide range of existing viral protease inhibitors to inhibit the SARS-CoV2 3C-like protease (3CLpro). If effective even as relatively weak inhibitors of 3CLpro, these molecules can provide a diverse and novel set of scaffolds for new drug discovery campaigns. In this study, we compared the sequence- and structure-based similarity of SARS-CoV2 3CLpro with proteases from other viruses, and identified 22 proteases with similar active-site structures. This structural similarity, characterized by secondary-structure topology diagrams, is evolutionarily divergent within taxonomically related viruses, but appears to result from evolutionary convergence of protease enzymes between virus families. Inhibitors of these proteases that are structurally similar to the SARS-CoV2 3CLpro protease were identified and assessed as potential inhibitors of SARS-CoV2 3CLpro protease by virtual docking. Several of these molecules have docking scores that are significantly better than known SARS-CoV2 3CLpro inhibitors, suggesting that these molecules are also potential inhibitors of the SARS-CoV2 3CLpro protease. Some have been previously reported to inhibit SARS-CoV2 3CLpro. The results also suggest that established inhibitors of SARS-CoV2 3CLpro may be considered as potential inhibitors of other viral 3C-like proteases.
Keywords: COVID-19, drug discovery, structural bioinformatics, virtual docking, structure based dendrograms, topology diagrams, viral protease inhibitors, 3CLpro (Mpro)
INTRODUCTION
Coronaviruses (CoVs) cause human respiratory diseases. While several human coronaviruses cause relatively mild respiratory infections, three coronaviruses cause severe respiratory diseases in humans: Severe Acute Respiratory Syndrome (SARS), Middle East Respiratory Syndrome (MERS), and Corona Virus Infectious Disease 2019 (COVID-19) (de Wit et al., 2016; Wu et al., 2020; Zhou et al., 2020). The current COVID-19 pandemic has had a devastating impact on public health and global economies. The etiologic cause of COVID-19 disease is the novel SARS-CoV2 virus (Wu et al., 2020; Zhou et al., 2020). While both vaccines and approved antiviral drugs (Mei and Tan, 2021; Burki, 2022) are now available, immuno- and antiviral-resistant viral variants continue to emerge, with severe ongoing public health consequences. Considering the high mutation rate of SARS-CoV2 (McLean et al., 2022), an important focus of current research is the development of therapeutic strategies and molecules that address and suppress antiviral resistance.
Coronaviruses, including SARS-CoV2, are enveloped positive-strand RNA viruses. Their genome comprises a single, large (27-34 kilobase) single-stranded RNA, which is directly translated by host cells. The SARS-CoV2 genome encodes 4 structural proteins, 16 non-structural proteins (NSPs) which carry out crucial intracellular functions, and 9 accessory proteins (Gordon et al., 2020; Wu et al., 2020). Many of these proteins, and their host binding partners (Gordon et al., 2020), are potential targets for development of antiviral therapeutics for COVID-19. Translation of the viral RNA results in the synthesis of two polyproteins that are processed by two virally-encoded cysteine proteases, the papain-like protease (PLpro), a part of Non-Structural Protein 3 (NSP3), and a 3C-like protease (3CLpro), which is also referred to as Non-Structural Protein 5 (NSP5), or as the main protease (Mpro). Both PLpro and 3CLpro proteases are required for virus replication and are targets for antiviral development.
Considering the urgency for identifying effective antiviral drugs for COVID-19, and the usually lengthy process involved in approving candidate drugs for safe human use, an important approach has been to identify existing drugs and inhibitors that can be optimized as potent and safe antivirals. Viral proteases have been successfully targeted for the development of antiviral drugs against human immunodeficiency virus-1 (HIV-1), hepatitis C virus (HCV) (Wlodawer and Vondrasek, 1998; Kwo and Vinayek, 2011; McGivern et al., 2015; Ghosh et al., 2016), and most recently for SARS-CoV2 (Beck et al., 2020; Nguyen et al., 2020; Boras et al., 2021; Dampalla et al., 2021; Liu et al., 2022; Narayanan et al., 2022). Here we outline the potential of using existing inhibitors directed to other viral proteases as lead molecules for developing new drugs targeting the SARS-CoV2 3CLpro protease.
Work over the past ∼15 years on the SARS-CoV 3CL protease has provided an extensive understanding of structure-activity relationships of lead molecules suitable for drug discovery efforts (Anand et al., 2003; Yang et al., 2003; Yang et al., 2006; Akaji et al., 2011; Hilgenfeld and Peiris, 2013; Pillaiyar et al., 2016; Gordon et al., 2020). Although these drug development efforts have been focused on specific proteases, in some cases broad spectrum activities have been documented. We define broad spectrum protease inhibitors as molecules that effectively inhibit proteases from viral strain variants, or even proteases from different viral species. Particularly noteworthy are several hepatitis C virus (HCV) drugs developed as inhibitors of the HCV NS3/4A protease, which also have activity as micromolar inhibitors of SARS-CoV2 virus replication in cell culture (Bafna et al., 2020; Bafna et al., 2021; Gammeltoft et al., 2021; Lo et al., 2021). Another example, with a narrower target range, nirmatrelvir, a peptidomimetic developed as an inhibitor of the SARS-CoV2 virus and a key component of the Pfizer antiviral drug combination Paxlovid™, has good activity as an inhibitor of 3CLpro from a wide range of SARS-CoV2 viral strains (Ullrich et al., 2022). Rupintrivir also has activity against a broad range of 3CLpro—type viral proteases from corona viruses, coxsackie viruses, rhinoviruses, and entroviruses (Lockbaum et al., 2021). Broad spectrum antiviral activity may be important for development of drugs that can suppress the evolution of viral resistance.
While in most cases broad spectrum activity of 3CLpro inhibitors has been assessed by experimental screening using protease inhibition or antiviral activity assays, some success has also been achieved by using rational approaches and virtual screening. For example, several HCV protease inhibitor drugs were initially proposed as inhibitors of SARS-CoV2 3CLpro based on structural bioinformatics studies which identified structural similarity in and around the active sites of these two proteases (Bafna et al., 2020). This hypothesis was subsequently validated by virtual docking studies, and experimental biochemical protease inhibition and cell-based viral inhibition assays (Bafna et al., 2021; Gammeltoft et al., 2021).
In this study, we expand our earlier structural bioinformatics analysis to identify more than 20 proteases from a wide range of positive single-stranded RNA viruses for which the 3D structures of the binding-site cleft is similar to SARS-CoV2 3CLpro. These viral proteases belong to the well-recognized PA superfamily of chymotrypsin-like proteases (Bazan and Fletterick, 1988; Gorbalenya et al., 1989; Kanitz et al., 2019), which includes proteases from species across the tree of life (Laskar et al., 2012; Monttinen et al., 2019). Phylogenetic and structural topology analysis indicates that the proteins from these various viral protease clades have evolutionarily converged on similar active site structures. For many of these proteases, medicinal chemistry efforts have previously identified inhibitor molecules. Our virtual docking experiments suggest that many of these known protease inhibitors have potential as lead molecules for developing novel drugs directed to SARS-CoV2 3CLpro. In a few cases, these inhibitors developed for these other viral proteases have already been shown to inhibit of SARS-CoV2 3CLpro and/or viral replication in cell-based assays at micromolar concentrations.
COMPUTATIONAL METHODS
Structural bioinformatics
Proteins that are structurally similar to SARS-CoV2 3CLpro were identified using the DALI (Distance matrix ALIgnment) (Holm and Sander, 1995; Holm, 2020a) server (http://ekhidna2.biocenter.helsinki.fi). The first two domains of the SARS-CoV2 3CLpro were used as a structural template to search for structurally-similar viral proteases in the PDB25 database (Holm, 2020b). PDB25 is a non-redundant subset of the PDB, consisting of representative structures from clades clustered at 25% sequence identity. In addition, the all-against-all structure comparison option available on the DALI server was used to generate structure-based dendrograms of these viral proteases. Sequence based phylogenetic trees were generated using Clustal Omega (Madeira et al., 2022) available on the European Bioinformatics (EBI) website (https://www.ebi.ac.uk/Tools/msa/clustalo/). Clustal Omega uses the HHalign (Soding, 2005) algorithm with the Gonnet (Gonnet et al., 1992) transition matrix. Sequence information for each protein listed in Table 1 was obtained in FASTA format from the respective PDB entry.
TABLE 1 | Viral proteases identified from DALI search.
[image: Table 1]Virtual docking
Virtual docking was done using the open source Autodock suite (Morris et al., 2009). AutoDockTools was used for coordinate preparation, docking, and analysis of results, as described previously (Bafna et al., 2021). SARS-CoV2 3CLpro atomic coordinates were obtained from X-ray crystal structure PDB id 6Y2G (Zhang et al., 2020), and structural water molecules were removed. Three-dimensional coordinates for ligand molecules were obtained from the PDB (http://www.rcsb.org/) or from chemical structure databases ChemSpider (http://www.chemspider.com/) and DrugBank (https://www.drugbank.ca/). Docking calculations were carried out using a cpu cluster at the Rensselaer Polytechnic Institute Center for Computer Innovations (CCI) (https://cci.rpi.edu/). Atomic coordinates for best-scoring conformation obtained in each docking simulation, for each drug-protein complex, were saved in PDB format for analysis. These protein - ligand complexes were analyzed in detail using the open source PyMol molecular visualization tool (DeLano, 2009) and fully automated Protein-Ligand Interaction Profiler (Salentin et al., 2015) (https://projects.biotec.tu-dresden.de/plip-web/plip).
RESULTS
Structural analogs of SARS-CoV2 3CLpro
3CLpro of SARS-CoV2 is a 67.6 kDa homodimeric cysteine protease. It has about 97% sequence identity with the corresponding 3CLpro of the SARS-CoV virus responsible for the 2003 SARS pandemic. Not surprisingly, the 1.75 Å X-ray crystal structure of SARS-CoV2 3CLpro protease (Jin et al., 2020; Zhang et al., 2020) demonstrates its structure is very similar to this SARS-CoV 3CLpro protease (Anand et al., 2003; Yang et al., 2003). Both of these proteases contain three domains. Domains I and II adopt a double β-barrel fold, with the substrate binding site located in a shallow cleft between two antiparallel β-barrels (Figure 1A). Both of these 3CLpro proteases also have an additional C terminal helical-bundle domain, Domain III (also shown in Figure 1A), which stabilizes their homodimer forms (Shi and Song, 2006; Nashed et al., 2022).
[image: Figure 1]FIGURE 1 | Structural superimposition and structure-based sequence alignments of SARS-CoV2 3CLpro and HCV NS3/4A proteases. (A) Three-dimensional structures of SARS-CoV2 3CLpro. The β-strands forming the characteristic β-barrels are colored in magenta. Other secondary structure elements are shown as cartoon representation colored in gray. (B) The backbone structure of the SARS-CoV2 3CLpro, PDB 6Y2G (green) is superimposed on the backbone structure of hepatitis C virus protease HCV NS3/4A, PDB 2P59 (cyan). The regions identified by DALI server as structurally-analogous are shown in color (green and cyan), and the regions that are not structurally-analogous are shown in gray. This superimposition of backbone atoms results in superimposition of the catalytic residues Cys145 and His41 of the SARS-CoV2 3CLpro with Ser139 and His57 of HCV NS3/4A protease. Residue Asp81 of the HCV protease catalytic triad is also shown. (C) Structure-based sequence alignment of HCV NS3/4A and SARS-CoV2 3CLpro. Catalytic residues of HCV NS3/4A (His57, Asp81 and Ser139) and SARS-Cov2 3CLpro (His41 and Cys145) are highlighted in bold red. Three-state secondary structure definitions (H = helix, E = sheet, L = coil) are shown for each amino acid sequence. Structurally equivalent residues are in uppercase, structurally non-equivalent residues (e.g. in loops) are in lowercase. Identical amino acids are marked by vertical bars. Adapted from Bafna et al., 2021.
The 3D structure of Domains I and II of SARS-CoV2 3CLpro, including the double β-barrel fold and the substrate binding cleft, was used as input for searching for structurally-similar proteins in the PDB25 database using the DALI server. The DALI server compares superimposition-independent distance matrices, accounting for gaps, insertions, and rearrangements, to define a structural superimposition and a structure-based sequence alignment (Holm and Sander, 1993). Structural similarity is reported as Z-score, relative to the distribution of all-vs-all pair-wise structural similarity scores in the queried structural database. A higher Z-score means the structures have higher structural similarity in their ordered regions (Holm and Sander, 1995).
The fold architectures of Domains I and II of CoV 3CLpro proteases are well known to be similar to those of chymotrypsin-like proteases and the 3C family of viral proteases (Anand et al., 2002; Monttinen et al., 2019). Using domains I and II of the SARS-CoV2 3CLpro as a query, our DALI search of the PDB identified several 3C-like proteases, including the HCV NS3/4A protease, as structurally-similar (Bafna et al., 2020; Bafna et al., 2021). These SARS-CoV2 3CLpro and HCV NS3/4A protease structures have a structural similarity Z score = +8.1, and overall backbone root-mean-squared deviation for structurally-similar regions of ∼ 3.0 Å. Like all 3C-like proteases, the HCV NS3/4A protease has a double β-barrel fold, with relative domain orientations similar to those of the SARS-CoV and SARS-CoV2 3CLpro proteases, with a substrate binding site located in a shallow cleft between its two six-to eight-stranded antiparallel β-barrels. Superimposition of the backbone structures of these two proteases results also in superimposition of their active-site catalytic residues, His41/Cys145 and His57/Ser139 of SARS-CoV2 3CLpro and HCV NS3/4A proteases, respectively, with remarkable structural similarity in the substrate binding cleft (Figure 1B), despite very little sequence identity in the pair-wise structure-based sequence alignment (Figure 1C). Our observation of this structural similarity between SARS-CoV2 3CLpro and HCV proteases led us to studies of known HCV NS3/4A protease inhibitors as inhibitors of SARS-CoV2 3CLpro enzyme activity and virus replication (Bafna et al., 2021).
The DALI analysis identified 22 additional viral proteins (Table 1) to which SARS-CoV2 3CLpro is more structurally-similar than it is to HCV NS3/4A protease. Although many other structurally-similar proteases across the PA superfamily (Monttinen et al., 2019) were also identified, in this analysis we focused on structural-similarity between the 3CL proteases of positive single-strand RNA viruses belonging to the virus Kingdom Orthornavirae (RNA viruses), and in the Phyla Pisuviricota and Kitrinoviricota which include eukaryotic viruses. Many of the proteins reported in Table 1 are 3C-like proteases from important virus pathogens, including human hepatitis A, dengue, coxsackie, Norwalk, entro-, foot-and-mouth disease, West Nile, and Zika viruses. The DALI structural similarity Z scores, using domains I and II of SARS-CoV2 3CLpro as a search template, on each of the proteases listed in Table 1 are all higher than (more structurally similar) the Z score to HCV NS3/4A protease; i.e. these Z scores are all > + 8. As some inhibitors of HCV NS3/4A protease are now known to both inhibit SARS-CoV2 3CLpro enzyme activity and to suppress the SARS-CoV2 virus replication in cell culture at 1–50 μM concentrations (Bafna et al., 2021; Gammeltoft et al., 2021), these simple bioinformatics search results suggest a significant potential for repurposing the known inhibitors of these various proteases for treating COVID-19, as well as for using them as lead molecules for structure-based drug design efforts focused on developing novel inhibitors of SARS-CoV2 3CLpro. These bioinformatics results also suggest the converse; using SARS-CoV2 3CLpro inhibitors as lead molecules for developing drugs targeted to 3C-like proteases of these other viruses.
The viral proteases identified as structurally similar to SARS-CoV2 3CLpro contain variations on the characteristic double β-barrel two-domain architecture (Figure 1A), with active sites located at the interface between the two domains. The 3D structures of some of representative viral proteases in Table 1, each having double β-barrel architectures similar to SARS-CoV2 3CLpro domains I and II, are illustrated in Figure 2. The β-strands of the double β-barrel architecture, formed by 6–7 β-strands, respectively, are colored in magenta while the rest of these 3D structures (i.e., alpha helices and loops) are colored gray. The structure of one protomer of the dimeric SARS-CoV2 3CLpro is also shown for comparison. These remarkable overall structural similarities across proteins from a wide taxonomic range of viral families supports the potential of developing broad spectrum inhibitors useful as lead molecules for developing new drugs targeting several viral 3CL proteases.
[image: Figure 2]FIGURE 2 | Three-dimensional structures of viral proteases that have the double β-barrel fold like the SARS-CoV2 3CLpro. The β-strands forming the characteristic β-barrels are colored in magenta. Other secondary structure elements are shown as cartoon representation colored in gray. Dali Z scores to SARS-CoV2 3CLpro are shown in parentheses.
Viral taxonomy
The taxonomic lineages of the viruses associated with the proteins in Table 1 are summarized in Figure 3. They belong to two Phyla, Pisuviricota and Kitrinoviricota. Phylum Pisuviricota includes Classes (and Orders): Pisoniviricetes (Orders Picornavirales and Nidovirales), and Stelpaviricetes (Order Patatavirales). The Picornavirales viruses include the Families Picornaviridae [e.g., human hepatitis A virus (HAV)] and Caliciviridae [e.g., human Norwalk virus (NWV)]. The Order Nidovirales viruses includes the Families (or subfamilies) Coronaviridae [e.g., human SARS coronaviruses (SARS-CoV)], Arteriviridae [e.g., Equine Arteritis Virus (EAV)], and Mesnidoviridae [e.g., Cavally virus (CV)]. Tobacco etch mosaic virus (TEV), a common biotechnology reagent, belongs to the Class Stelpaviricetes, Order Patatavirales, of the Phylum Pisuviricota. The second phylum represented in the viral proteases returned by the DALI search (Table 1), Kitrinoviricota, includes the Family Flaviviridae of Class Flasuviricetes, Order Amarillovirales. The viruses of this family include flaviviruses [e.g., human dengue virus (DENV)], and hepaciviruses [e.g., human hepatitis C virus (HCV)].
[image: Figure 3]FIGURE 3 | Taxonomic lineage of positive strand RNA viruses listed in Table 1. These viruses belong to two phyla in the Kingdom Orthornavirae. This evolutionary information is obtained from https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi.
Structure- and sequence-based dendrograms
Despite these similarities in their double β-barrel architecture (Figure 2), there are also striking differences in the overall structures of many of these viral proteases. In order to assess these similarities and differences, the structurally-similar proteins reported in Table 1 were used to generate both structure-based and sequence-based dendrograms (Figure 4). The structure-based dendrogram is based on structural similarity scores between the 3C-like proteases measured by DALI Z scores (summarized in Supplementary Figure S1), and the sequence-based dendrograms are constructed using Clustal Omega. Note that we avoid calling these “phylogenetic trees”, as it is not certain that all of the structural and sequence similarities between clades are a result of evolutionary divergence.
[image: Figure 4]FIGURE 4 | Dendrograms showing the structure-based vs. sequence-based relationships of viral proteases. In both the structure-based and sequence-based dendrograms, proteases belonging to the members within the same viral Family cluster together in clades, represented by different colored boxes. Superimpositions of the corresponding structures in each Family clade is shown below the dendrograms.
The structure-based dendrogram on 23 proteases (22 in Table 1, plus SARS-CoV2 3CLpro) clusters them into five structurally-similar clades (Figure 4, left), with 2 - 7 proteins per clade, plus three singleton clades. The pairwise Dali Z scores between members of each clade is > 20 (Supplementary Figure S1), indicating high structural similarity within each clade. Similar results were obtained using either domains I and II together, or when including also domain III in the DALI query. This structure-based dendrogram organizes clades consistently with the taxonomic classification of the corresponding viruses, with a clear bifurcation of the clades from the two Phyla (i.e. Phylum Pisuviricota, Orders Picornavirales and Nidovirales vs. Phylum Kitrinoviricota, Order Amarillovirales). All of the proteins from viruses within a common Order cluster into related clades, each clade including all the proteins from viruses within the same family. Specifically, the five multimember structural-similarity clades of Figure 4 correspond to 5 virus families: Picornaviridae, Caliciviridae, Arteriviridae, Coronaviridae, and Flaviviridae. One of the singleton clades, containing HCV NS3/4A, corresponds to the Hepacivirius subfamily, of the Flaviviridae Family. A second singleton, containing the Cavally Virus (CV) 3CLpro belongs to Family Mesoniviridae within the order Nidovirales, and locates in the dendrogram with other proteins from Nidovirales viruses. The third singleton, containing the TEV 3CL protease, belongs to a distinct Class Stelpaviricites within the Phylum Pisuviricota. Hence, the structure-based dendrogram in Figure 4 largely recapitulates the taxonomic relationships of the viruses associated with these proteins; the top three clades correspond to families in the Order Picornavirales (excluding TEV which belongs to a different taxonomic class), the next three clades down belong to the Order Nidovirales, and the bottom two clades belong to a distinct Phylum, Kitrinoviricota, and Order Amarillovirales (Family Flaviviridae, Genus Flavivirus and Hepacivirus). Since the three-dimensional structure of a protein is an important phenotypic feature with functional implications for evolutionary selection, it is not surprising that there is a close correlation between the structure-based dendrogram and the corresponding viral taxonomy.
Viral proteases that are structurally closest to the SARS-CoV2 3CLpro (PDB id 6Y2G chain A) all come from viruses in the Order Nidovirales (Families Coronaviridae, Mesoniviridae, and Arteriviridae). These proteases all have a third domain, domain III, in addition to the two domains forming the double β-barrel fold. The third domain of the 3C-Like protease of Cavally Virus (CV) is quite similar to the third domain of SARS-CoV2 3CLpro, while the third domains of the NSP4 proteinase from the Equine Arteritis Virus (EAV) (PDB id 1MBM) and the 3CL protease of Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) (PDB id 5Y4L) are structurally different. The 3CL proteases from viruses of Order Picornavirales [e.g., human Rhinovirus (RHV), foot-and-mouth disease virus (FMDV), hepatitis A virus (HAV), and human Norovirus (NOV)] and Order Amarillovirales [e.g., dengue virus (DENV), West Nile virus (WNV), Zika virus (ZKV), and hepatitis C virus (HCV)] all have only domains I and II of the double beta-barrel fold, without the additional domain III.
Figure 4 (right) also shows a sequence-based dendrogram of these viral proteases. Generally, the sequence-based dendrogram is similar to the structure-based dendrogram, identifying the same five multiprotein clades. However, in this case the neat relationships between clades and taxonomic classification is absent. Relative to the structure-based dendrogram, the sequence-based dendrogram mixes clades between taxonomic classes. For example, the top three clades, with some sequence similarity to one another, belong to the taxonomic Families Caliciviridae (pink) of Order Picornavirales, Flaviridae (orange) of Order Amarillovirales, and Arteriviridae (yellow) of Order Nidovirales. While the Picornaviridae and Caliciviridae families of Order Picornavirales are recognized as individual clades, they are remote in the sequence-based dendrogram. Similarly, the Coronaviridae and Arteriviridae families are recognized as clades of Order Nidovirales but are also remote in the dendrogram. HCV NS3/4A protein forms an independent clade, and its structural and taxonomic relationship to other proteins from viruses in the Family Flaviridae is not evident in this sequence-based dendrogram. In addition, the CV 3CL protease, a virus in the taxonomic Order Nidovirales, is classified as a singleton, with no indication of its taxonomic and structural relationship to proteins from other Nidovirales viruses.
This disconnect between taxonomy and sequence-based dendrograms is attributable in part to the very low sequence similarity of proteases between families. Considering this low sequence similarity, one explanation for the structural similarity of substrate binding sites and superimposition of catalytic residues of these proteases from different taxonomic families is that they have converged in evolution on a common three-dimensional structure in order to achieve similar biochemical functions. For example, despite their common active site, substrate binding cleft, and sensitivity to several protease inhibitors, there is no phylogenetic evidence for common ancestors of HCV NS3/4A protease and SARS-CoV2 3CLpro, or of HCV and SARS-CoV viruses. Indeed, these two viruses belong to different taxonomic Phyla (Figure 3). The HCV NS3/4A protease is a serine-protease, with catalytic triad His57, Asp81, and Ser139, while the SARS-CoV2 3CLpro is a cysteine protease, with catalytic dyad residues His41, Cys145 (Figure 1), consistent with the concept of convergent evolution to achieve a similar proteolytic function.
Fold topology analysis
Similarities in overall fold, locations of substrate binding sites, and common positioning of active-site residues can result from either homologous (divergent) evolution, or by convergence of different lineages to a common structure in order to achieve similar functions. In order to test the hypothesis that the observed disconnect between the structure- and sequence-based dendrograms (Figure 4) is due to convergent evolution of these proteins, we carried out a detailed fold topology analysis (Figure 5). Fold topology refers to the order of secondary structure elements within super-secondary structure or domains, and how these secondary structures are connected along the protein polypeptide chain (Thornton et al., 1999). Evolutionary divergence generally preserves, or changes in simple ways (including circular permutations or chain swapping) the fold topology, while proteins with very different topologies but similar functions can arise from different evolutionary lineages. Supporting the convergent evolution hypothesis for these 3C-like protease families, we observe that the several proteins within each of the five multimember structure-based clades have very similar fold topologies (Figure 5A, and Supplemental Figures S2–S6), while structures in different clades (corresponding to different taxonomic families) have quite different fold topologies (Figure 5B). Proteins from clades/families of the same taxonomic order are more similar to one another. One interesting exception is the striking similarity in the fold topologies of domain II of 3C-like proteases from virus Orders Picornavirales (e.g., Coxsackie virus 3CLpro) and Amarillovirales (e.g., Hepatitis C Virus NS3/4A protease) (Figure 5), which belong to different Phyla (Figure 4). Hence, for the 3C-like proteases, similarities in structural topology, like similarities in overall 3D structures, follow more closely the taxonomic classification of the corresponding viruses than sequence similarity metrics.
[image: Figure 5]FIGURE 5 | Comparison of topological representation of secondary structural elements of viral protease. (A) Topology of proteases of the viruses belonging to the same Picornaviridae Family. (B) Topology of proteases from different Families listed in Figure 3. ⍺-Helices are represented as cylinders and β-sheets are represented as arrows. These topological diagrams were obtained from PDBsum (http://www.ebi.ac.uk/pdbsum) (Laskowski et al., 2018), with the indicated PDB id for each protease.
Docking simulations with HCV NS3/4A protease inhibitors
The results outlined above suggest that structural similarity across viral 3C-like proteases may provide a basis for broad spectrum activities of 3C-like protease inhibitors. In previous studies, we assessed the use of AutoDock with flexible ligand conformation and fixed protein receptor conformation for inhibitor docking studies with SARS-CoV2 3CLpro. The aim of these docking studies is not to necessarily predict an accurate binding pose, but rather to provide supporting data on the feasibility for proposed inhibitors to bind into the substrate binding and/or active site of SARS-CoV2 3CLpro. Many of the molecules found to bind SARS-CoV2 3CLpro with good AutoDock scores were subsequently observed to inhibit the enzyme activity in vitro, and in some cases to also inhibit viral replication in cell-based assays (Bafna et al., 2020; Ma et al., 2020; Bafna et al., 2021; Gammeltoft et al., 2021; Lo et al., 2021). For several cases where X-ray crystal structures of small molecule—3CLpro complexes are available, we consistently observed AutoDock docking poses with an excellent match to the crystal structures among the best-scoring docked states (Bafna et al., 2021).
Based on the bioinformatics analysis outlined above, additional docking simulation calculations were carried out for several HCV NS3/4A protease inhibitor drugs using a similar protocol, with a larger docking grid size that used in our previous work (Bafna et al., 2020; Bafna et al., 2021) to accommodate larger peptide-like inhibitor molecules. These molecules, summarized in Table 2, have all been approved for at least Phase 1 clinical trials; some are FDA approved prescription drugs useful in treating hepatitis C virus infection. Results are also provided in Table 2 for the SARS-CoV2 inhibitor 13b. The AutoDock scores of the best scoring pose (i.e., lowest AutoDock binding energy) for each of these 12 HCV NS3/4A protease inhibitors are also summarized in Table 2. All of these 12 molecules, with AutoDock scores ranging from -10.36 to -13.79 kcal/mol, have more favorable binding scores than the α-ketoamide inhibitor 13b known to inhibit SARS-CoV2 3CLpro; AutoDock score 10.69 kcal/mol for best-scoring pose which is also the pose that best matches to the crystal structure of this complex (PDB id 6Y2G) (Zhang et al., 2020).
TABLE 2 | Docking scores for HCV 3C/4A protease inhibitors with SARS-CoV2 3CLpr.o.
[image: Table 2]While AutoDock scores (Table 2) are useful for assessing the feasibility of complex formation, they are not sufficiently accurate to correctly rank the observed activities of these HCV drugs as inhibitors of SARS-CoV2 3CLpro. However, seven of these HCV proteases including narlaprevir (NAR), boceprevir (BOC), simeprevir (SIM), telaprevir (TEL), asunaprevir (ASU), grazoprevir (GRZ), and vaniprevir (VAN), do in fact inhibit SARS-CoV2 3CLpro enzyme activity with IC50 of 2–50 μM, and also inhibit viral replication in Vero or human cells in similar concentration ranges (Bafna et al., 2021; Gammeltoft et al., 2021). Hence, the AutoDock scores for HCV drugs binding and inhibiting SARS-CoV2 3CLpro have useful prognostic value in identifying lead molecules for testing and optimization. Surprisingly, three of these HCV drugs SIM, GRZ, and VAN, along with HCV protease inhibitor drug paritaprevir (PAR), also inhibit the SARS-CoV2 papain-like protease (PLpro), providing an alternative pathway for inhibition of SARS-CoV2 viral replication in cell culture (Bafna et al., 2021).
For all 12 drugs, the SARS-CoV2 3CLpro bound-state pose with best AutoDock score fits well in the active site of the enzyme and recapitulates many of the key ligand-protein interactions observed in the complex with α-ketoamide inhibitor 13b (Supplementary Table S1). Some of these predicted drug—SARS-CoV2 3CLpro complexes are shown in Supplementary Figures S7, S8. In this analysis, we paid particular attention to key details of the docking conformations, including interactions with the side chains of catalytic dyad residues His41 and Cys145, and hydrogen-bonded interactions with the backbone amides of Gly143, Ser144, and Cys145, which form the oxyanion hole of this cysteine protease (13). X-ray crystal structures are also available for boceprevir (BOC), narlprevir (NAR), and telaprevir (TEL) bound to SARS-CoV2 3CLpro (Fu et al., 2020; Kneller et al., 2020; Oerlemans et al., 2020; Kneller et al., 2021a; Bai et al., 2021; Kneller et al., 2021b). Although the drug poses in these crystal structures are somewhat different than in the corresponding lowest-energy AutoDock poses, they include some of the same ligand—protein interactions (Supplementary Table S1). These modeling predictions further support the premise that inhibitors of one member of the viral PA superfamily (e.g., inhibitors of HCV protease) have the potential to function as lead molecules for development of inhibitors of other enzymes in this family (e.g., SARS-CoV2 3CLpro), even though these enzymes do not appear to be homologs evolved by evolutionary divergence.
Details of intermolecular interactions for the AutoDock modes of NAR and BOC bound to SARS-CoV2 3CLpro that are most similar to the corresponding X-ray crystal structures are illustrated in Figure 6. These binding poses exhibit extensive hydrogen-bonded and hydrophobic interactions within the substrate binding site and have relatively low AutoDock energies of -10.40 and -11.44 kcal/mol, for NAR and BOC complexes, respectively. These predicted poses are compared to the corresponding X-ray crystal structures of these same drugs bound to SARS-CoV2 3CLpro and HCV NS3/4A proteases in Figure 7A. These binding modes of BOC and NAR in these two inhibitor—SARS-CoV2 3CLpro complexes are also very similar to those observed in the crystal structures of the corresponding complexes with HCV NS3/4A protease (Bennett et al., 2010; Bai et al., 2021). The binding of TEL to SARS-CoV2 3CLpro requires structural changes in the protease (Kneller et al., 2020), and this binding mode is not so well predicted by AutoDock.
[image: Figure 6]FIGURE 6 | Docking of HCV protease NS3/4A inhibitor drugs to SARS-CoV2 3CLpro. Top panels - Molecular structures of two HCV protease inhibitor drugs. Middle panels—Lowest energy AutoDock pose of these HCV protease inhibitors (orange sticks) in the SARS CoV2 3CLpro active site, Bottom panels—Details of atomistic interactions in the lowest energy AutoDock poses of these HCV protease inhibitors. Hydrogen bonds and hydrophobic interactions between the drug and the enzyme are shown with yellow solid lines and black dashed lines, respectively. Sidechains of catalytic residues His41 and Cys145 are labeled, along with other protein residues that form key interactions with these drugs.
[image: Figure 7]FIGURE 7 | Comparisons of experimentally-determined structures and predicted docking poses of drugs and inhibitors bound to SARS-CoV2 3CLpro and other viral proteases. (A) Comparison of the HCV NS3/4A protease inhibitors NAR and BOC binding pose in AutoDock (magenta) with the X-ray crystal structure in complex with SARS-CoV2 3CLpro (green, NAR (PDB: 6XQT) and BOC (PDB: 6XQU)) and X-ray crystal structure in complex with HCV NS3/4A protease (orange, NAR (PDB: 3LON) and BOC (PDB: 3LOX)). (B) Comparison of inhibitor binding poses in AutoDock (magenta) with, X-ray crystal structures of complexes with SARS-CoV2 3CLpro (green, AG7 (PDB: 7L8J), FHR (PDB: 6LZE), N3 (PDB: 7BQY)) and X-ray crystal structure in complex with other proteases (orange, HEV93-AG7 (PDB: 3RUO), HEV71-FHR (PDB: 7DCN), MHV-N3 (PDB: 6JIJ)). AutoDock poses most similar to crystal structure pose are shown here.
Novel 3CLpro inhibitor predictions
SARS-CoV2 3CLpro is more structurally similar to each of the 22 viral proteases listed in Table 1 than it is to the HCV NS3/4A protease (Table 1 and Figure 2). Considering the high success in identifying SARS-CoV2 3CLpro inhibitors based on its structural similarity with HCV NS3/4A protease (Bafna et al., 2021), and having established the value of these AutoDock protocols in predicting potential small molecule—3CLpro complex structures and providing useful hypotheses for lead development, we carried out the same docking protocol on 51 known inhibitors of the 22 viral proteins listed in Table 1. These results are summarized in Table 3. Interestingly, 19 of these molecules have AutoDock scores equal to or better than the scores for the several HCV drugs and the 13b inhibitor previously shown to inhibit both SARS-CoV2 3CLpro enzymatic activity and viral replication in cell culture at low micromolar concentrations (Zhang et al., 2020; Bafna et al., 2021; Gammeltoft et al., 2021), including VAN (AutoDock score −10.36 kcal/mol).
TABLE 3 | Docking scores for viral protease inhibitors with SARS-CoV2 3CLpr.o.
[image: Table 3]Chemical structures of the 20 top scoring inhibitors are shown in Supplementary Figure S9. Included in Table 3 are several molecules previously reported to inhibit SARS-CoV2 3CLpro enzyme activity; viz compound PRD_002347 (FHR; AutoDock Score -10.58 kcal/mol), first reported as an inhibitor of human enterovirus 71 (HEV) 3C-like protease (Dai et al., 2022), compound PRD_002214 (N3 or JIJ; AutoDock Score—10.48 kcal/mol), reported as an inhibitor of murine hepatitis virus strain A59 (MHV) main protease (Cui et al., 2019), porcine epidemic diarrhea virus (PEDV) 3C-like protease (Wang F. et al., 2017), and avian infectious bronchitis virus (IBV) main protease (Wang F. et al., 2017), and compound X77 (AutoDock Score −8.79 kcal/mol) reported as an inhibitor of porcine epidemic diarrhea virus (PEDV) 3C-like protease (Mesecar, 2021). Rupintrivir (compound AG7088 or AG7, AutoDock Score −10.60 kcal/mol), an inhibitor of Coxsackie virus (CAV) A16 3C-like protease (Lu et al., 2011), human rhinovirus (RHV) 3C-like protease (Matthews et al., 1999), and human enteroviruses (HEV) 3C-like protease (Costenaro et al., 2011; Hung et al., 2011) is also reported to weakly inhibit SARS-CoV2 3CLpro (Liu et al., 2021), although another study found that rupintrivir is not active against SARS-CoV2 3CLpro (Ma et al., 2022). Nelfinavir, the best scoring molecule in Table 3, an inhibitor of the human dengue virus (DENV) NS2B/NS3 protease (Bhakat et al., 2015) is also a weak inhibitor of SARS-CoV2 3CLpro (Ohashi et al., 2021). Comparisons of crystal structures determined for three of these inhibitors bound to SARS-CoV2 3CLpro and one other viral 3C-like protease, together with low-energy AutoDock docking poses, are shown in Figure 7B. Taken together, the results support the view that inhibitors of viral proteases that are structurally-similar to SARS-CoV2 3CLpro are valuable candidates for exploration as potential lead molecules for SARS-CoV2 3CLpro inhibitor drug discovery programs.
DISCUSSION
The global health, economic, and social impact of the COVID-19 pandemic is enormous. Moreover, future pandemics, by coronaviruses or other pathogenic viruses, are inevitable. For example, disruptions to ecological niches due to global warming create the opportunity for emergent viruses to access new host ranges, increasing the prevalence of viral outbreaks. Although public health policies can slow the spread of a virus, effective control of viral diseases requires both vaccines and antivirals. In particular, antivirals are crucial for the present COVID-19 pandemic. Despite the initial success of the antiviral drug Paxlovid™, a combination of the 3CLpro inhibitor nirmatrelvir and the P450 enzyme inhibitor ritonavir which improves the pharmacokinetics of nirmatrelvir, antiviral resistance is anticipated. Hence, the identification and development of additional orally-bioavailable inhibitors of SARS-CoV2 3CLpro is critical. More generally, it is important to proactively develop an arsenal of antiviral drugs which can be used either individually or in combinations to suppress virus infection and avoid viral resistance.
In this context, repurposing of existing antiviral drugs previously developed for other viral 3C-like proteases, like those listed in Table 3, is vitally important and can quickly add to the armamentarium of SARS-CoV2 3CLpro inhibitors. These newly identified compounds can also serve as viable leads with which to execute hit-to-lead and lead optimization drug discovery efforts towards novel SARS-CoV2 3CLpro inhibitor chemotypes. For example, Wang and coworkers reported the discovery of novel and potent SARS-CoV2 3CLpro inhibitors derived from the reported SARS-CoV2 3CLpro inhibitor GC-376 and the HCV NS3/4A protease inhibitors TEL and BOC (Figures 8A,B) (Xia et al., 2021). Guided by X-ray co-crystal structures, the team generated novel hybrid chemotypes that exploited the overlay of key structural motifs. Notably, the superimposed X-ray co-crystal structures showed that the GC-376 leucine, TEL octahydrocyclopenta[c]pyrrole, and BOC 6,6-dimethyl-3-azabicyclo[3.1.0]hexane structures all occupy the hydrophobic S2 pocket, and it was anticipated that swapping the GC-376 leucine residue with the more lipophilic bicyclic core structures of TEL and BOC could potentially improve potency by engaging in additional hydrophobic interactions. These structural changes, along with incorporation of the GC-376 benzyl carbamate and other rational design modifications based on the overlaid structures, lead to the identification of two novel and promising SARS-CoV2 3CLpro inhibitors (UAWJ9-36-1 and UAWJ9-36-3) that exhibit properties suitable for further development. Kneller et al., have also recently reported covalent hybrid inhibitors of 3CLpro created by splicing components of hepatitis C protease inhibitors BOC and NAR, and known SARS-CoV1 protease inhibitors, which inhibit virus replication in cell culture (Kneller et al., 2022). Pfizer’s FDA-approved SARS-CoV2 3CLpro inhibitor nirmatrelvir also contains the 6,6-dimethyl-3-azabicyclo[3.1.0]hexane and 2-amino-3,3-dimethylbutanamide structural elements of BOC (Figure 8C) (Zhao et al., 2021). These reports clearly demonstrate the significant value that identifying leads from existing protease inhibitors of other viruses can have for future SARS-CoV2 3CLpro inhibitor drug discovery efforts.
[image: Figure 8]FIGURE 8 | Rational design of novel SARS-CoV2 3CLpro inhibitors using HCV NS3/4A protease inhibitor scaffolds. Structure-based drug design of novel SARS-CoV-2 3CLpro inhibitors derived from GC-376 and the HCV protease NS3/4A inhibitors TEL (A) and BOC (B). The structure of Pfizer’s SARS-CoV2 3CLpro inhibitor nirmatrelvir has a core scaffold similar to BOC (C).
The 3C-like proteases of Orthornavirae viruses, the kingdom of viruses with RNA genomes encoding an RNA-dependent RNA polymerase (RdRp), are essential to the virus life cycle, and are important targets for antiviral drug development. Koonin et al. first predicted that coronaviruses contain a protein (later identified as the main protease, 3CLpro) similar to the 3C proteases of picornaviruses (37), and Anand et al. (17) subsequently described the striking structural similarity between the active sites of transmissible gastroenteritis coronavirus (TGEV) 3CLpro and the 3CL protease of pircornavirus hepatitis A virus (HAV). Our initial structural bioinformatics analysis (Bafna et al., 2020; Bafna et al., 2021) demonstrated strong structural similarity between the active sites SARS-CoV2 3CLpro and HCV NS3/4A, which was surprising as these two enzymes are in very distantly related viruses (coronaviruses and flaviviruses, respectively) from different Phyla (see Figure 3). Most importantly, we and others have observed that inhibitors of HCV NS3/4A are also inhibitors of SARS-CoV2 3CLpro, and of SARS-CoV2 replication in cell culture (Bafna et al., 2020; Bafna et al., 2021; Gammeltoft et al., 2021; Lo et al., 2021).
Fold topology, overall fold, locations of substrate binding sites, and common positioning of active-site residues can result from homologous (divergent) evolutionary relationships between proteins. For example, 3C-like Cys proteases of picornoviruses have been proposed to be homologous to Ser proteases of the trypsin protease superfamily (Bazan and Fletterick, 1988). Both Koonin and co-workers (Gorbalenya et al., 1989) and James and co-workers (Allaire et al., 1994) have also proposed a divergent evolutionary relationship between the 3CL cysteine proteases of picornaviruses and chymotrypsin-like serine proteases. Coronaviruses and picornaviruses are in the same Class, but in different Orders. However, convergent evolution can also occur, and apparent structural convergence of protease active sites is a classic structural bioinformatics observation (Robertus et al., 1972; Kester and Matthews, 1977). The wide range of structural topologies observed across the positive-strand RNA proteases of the PA superfamily (Figure 5; Supplementary Figures S2—S4) support the idea that their analogous three-dimensional structures arose by evolutionary convergence on a common biochemistry rather than divergence from a common ancestor. In particular, the structural similarity in and around the active sites of the evolutionarily-distant HCV NS3/4A and SARS-CoV2 3CLpro proteases is striking, and appears to be the result of convergent evolution from different fold topologies to create a similar binding pocket. Interesting in this regard, recent marine metagenomic sequencing and phylogenetic studies suggest that ancient ancestors of the positive-strand RNA viruses, including highly mobile RNA retroelements that can readily move to new locations in the genome, predate even the Last Universal Cellular Ancestor (LUCA) (Zayed et al., 2022). Such a pre-cellular RNA ecology could potentially provide a source of structurally-variable ancient progenitors of the various clades of modern 3C-like proteases of positive-strand RNA viruses.
Molecular docking is a widely used tool for modern structure-based drug discovery. It is used not only to explore the binding conformations of lead molecules in the active site of drug targets, but also to estimate the strength of interaction between the ligand and target. The AutoDock program used in our study offers a variety of search algorithms to recursively evaluate ligand conformations and uses a force-field-based scoring function to rank the binding poses. The accuracy of the program has been tested with a diverse set of protein–ligand complexes of biological and medicinal interest (Forli et al., 2016). The predicted AutoDock binding energies may not be highly accurate, and even relative affinities within a series of ligands cannot generally be reliably determined. While the best-scored AutoDock complex does not always match the experimentally determined structure, the experimentally determined structure is generally among the best scoring poses (Kolb et al., 2009; Kolb and Irwin, 2009). Accordingly, the best-ranked predictions, illustrated for example in Supplementary Figures S7 and S8, should capture key features of the ligand—protein interaction, but they might not be the dominant pose observed in future experimental studies.
Some known inhibitors of 3CLpro form covalent bonds upon complex formation, which are not accounted for in these AutoDock models. For several cases where the three-dimensional structures of these covalent complexes are known, including complexes with compound 13b (Zhang et al., 2020), boceprevir (Kneller et al., 2020), and narleprevir (Kneller et al., 2020), covalent bond formation is in fact stabilizing one of the low energy AutoDock poses. As shown in Figures 6, 7, AutoDock calculations predict the crystal structure poses of these inhibitors where the respective alpha-ketoamide warhead is positioned to form a co-valent bond with the active site Cys thiol. Failure to account for covalent bond formation would not contradict the conclusion, based on good non-covalent docking scores, that a molecule is a potential inhibitor. However, appropriate consideration of covalent stabilization could rule in candidates with poorer non-covalent AutoDock scores. In order to address this, we identify also in Table 3 the proposed 3CLpro inhibitors which potentially form covalent complexes with the active-site Cys residue. If such covalent bond formation occurs, these inhibitors could have enhanced binding affinity than indicated by simple AutoDock scores.
Another important limitation of the AutoDock protocol used here is the inability to model the conformational flexibility of the protein target. This problem is typically approached through the generation of multiple conformations of the protein by molecular dynamics before docking, or by allowing the ligand active site residues to be flexible during the docking runs, which are both important future direction for this work.
In conclusion, our studies describe interesting structural similarity between the 3C-like proteases of Kingdom Orthornavirae that comprises positive-stranded RNA viruses from multiple Classes and Phyla. The fact that the same molecules can inhibit SARS-CoV2 3CLpro and HCV NS3/4A proteases, spanning the structural similarity scores and taxonomic distribution of proteases from a wide range of viruses in the Kingdom Orthornavirae, strongly supports the potential for considering inhibitors of this wide range of 3C-like proteases as lead molecules for developing novel broad spectrum viral protease inhibitor drugs.
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-10.48
-10.39
-10.38

-10.35
~10.32
-10.23

-10.19

~10.06
~10.06

-9.99
-9.96
-9.96
-9.94
-9.91

~9.89

-9.79
-9.74

-9.67

-9.63
-9.46

-9.41
-931
-9.18
-9.08
-9.06
-8.81

-879
-8.65

-8.11
-8.03
~7.66

-7.57
-623

-551

-5.11

Type of
binding in
crystal
structure

non-covalent

covalent"
covalent
covalent

non-covalent

covalent

non-covalent
covalent

covalent

non-covalent
non-covalent

covalent
covalent
covalent
covalent

covalent

non-covalent
non-covalent

covalent

non-covalent
covalent

covalent
covalent

non-covalent

covalent
covalent
covalent
covalent
covalent
covalent

non-covalent
non-covalent

covalent
covalent

non-covalent

covalent

non-covalent
non-covalent
covalent
non-covalent
covalent

covalent
non-covalent
covalent

non-covalent
non-covalent

covalent

covalent

non-covalent
non-covalent

non-covalent

Protease Target(s)

Dengue virus NS2B/NS3 protease

Norovirus 3C-Like protease
Norovirus 3C-Like protease
Coxsackievirus B3 3C-Like protease

Zika virus NS2B/NS3 protease

Rhinovirus 3C-Like protease

Zika virus NS2B/NS3 protease
Human Enteroviruses 3C-Like protease

Norovirus 3C-Like protease

Zika virus NS2B/NS3 protease
Zika virus NS2B/NS3 protease

Coxsackie virus A16 3C-Like protease
Rhinovirus 3C-Like protease Human
Enteroviruses 3C-Like protease

Human Enterovirus 71 3C-Like protease

Norovirus 3C-Like protease

Coxsackie virus B3 3C-Like protease

Murine hepatitis virus strain A59 Main
protease Porcine epidemic diarrhea virus
(PEDV) 3C-Like protease Infectious
bronchitis virus (IBV) Main protease

Zika virus NS2B/NS3 protease
Zika virus NS2B/NS3 protease
Coxsackie virus B3 3C-Like protease

Zika virus NS2B/NS3 protease
Dengue virus NS2B/NS3 protease

Norovirus 3C-Like protease

Coxsackie virus B3 3C-Like protease

Human Enteroviruses 3C-Like protease

Norwalk Virus Protease

Norovirus 3C-Like protease

Coxsackie virus B3 3C-Like protease

Norovirus 3C-Like protease

Human Enteroviruses 3C-Like protease

Coxsackie virus B3 3C-]

e protease

Dengue virus NS2B/NS3 protease
Dengue virus NS2B/NS3 protease

Rhinovirus 3C-Like protease
Norovirus 3C-Like protease

Dengue virus NS2B/NS3 protease

Norwalk Virus Protease

Zika virus NS2B/NS3 protease

Zika virus NS2B/NS3 protease
Coxsackie virus B3 3C-Like protease
Zika virus NS2B/NS3 protease
Rhinovirus 3C-Like protease

Coxsackie virus B3 3C-Like protease
Porcine epidemic diarrhea virus (PEDV)
3C-Like protease

Norwalk Virus Protease

Dengue virus NS2B/NS3 protease
Dengue virus NS2B/NS3 protease

Hepatitis A virus 3C proteinase

Coxsackie virus B3 3C-Like protease

Rhinovirus 3C-Like protease
Hepatitis A virus 3C proteinase

Zika virus NS2B/NS3 protease

*Molecules with the potential to form covalent complexes may bind significantly more favorably than indicated by relative AutoDock scores.
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Inhibitor (Trade Name) Identifier of Database id of AutoDock score (kcal/  Drug Status
protease protease inhibitor mol)
inhibitor structure Lowest “Energy”
SARS-CoV2 3CL'™ inhibitor
a-ketoamide inhibitor lowest “energy” pose pose most 13b 6Y2G" ~10.69 Not Applicable
similar to X-ray structure
HCV NSP3/4AProtease Inhibitor Drugs
Paritaprevir (Veruprevir/ABT-450; Abbot) PAR 32700634 -1379 Prescription
Drug
Narlaprevir (Arlansa; Merck/R-Pharm) NAR 3LON® -13.36 (~10.40) * Prescription
Drug
Boceprevir (Victrelis; Merck) BOC DB08873" “13.17 (-11.44) * Prescription
Drug
Sovaprevir (ACH-1625; Achillion) sov 28529313" -13.16 Investigational
Glecaprevir (Mavyret*/Maviret'; AbbVie/Enanta) GLE 35,013,015 -13.01 Prescription
Drug
Simeprevir (Olysio; Medivir/Janssen) SIM 3KEE® -12.19 Prescription
Drug
Telaprevir (Incivek/Incivo; Vertex/]&]) TEL ENY -12.02 Prescription
Drug
Danoprevir (Ganovo; Array/Pfizer, Roche/Ascletis) DAN 3M5L ~11.65 Investigational
Faldaprevir (Fadaprevir, Boehringer-Ingelheim) FAL 3P8N® 1149 Investigational
Asunaprevir (Sunvepra; Bristol-Myers Squibb) ASU AWFS® ~1146 Investigational
Grazoprevir (Zepatier; Merck) GRZ 35UD* -1077 Prescription
Drug
Vaniprevir (MK-7009; Merck) AN 35U3 -1036 Investigational

*Atomic coordinates for the inhibitor taken from 6Y2G.

"Atomic coordinates for the inhibitor were taken from the ChemSpider database.
“Atomic coordinates for the inhibitor were taken from the PDB, coordinates of the corresponding complex of the inhibitor bound to HCV, 3C/4A protease.

“Atomic coordinates for the inhibitor were taken from the DrugBank database. * AutoDock score for pose most
“Mavyret (or Maviret) is a multidrug formulation including glecaprevir and pibrentasvir.

ilar to the X-ray crystal structure.
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PDB id Z score RMSD Protein name® (Cys/Ser Organism
protease)
AWME 336 09 3C-Like protease (Cys) Middle East respiratory syndrome (MERS) related coronavirus
6)1] 343 08 Main protease (Cys) Murine hepatitis virus (MHV) strain A59
4ZUH 339 09 3C-Like protease (Cys) Porcine epidemic diarrhea virus (PEDV)
2Q6F 333 12 Main protease (Cys) Infectious bronchitis virus (IBV)
5LAK 143 31 3C-Like protease (Cys) Cavally virus (CV)
1ILVM 140 31 3C-Like protease (Cys) Tobacco etch virus (TEV)
3229 124 28 3C-Like protease (Cys) Coxsackievirus (CAV) B3
5FX6 124 27 3C-Like protease (Cys) Rhinovirus (RHV)
3Q3Y 124 28 3C-Like protease (Cys) Human enterovirus (HEV) 93
2H9H 123 32 3C- proteinase (Cys) Hepatitis A virus (HAV)
IMBM 122 27 NSP4 proteinase (Ser) Equine arteritis virus (EAV)
SBPE 123 28 3C Protease (Cys) Human enterovirus (HEV) A71
5Y4L 118 28 3C-Like protease (NSP4) (Ser) Porcine reproductive and respiratory syndrome virus (PRRSV)
4INH 116 30 Protease (Cys) Norwalk virus (NWV)
SEOH 116 29 3C-Like protease (Cys) Norovirus (NOV)
1ASH 13 28 NS6 protease (Cys) Murine norovirus 1 (MNOV)
6LOT 10.5 33 3C Protease (Cys) Senecavirus A (SNV)
2WV4 107 30 3C Protease (Cys) Foot-and-mouth disease virus (EMDV)
3L6P 9.0 28 NS2B/NS3 protease (Ser) Dengue virus (DENV)
2GGV 9.0 28 NS2B/NS3 protease (Ser) West Nile virus (WNV)
5LCO 85 29 NS2B/NS3 protease (Ser) Zika virus (ZKV)
2P59 8.1 30 NS3/4A protease (Ser) Hepatitis C virus (HCV)

B T L T T ———

the literature.
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Compounds  ICso (1M)  CCso (1M) ~ MNCC (uM) %I El

DC-RAO16 2244 >100.00 95.81 52.08 >4.46
DC-RA052 68.00 >100.00 48.45 45.30 >1.47
DC-RA076 8.37 24.73 264 5.75 295
DC-RA087 21.06 >100.00 14.01 36.74  >4.75
DC-RA106 70.76 >100.00 13.24 0.14 >1.41

(Cso the 50% inhibitory concentration of Anti-SARS-CoV-2-S pseudovirus; CCss
cytotoxicities on ACE2-expressing HEK293T cells; MNCC: maximum non-cytotoxic
concentration; %l: SARS-CoV-2-S pseudovirus inhibition ratio at MNCC; St:
selectivity index.
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0.05 + 0.02
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SARS-CoV-2 S-RBD/ NanoLuc inhibition %
ACE2 inhibition %

50 uM 20 uM 50 M 20 uM
73.1 7341 384 328
7.4 3.4 22 06
225 08 164 16.4
242 17 202 193

249 -38 20 82
249 8.7 1132 9.8
29 1.9 35 09
20.2 10.6 16.0 146

-183 67 57 00
88.6 0.6 277 14.0

=177 -6.5 38 41
12.7 48 155 134
889 613 26.1 18.1

SARS-CoV-2 S-RBD/ACE? Inhibition %: the inhibition rates against SARS-CoV-2 S-RBD/ACE? interaction: NanoLuc Inhibition %: the inhibition rates against NanoLuc luciferase.
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Protease Calculated Ki (nM)

FIPV MP© 21
SARS-CoV MP** 20
SARS-CoV-2 MP©* 40

aData from Arutyunova et al. (2021).
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Target

Csa

CCR5

Connective tissue growth
factor

DAMPs, Siglec G/10
GM-CSF

GM-CSF receptor
IFN gamma

IL-1

IL-1 B
IL-6
IL-6 VEGF

Cs
IL-6R

IL-6R CD6

Drug name

IFX-1 (BDB-001)

Leronlimab (PRO-140)
Pamrevlumab (FG-3019)

CD24Fc (SACCOVID)
Lenzilumab
Mavrilimumab
Emapalumab (Gamifant)

RPH-104

Canakinumab
Siltuximab
Olokizumab
Clazakizumab
Bevacizumab
Ravulizumab-cwvz

Tocilizumab

Sarilumab (SARI53191,
Kevzara)

Levilimab (BCD-089)

Ttolizumab (EQ001, H-T1,
T1-h)

PDB or structure

Mk

Not available

Not available

Not available
Not available
Not available
Not available

Not available

5BV]
Not available
4CNI

Not available
7VSN

Not available
Not available

Not available

Not available

Not available

Clinical status

Phase 3

Phase 3
Phase 3

Phase 3
Phase 3
Phase 3
Phase 3
Phase 3

Phase 3
Phase 3
Phase 3
Phase 3
Phase 3
Phase 3

Emergency use authorization in
COVID-19

Phase 3

Approved in Russia

Approved in India and Cuba

References

Vlaar et al. (2020)

Agresti et al. (2021)
Richeldi et al. (2020)

Song et al. (2022)
Temesgen et al. (2021)
Cremer et al. (2021)
Cure et al. (2021)

Valenzuela-Almada et al.
(2021)

Caricchio et al. (2021)
Gritti et al. (2021)
Antonov et al. (2020)
Vaidya et al. (2020)

Pang et al. (2021)
McEneny-King et al. (2021)
Rosas et al. (2021)

Investigators et al. (2021)

Lomakin et al. (2021)
Atal et al. (2020)
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Structure®
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Binding -8t0-9 -9to-10 -10to-11 -11to-12 -12t0-13
Affinity(kcal/

mol)
Molecular

Weight(Da)

00 100 - - - - -
100 to 200 - - - - -
200 10 300 539 6 - - -
300 10 400 5457 331 5 - -
400 to 500 6502 786 40 2 -
500 10 600 2811 648 37 6 -
600 10 700 1038 204 40 3 -
700 10 800 339 13 34 8 -
800 to 900 194 56 16 1 -
900 to 1000 110 20 7 1 -
1000 to 1200 49 14 5 1 1
1200 to 1300 a7 10 1 - -
1300 to 1400 30 14 = = =
1400 to 1500 16 7 - - -
1500 to 1600 5 4 - - -
1600 to 1700 2 1 1 - -
1700 to 1800 5 - - - -
1800 to 1900 4 1 - - -
1900 to 2000 1 - - - -
2000 to 2100 z - - e e
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Compound Name

PF-07321332

Ebselen

MR6-31-2

Boceprevir

GC-376

GC-376 derivative 2¢

GC-376 derivative 2d

N3 derivative 11a

N3 derivative 11b

Calpeptin

Carmofur

Pelitinib

ML188 derivative 23R

Perampanel derivative 26

Chemical Structure 1Cs0

= 0.67-2.1 M

X C)/ 1.69-8 M

0.03-0.19 uM
007 M
0.08 M
0053 yM
0.040 uM
A, 10.69 M
g v...(\/\,/’\]
K¢ L

PR T 1.82 M
T

)4
0.2 001 iM
Q
3
o 0170 uM

ECso

74.50M

4.67 M

1.8 M

1.90-16.57 M

0.7-092 M

057 M

0.7 M

0.53 uM

072 M

72nM

2430 M

1.25 M

308 M

0.98 uM

References

Owen et al. (2021)

Jin et al. (2020a); Ma et al. (2020a); Banerjee et al. (2021)

Amporndanai et al. (2021)

Ma et al. (2020b); Fu et al. (2020); Oerlemans et al. (2021)

(Ma et al. (2020b); Fu et al. (2020); Vuong et al. (2020)

Vuong et al. (2021)

Vuong et al. (2021)

Dai et al. (2020)

Dai et al. (2020)

Ma et al. (2020b); Gnther et al. (2021)

Jin et al. (20200)

Ginther et al. (2021)

Kitamura et al. (2021)

Zhang et al. (2021)





OPS/images/fchem-09-819165/fchem-09-819165-t005.jpg
Variant
Alpha

Gamma
Delta
Omicron
Eta

lota
Kappa
Lambda
Mu
Others

PLpro mutations

A145D, M23I, T4A
K92N
K232Q
P77L

P77L T74l. T751. D76N. K1821

Mpro mutations

K90R, A193V

G158

G158, A194S.

1L205V
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Inhibitor

VIR250

VIR251

GRLO617

XR8-24

XR8-23

Jung-72-2

Jung-75-4

Cryptotanshinone

Tanshinone |

Dihydrotanshinone |

YM155

Ebselen

Rac5c

Disufiram

6-TG

NA: Not available.

Enzyme
inhibition
activity (ICso)

205+ 012 uM

0.56 + 0.03 uM

0.39 + 0.05 uM

0.4 £ 0.05uM

0.67 + 0.08 uM

0.62 + 0.06 UM

5.63 + 1.45 uM

221 +0.10 uM

0.5861 uM

2.47 + 0.46 uM

202+ 102 M

081 M

0.236 M

0.256 uM

7.52 213 M

Antiviral potency
(ECs0)

Vero E6: 23.64 + 4.72 uM;
Caco2-hACE2: 19.96 +
882uM

A549: 1.4 + 0.1 uM

A549: 1.2 £ 02 uM

hACE2-Hela: 0.18 +
0.10uM

Vero E6: 6.62 + 031 uM;
Caco2-hACE2: 7.90 +
240M

Vero E6: 7.88 + 1.44 yM;
Caco2-hACE2: 12.48 =
343\M

Vero E6: 0.70 + 0.09 uM

Vero E6: 2.26 + 0.11 uM

Vero E6: 8.148 M

Vero E6: 0.17 £ 0.02 uM

Vero E6: 4.67 + 0.80 uM

Vero E6: 2.13 £ 1.16 M
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Smith et al. (2020)

Fu et al. 2021)

Yang et al. (2005); Park et al. (2012)

Yang et al. (2005)

Lim et al. (2021)

Xu et al. (2021)

Shen et al. (2021)

Weglarz-Tomczak et dl. (2021)

Rut et al. (2020a); Patchett et al. (2021)

Zhao et al. (2021)

Ma et al. (2021a)
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Ahmad et al. (2021)

Osipiuk et al. (2021a)

Shen et al. (2021)
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