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Abstract 

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is 

responsible for the coronavirus disease 2019 (COVID-19) pandemic. As of 2022, the 

viral spread is still ongoing and has claimed the lives of at least 6.24 million globally. 

Despite being more than two years into the pandemic, the need to find effective 

treatments for SARS-CoV-2 remains. This project aims to screen for small molecule 

inhibitors of SARS-CoV-2 non-structural protein 15 (NSP15). NSP15 is a relatively 

conserved RNA uracil endonuclease implicated in the evasion of host interferon and 

immune defenses. NSP15 was found to be essential for coronavirus replication in-vivo 

and represents a promising therapeutic target for treating SARS-CoV-2 infections. 

Currently, only a limited number of NSP15 inhibitors have been identified and these 

have only limited therapeutic potential. As a result, this project aims to further expand 

the repertoire of potential coronavirus treatments by finding novel SARS-CoV-2 NSP15 

inhibitors through high-throughput screening.  

 

Methods: To screen for NSP15 small-molecule compounds, a fluorescent resonance 

energy transfer (FRET)-based NSP15 activity assay was designed and optimized. 

Using this assay, a high-throughput screen of over 108,000+ compounds for NSP15 

inhibition, and a secondary screen of the top 1280 hits, was performed. Top compounds 

were further validated by orthogonal assays such as for dose-dependency using the 

FRET-based assay, the Amplex Red assay for redox cycling, and an RNA gel cleavage 

assay. Furthermore, compound inhibition mechanisms were determined through 

Michaelis-Menten titration experiments. Finally, compound cytotoxicity tests were 
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performed and the efficacy of the compounds against SARS-CoV-2 viral infection was 

measured in the Vero cell line using plaque assay.  

Results: I successfully validated and optimized a FRET-based NSP15 activity assay,  

including the validation of NSP15 characteristics and enzyme kinetics. From the high-

throughput screen, I validated six novel compounds for NSP15 inhibition using the 

various orthogonal assays. These compounds inhibited NSP15 in in-vitro biochemical 

assays at ranges from 5-95 µM with competitive, mixed, and non-competitive 

mechanisms. Surprisingly, three compounds, CID5675221, Hexachlorophene, and 

IPA3, showed strong efficacy in Vero cells against SARS-CoV-2 viral replication and 

was determined to have positive selectivity index 50 (SI50) ratios.  

 

Conclusions: From the high-throughput screen of SARS-CoV-2 NSP15 inhibitors, I 

validated six novel NSP15 inhibitors using in-vitro enzymatic assays. Of the six 

compounds, three compounds showed favorable selectivity index 50 (SI50) ratios in 

Vero cell culture. As a result, these compounds could bode well for a downstream hit-to-

lead pipeline. Future experiments will further elucidate the binding affinity and structural 

mechanism by which these compounds bind to the NSP15 protein, and to further 

evaluate their potential as therapeutics for the treatment of COVID-19.  
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Scope of Masters 

Outline of Chapters  

This thesis focuses on work done with the screening of small-molecule inhibitors of 

SARS-CoV-2 NSP15. Chapter 1 contains the introduction to the project. Chapter 2 

contains the methodology. In Chapter 3, I will discuss the results of the experiments 

where I optimized and established a high-throughput compatible NSP15 activity assay 

and screened for 108,000+ compounds across a variety of compound libraries. 

Following compound validation and characterizations in orthogonal assays, I found six 

novel inhibitors of NSP15 that are suitable for future development. Chapter 4 contains 

the discussion, including limitations and future direction.  

During my Masters, I also performed work on the protein BLOC1S1, which is outside 

this thesis’s scope. In addition, outside the scope of this thesis, I performed experiments 

for the publication “Kerek EM, Yoon KH, Luo SY, Chen J, Valencia R, Julien O, 

Waskiewicz AJ, Hubbard BP. A conserved acetylation switch enables pharmacological 

control of tubby-like protein stability. J Biol Chem. 2020 Nov 13;296:100073. doi: 

10.1074/jbc.”.   

Introduction to the Problem   

At the time of this writing, in 2022, the SARS-CoV-2 pandemic is still ongoing and has 

taken an estimated 6.24 million lives globally.1 Treatment of the novel coronavirus 

remains challenging. Current treatments, like Remdesivir, have only shown mild 

therapeutic efficiency.2 Additionally, new treatments such as Paxlovid and Molnupiravir 

have only begun to enter the market.3 Furthermore, new coronavirus variants may 

threaten vaccine efficacy.4 Therefore, new SARS-CoV-2 therapies are still needed. 

Non-structural protein 15 (NSP15) has been shown to play a critical role in viral immune 

evasion and suppression of interferon (IFN) pathways, and is essential for viral 

replication.5 Recently, Sars-CoV-2 interferon antagonist screens have identified NSP15 

as a potent interferon antagonist.6, 7 Previous work on SARS-CoV-1 NPS15 found the 

small-molecule, BenzopurpurinB, with putative ability to decrease viral replication in in-
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vitro cell culture.8 As a result, NSP15 represents a therapeutic target for small-molecule 

inhibition and treatment of SARS-CoV-2. At the start of this writing, only two potential 

NSP15 inhibitors with limited therapeutic potential have been found.9, 10 This project 

aims to discover novel small-molecule inhibitors of SARS-CoV-2 NSP15. I hypothesize 

that high-throughput screening will successfully identify small molecule inhibitors of 

NSP15 enzyme in-vitro, and that such compound inhibitors will attenuate SARS-CoV-2 

viral replication in cell culture model(s).  

 

Research Questions  

• What is the optimal setup for a high-throughput scalable assay of NSP15 

activity?  

• Does SARS-CoV-2 NSP15 follow previous SARS-CoV-1 NSP15 characteristics 

and enzyme kinetics?  

• Will high-throughput screening of SARS-CoV-2 NSP15 find small-molecule 

inhibitors?  

• What are the characteristics of inhibition for any discovered inhibitors?  

• What is the efficacy and toxicity of such inhibitors in cell culture?  

• What is the compound to protein structural-functional basis for inhibition?  

 

Significance of Research  

Given the global SARS-CoV-2 pandemic, this work is highly relevant to finding novel 

SARS-CoV-2 treatments. NSP15 represents an attractive therapeutic target, and if the 

compounds are successful in testing, this work may result in potential treatment options 

for SARS-CoV-2. At the same time, a novel NSP15 inhibitor compound will provide the 

basis for future rational drug design and hit-to-lead pipelines that will aid in the search 

for other NSP15 inhibitors. Furthermore, this work will provide the basis for expanded 

screening of NSP15 inhibitors, and the assays will contribute to the understanding of 

NSP15 biochemical function. Given the highly conserved nature of NSP15, the research 

is likely relevant to other coronavirus species as well.  
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CHAPTER 1: Introduction to SARS-CoV-2 and NSP15 

1.0 Overview  

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a positive-sense 

single-stranded RNA (+ssRNA) coronavirus responsible for the respiratory disease, 

COVID-1911. Although the origins of SARS-CoV-2 is still under research, the virus may 

be of zoonotic origin due to close phylogenetic relationship with bat coronaviruses12. 

First discovered in Wuhan, China, in late 2019, the disease has spread globally, 

resulting in the declaration of official pandemic status on March 11, 202011, 13. As of 

2022, the viral spread is still ongoing and has claimed the lives of at least 6.24 million 

globally1. Due to the global pandemic, there is now renewed interest in coronavirus 

biology and treatment research.  

 

1.1 Introduction to SARS-CoV-2  

1.1.1 SARS-CoV-2 Taxonomy  

According to the International Committee on Taxonomy of Viruses (ICTV) classification, 

SARS-CoV-2 belongs to the Nidovirales order of viruses14. This viral order is 

characterized by their positive sense ssRNA and their transcription of subgenomic 

RNA15. The Nidovirales order includes the families: Coronaviridae, Roniviridae, 

Arteriviridae, and Mesoniviridae15. SARS-CoV-2 is part of the Coronaviridae family, and 

subsequently, its Coronavirinae subfamily, which is characterized by their large (~30kb)  

RNA genome and their “corona” structure in the envelope15. The Coronavirinae 

subfamily contains four genera: alpha, beta, gamma, and delta coronavirus15. Of the 

seven known human coronaviruses, the alpha genera includes HCoV-229E, HCoV-

NL63, while the rest (including SARS-CoV-2) are in the beta genera16. The 

betacoronavirus genera includes four lineages15. Lineage A (Embecovirus) includes the 

human viruses HCoV-OC43 and CoV-HKU115, 16. Lineage B includes human SARS-

CoV-1, and SARS-CoV-214. Lineage C (Merbecovirus) includes human virus MERS15, 16. 

Murine hepatitis virus (MHV) belongs to Lineage A15. It should be noted that the 

influenza flu viruses are negatively RNA stranded and belong in a separate phylum of 
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viruses unrelated to coronavirus17. Meanwhile, the common cold is a mixture of viruses 

with a relatively small population of cases (15%) resulting from non-SARS and non-

MERS human coronaviruses18. When comparing SARS-CoV-2 to other human 

coronaviruses, SARS-CoV-2 is most phylogenetically similar to SARS-CoV-119.  

 

1.1.2 SARS-CoV-2 Genome Organization and Viral Translation of NSPs  

Like other coronaviruses, SARS-CoV-2 contains a single copy of single-stranded 

positive-sense RNA (+ssRNA) spanning approximately 30kb (Figure 1.1)20. Similar to 

host RNA, the genome contains a 5’end guanine cap with N7 methylation, as well as a 3’ 

end poly-Adenosine (polyA) tail. Such features allow the viral RNA to be translated by 

host ribosomes upon viral entry20, 21.  

Starting from the coronavirus genome 5’ end, the genome can be categorized by its 

open reading frames, ORF1a and ORF1b, which can be translated into polypeptide-pp1a 

and polypeptide-pp1b, respectively (Figure 1.1)21. Both pp1a and pp1b encode the viral 

non-structural proteins (NSPs). Pp1a encodes 11 NSPs. Meanwhile, a -1 ribosomal 

frameshift upstream of pp1a stop codon allows for the production of a larger hybrid 

polyprotein (pp1ab) encoding a total of 15 NSPs21. The polyproteins are then cleaved 

into individual NSPs by viral proteases NSP3 (containing papain domain) and/or NSP5 

(containing 3C-like domain)21. Table 1.1 contains a list of putative NSPs and a brief 

mention of their functions.  
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Figure 1.1. SARS-CoV-2 genome and proteins. The figure was adapted and taken 
from Gordon, D.E., Jang, G.M., Bouhaddou, M. et al.22. 
 

Table 1.1. List of coronavirus non-structural proteins (NSPs) and their function(s).  

Name Function  

NSP1 Binds to host ribosome for mRNA translation inhibition23 

NSP2 Unknown/undefined  

NSP3 Papain like protease (PLPro) responsible for NSP1-3 
cleavage 24 

NSP4 Contains transmembrane domain with putative 
involvement in ER vesicle membrane rearrangement 25, 26 

NSP5 3C-Like (3CLpro) /Main (Mpro ) protease responsible for 
NSP4-16 cleavage 21, 27 

NSP6 Contains transmembrane domain with putative 
involvement in ER vesicle membrane rearrangement 28 

NSP7 Complex with RNA-dependant RNA Polymerase complex 
(RdRp) 29, 30 

NSP8  Complex with RNA-dependant RNA Polymerase complex 
(RdRp) 29, 30 

NSP9 RNA binding protein, with putative involvement in 
replication 31 

NSP10 Co-factor to NSP14 and NSP16 32, 33 Stimulates NSP14 
activity.  

NSP12 Catalytic Subunit of RNA-dependant RNA Polymerase 
complex (RdRp) 29, 30 

NSP13 RNA helicase 34, 35 

NSP14 Exoribonuclease, with putative N7 methyltransferase 
function 36, 37 

NSP15 RNA endonuclease, host immune evasion 38-40 

NSP16 2’O-Methyltransferase 33 
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1.1.3 SARS-CoV-2 Structural-Proteins and Accessory Factors  

Once the non-structural proteins have been translated, replication and translation of the 

structural proteins and the accessory factors can begin. The structural proteins (S, E, M, 

N) help make up the coronavirus virion. The spherical coronavirus virion is approximately 

ninety-one nanometers in diameter and has distinct “corona” heads owing to their spike 

protein41. These structural proteins include the following:  

The envelope protein (E), the smallest of structural proteins, is an integral membrane 

protein, with proposed roles in viral assembly and budding, though its function requires 

more research42. 

The membrane protein (M) is the most abundant structural protein. It contains three 

transmembrane domains alongside a smaller glycosylated N-terminus ectodomain and a 

larger C-terminus endo-domain43. The protein may exist in many configurations to help 

constitute the virion shape44. 

The nucleocapsid (N) is found in the virion core, and its main function is to bind to and 

help package viral genomic RNA45.  

The spike protein (S) helps determines tropism and helps viral attachment and entry. 

The spike protein is heavily N-glycosylated and forms a homo-trimer when engaging 

cells41. It consists of an S1 subunit for binding and an S2 subunit as the “stalk”41. 

Cleavage of S1 and S2 subunits by furin proteases may be needed for cell entry46. 

SARS-CoV-2 contains a unique polybasic cleavage site (RRAR) at the S1 and S2 

subunits junction. Additionally, there are predicted O-linked glycan residues between the 

two subunits of the spike, which may allow for more effective furin cleavage12. SARS-

CoV-2 spike protein binds to the human enzyme ACE2, and its entry into cells is 

mediated by host transmembrane protease serine 2 (TMPRSS2) protein47. Interestingly, 

SARS-CoV-2 is believed to lack hemagglutinin-esterase, which is commonly found in 
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some subsets of Betacoronaviruses and is hypothesized to enhance spike protein 

attachment48, 49. 

 

Lastly, putative accessory factors are small proteins with emerging, but still to be 

determined, functions. These may not be necessary for viral replication or structure but 

may play key roles in immune modulation. For example, ORF3 was found to help with 

Type I interferon suppression50. More research is needed to determine accessory 

factors’ functions.  

 
 

1.1.4 Coronavirus Transcription and Replication  

Emerging evidence suggests that coronaviruses (perhaps all genera of coronavirus 

including SARS) synthesize their RNA inside perinuclear double-membrane vesicles 

(DMVs)51. These DMVs are most likely derived from the secretory pathway and are 

independent of any viral assembly location51. DMVs are thought to help concentrate viral 

replication machinery and help the virus evade immune system recognition.51  

Viral RNA transcription and replication are carried out by the replication-transcription 

complex (RTC). RTC assemble after translation of key NSP members including NSP12 

(RdRp), NSP13 (helicase), NSP14 (Exon N and N7- methyltransferase), and NSP16 (2′-

O-methyltransferase) (Table 1.1)52. The RTC produces two types of RNA: full-length 

genomic RNA and nested sub-genomic RNA52. Full-length genomic RNAs are used for 

eventual replication. In contrast, sub-genomic RNAs are thought to act as mRNA for 

translation of structural and accessory genes downstream of the pp1ab. Because final 

subgenomic and full-genomic RNAs must be (+) stranded, coronaviruses transcribe a (-) 

sense RNA intermediary. For full-length genomic replication, a simple full-length negative 

strand RNA is generated, then the RTC simply produces (+) strands from the full length 

(-) strand52.  

Subgenomic RNA synthesis is more complicated52, 53.  In the viral genome, a 

Transcription Regulatory Sequence (TRS) – Leader (L) sequence is located close to the 

5’ end of the (+) RNA strand. Meanwhile, various TRS-B(body) sequences are scattered 
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between various 3’ end structural/accessory open reading frames. The current leading 

model suggests that the RTC produces (-) sense RNA from the (+) strand but pauses at 

various TRS-B sequences. The RTC then skips the rest of the genome to the TRS-L 

sequence and then finishes transcribing from TRS-L. The result is various lengths of 

subgenomic (-) strand RNAs that are then re-transcribed back to (+) sense by the RTC52. 

Because all coronavirus genomic RNA contains a 3’ poly(A) tail, the corresponding (-) 

sense genomic and subgenomic RNA intermediaries will have a 5’ poly(U) heads. Such 

poly(U) tracts may play key roles in viral immunity as explained further below54.  

 

1.2 Introduction to non-structural protein 15 (NSP15)    

1.2.1 NSP15 Genetic and Phylogeny Insights  

Following the 2003 SARS outbreak, the coronavirus genome was heavily scrutinized55. 

NSP15 was predicted to have endonuclease activity given its sequence similarity to 

XendoU, a Xenopus laevis polyU magnesium dependent endonuclease used for 

snoRNA processing55. Hence, NSP15 is also known as EndoU. Interestingly, EndoU is 

not related to other RNase families, has some conservation in metazoans (unconfirmed 

in humans), has distant homologues in a cyanobacterium, and is specifically found in the 

Nidovirales order of viruses, which suggests that NSP15 is a distinct family of RNase 

with unanswered questions of its origin56.  

NSP15/EndoU is specific to nidoviruses.57 However, within the order, only mammal 

infecting families (Coronaviridae and Arteriviridae) have endoU, while the insect and 

crustacean infecting viral families do not, suggesting that NSP15 could be vertebrate-

specific55. Among the coronaviruses, NSP15 orthologs are relatively conserved, 

especially in the N and C termini, with relatively less conservation in the middle domain58, 

59. For example, SARS-CoV-2 NSP15 has 95% protein similarity to SARS-CoV-1 and 

65% similarity to MERS-CoV (Figure 1.2).  
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Figure 1.2. SARS-CoV-2 NSP15 protein alignment compared to SARS-CoV-1 and 
MERS-CoV. SARS-CoV-2 NSP15 has 95% protein similarity to SARS-CoV-1 and 65% 
similarity to MERS-CoV. For SARS-CoV-2, amino acids 1-60 constitute the N-terminus, 
61-190 as the middle domain, and 191-347 as the C-terminus domain. Protein Data 
Bank sequences SARS-CoV-2 (6VWW), SARS-CoV (2H85), MERS-CoV(5YVD) were 
used. Blue highlights complete conservation, while light blue highlights partial 
conservation of amino acids. Alignment was done with CLUSTALW. Colouring was done 
with JalView.  
 
 

1.2.2 NSP15 Structure 

The X-ray crystal structure of SARS-CoV-2 NSP15 and Cryo-EM of SARS-CoV-2 NSP15 

have been elucidated59,60. They confirmed the usual NSP15 three-domain structure: an 

N-terminal domain needed for multimerization, a middle domain, and a C-terminal 

catalytically active domain. In addition, SARS-CoV-2 NSP15 has similar folding and 

structure compared to other human coronavirus homologs (Figure 1.3). SARS-CoV-2 

NSP15 is confirmed to exist in a hexamer formation with trimer intermediates59,60. 

Moreover, NSP15 monomeric subunits may interact with the five other subunits, 

suggesting possible sensitivity to mutations or inhibitors that affect hexamerization59,60. In 

addition, the middle domain transposes out of the hexamer, suggesting that it may have 

interactor activity59. Overall, SARS-CoV-2 NSP15 folding and structure are highly similar 

to NSP15 homologs in other coronaviruses (Figure 1.3).  
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Figure 1.3: Monomeric structure of SARS-CoV-2 NSP15 compared to SARS-CoV-1 
and MERS-CoV. Green indicates C-terminus catalytic domain. Magenta indicates the 
middle domain. Blue shows the N-terminal oligomerization domain. Protein data bank 
sequences SARS-CoV-2 (6VWW), SARS-CoV (2H85), MERS-CoV(5YVD) were used. 
The images were generated with pyMOL. 

 

1.2.3 NSP15 has Endoribonuclease Activity  

To date, all studied viral NSP15s have endonuclease activity, suggesting not only 

conserved sequence but also function. NSP15 endonuclease activity was first confirmed 

in 2004 by two independent groups using SARS-CoV-1 NSP1558,61. NSP15 was found to 

cleave ssRNA and dsRNA, but not ssDNA or dsDNA, at single uridine or poly-uridine 

positions, yielding a 2′-3′ cyclic phosphate end58,61,62. In addition, NSP15 was shown to 

require divalent ions and prefers manganese, when compared to other ions like 

magnesium, calcium, or zinc58. It was shown that 5’ or 3’ termini modifications of the 

RNA had no effect on NSP15 activity58. Interestingly, 2’-O-ribose methylated RNA was 

shown to block NSP15 cleavage.61 Later studies revealed that the NSP15 hexameric 

form is likely its active form63,64. In addition, NSP15 cleaves specifically at the 3’ end of 

uridylate, with minor cleavage at 3’cytidylate, and such cleavage may be affected by 

RNA loop structures62. Overall, NSP15 is canonically characterized as an RNA uridine-

specific endoribonuclease.  
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1.3 Coronavirus and the Immune System  

NSP15 has been implicated in immune evasion. I will briefly describe the relevant 

immune pathways before discussing NSP15’s role in them.  

 

1.3.1 Interferon Response Types  

There are three types of mammalian interferons (IFN): type I (IFN-α/β), type II (IFN-γ), 

and type III (IFN-λ)65,66. 

Type I IFN is a large family of proteins which includes 13-14 subtypes including IFN-α, 

IFN-β, and various others including IFN-ε, -κ, -τ, -δ, -ζ, -ω, -v65. When RNA/DNA 

pathogen-associated molecular pattern (PAMP) detecting pathways are activated, 

canonically, the pathways converge on the TBK1/IKKε kinase phosphorylation of 

interferon regulatory [transcription] factors (IRF)-3 and 7. Phosphorylated IRF3/7 binds to 

canonical interferon response element sequence (IRES) in IFN-α/β promoters, thereby 

activating IFN-α/β transcription67. While IRF3 is ubiquitously expressed, IRF7 is 

restricted predominately to plasmacytoid dendritic cells (pDCs)67. Following IRF3/7 

activation, IFNs-α/β are produced and secreted from the cells. Secreted IFN-α/β binds to 

transmembrane type I IFN receptor (IFNAR), composed of IFNAR1 and IFNAR2. 

Dimerized IFNAR1/2 receptor activates the JAK/STAT pathway, ultimately leading to the 

transcription (with the help of IRF9) of type I interferon-stimulated genes (ISGs)65,67. Over 

300 ISGs are identified contributing to various functions including, but not limited to 

inflammation, signalling and its modulation, such as the activation, recruitment, and 

regulation of dendritic, macrophages, and natural killer cells65. During infection, type I 

IFN-β is detected first as early less than 24 hours post infection65. 

Type II IFN (IFN-γ) is structurally unrelated to Type I IFN, consisting of just IFN-γ, and is 

produced predominantly by natural killer and innate lymphoid type 1 cells. In addition, 

IFN-γ signals through a different receptor, the IFN-γ receptor (IFNGR)65. While IFN-γ is 

important (especially for macrophage and antigen presentation), IFN-γ has not yet been 

directly implicated with NSP1568,69.  
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Type III IFN (IFN-λ) is a relatively newer interferon type (founded in 2003) and acts 

similarly to Type I IFN but is targeted towards viral infections of primarily mucous 

epithelial cells, alongside other roles in hepatocytes and gut epithelial cells66. IFN-λ 

consists of four members (IFN-λ1/2/3/4) and activates IFNLR receptors (named after 

IFN-λ’s alternative nomenclature IFNL). INFLR receptors subsequently acts upon the 

JAK/STAT pathway for downstream ISG activation66. Early studies suggest that IFN-λ 

activates the same transcription factors as IFN-α/β, chiefly IRF3 and IRF7, and can be 

co-expressed at the same time. However, later studies suggest different mechanisms 

may activate type III IFN66. Whereas Type I IFN its generally considered to induce a 

rapid induction and decline of ISGs, Type III IFN induced ISG is less rapid but more long-

lasting despite sharing similar ISG signatures66,70. 

Overall, IFNs play an important role in the innate immune pathway. Below, I discuss the 

various upstream IFN activating pathways.  

 

1.3.2 The RIG-I-Like Receptor (RLR) Family: RIG-I and MDA5   

The RIG-I-Like Receptor (RLR) family senses cytoplasmic viral RNA PAMPS and 

triggers IFN-α/β response. The RLR family includes: 1) retinoic acid-inducible gene I 

(RIG-I), 2) melanoma differentiation-associated gene 5 (MDA5), and 3) laboratory of 

genetics and physiology 2 (LGP2)71,72. LGP2 acts as a regulator that attenuates RIG-I 

reaction while enhancing MDA572. Being from the same family, both RIG-I and MDA5 

share the crucial ATP-dependent DExD/H box RNA center helicase domain that helps 

viral RNA recognition and binding. Upon binding, both RIG-I and MDA5 homo-

oligomerize (i.e., RIG-I recruits more RIG-I on the RNA). Canonically, this 

oligomerization activates their N-terminal caspase activation and recruitment (CARD) 

domain. Activated CARD domain binds to and activates the mitochondrial antiviral 

signalling (MAVS) protein on the mitochondria73,71. Activated MAVS triggers a signaling 

cascade involving TBK1/IKKƐ kinase complex, which phosphorylates transcription 

factors IRF3/7, leading to a multitude of type 1 IFN gene activations and also a positive 

feedback loop for increased MDA5 transcription71, 73. In addition, MDA5 induced MAVS 

activation also stimulates apoptosis of the infected cell73.  
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Despite a relatively shared pathway, RIG-I and MDA5 share some differences. RIG-I 

seems to respond well to negative-strand RNA, while MDA5 responds well to positive-

stranded RNA such as coronaviruses71. At the same time, RIG-I binds to shorter 

dsRNAs with 5’ tri-phosphorylation, whereas MDA5 prefers longer dsRNA, including 

blunt end RNAs74,71.  

 

1.3.3 Endosomal Toll-Like Receptors  

Human Toll-like Receptors (TLR) comprise ten members. Of interest are TLR3, TLR7, 

and TLR8, which are located in endosomal membranes and can detect viral, bacterial, 

and self-made RNA75. TLR3 detects dsRNA while TLR7 and TLR8 detect ssRNA. TLR7 

is predominantly expressed in plasmacytoid dendritic cells (pDC) and plays a major role 

in sensing coronavirus infections. All TLRs have a Toll/IL-1 (TIR) domain which binds to 

either two major adaptor proteins: MyD88 for TLR7/8, or TRIF for TLR3, to initiate 

downstream signaling75. For the MyD88 pathway, the IKK complex (composed of IKKα/β, 

and IKKγ) is eventually activated, leading to phosphorylation of the NF-kB inhibitor IkBα, 

and the translocation of NF-kB into the nucleus for pro-inflammatory cytokine production. 

NF-kB-induced production includes: TNF-α, IL-1β, IL-6, IL-12p40 and cyclooxygenase-2, 

of which TNF-α is highly important for M1 macrophage induction76. For the TRIF 

dependent pathway, TRIF activates TBK1 and IKKi for IRF3 phosphorylation and 

induction of IFN genes. As a result, IFNI/III genes can be activated by both RIG-I/MDA5 

pathways and the TLR pathways75.  

 

1.3.4 Protein Kinase R (PKR) pathway  

The double-stranded RNA-dependent protein kinase (PKR) recognizes viral dsRNA, and 

its subsequent homodimerization phosphorylates the alpha subunit of eukaryotic 

initiation factor 2 (eIF2α), a translation factor77. Phosphorylated eIF2α prevents its 

recycling needed for further translation initiation and causes a breakdown in viral 

translation. Cellular translation inhibition is prevented by discrete PKR localization. PKR 

has also been shown to activate the NF-kB pathway via activation of IKKα/β. Activation 
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of PKR has been shown to induce apoptosis via NF-kB and various other pathways such 

as P53, ATF-3, APAF/Caspase977.   

 

1.3.5 Oligoadenylate Synthetase (OAS) / RNase L Pathway  

Oligoadenylate synthetases (OAS) are a family of 3 proteins (OAS1/2/3) that are 

considered interferon-stimulated genes (ISGs) (and thus are downstream of interferon 

activation)78. In infected cells, OAS synthesizes 2’-5’ oligoadenylates (2-5A) from ATP. 2-

5A binds and activates dimerization of RNase L, a ubiquitously expressed ssRNA 

(UN^N) RNase. RNaseL subsequently cleaves viral and cellular ssRNA, including 18S 

rRNA79. Cleaved fragments may also act as a feedback loop for further interferon 

signalling.  

 

1.4 NSP15 Function in Coronavirus Infection  

1.4.1 NSP15’s Role in Evading Interferon Defence  

Emerging evidence suggests that NSP15 plays a key role in host immune evasion. The 

first clue for NSP15 function in-vivo came from the coronavirus, mouse hepatitis virus 

(MHV), whose NSP15 was found to localize to defined double membrane vesicles which 

house defined members of the replication transcription complex (RTC), including nsp8 

and nsp12, but not any membrane (M) proteins80. This finding suggested that NSP15 

function could be regulated by localization and is tightly in sync with the viral replication 

complex.  

 

In 2017, NSP15 was found to be directly implicated in interferon (IFN) response, 

OAS/Rnase L, and potentially the PKR pathway. Using NSP15 catalytic deficient mouse 

hepatitis virus (MHV) virus strain, NSP15 deficiency was shown to attenuate viral 

replication and spread in-vivo in mice40. In both MHV and Human Coronavirus 299E 

(HcoV-299E), NSP15 catalytic mutations resulted in increased IFN-β expression in 

primary murine embryonic fibroblasts (MEFs) and blood-derived macrophages40. In the 

same study, NSP15 deficient viruses were also shown to be sensitive to IFN-I treatment. 
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NSP15 deficiency also caused a decrease in rRNA, a marker for the OAS/Rnase L 

pathway, and this effect was shown to be reversed by a Rnase L mutation in 

macrophages40. Additionally, the study found that NSP15 deficiency increased eIF2α 

translation inhibition compared to wildtype, suggesting involvement in PKR pathway 

activation40. Interestingly, the same study found that MDA5, OAS/Rnase L, or PKR 

deficient macrophages alone could fully restore NSP15 deficient MHV replication, 

suggesting that all three pathways play a role in inhibiting NSP15 deficient viral 

replication. Lastly, the same study found that NSP15 deficiency caused an accumulation 

of dsRNA in the cytoplasm, a trigger for MDA5, OAS/Rnase L and PKR pathway 

activation40. 

Also in 2017, NSP15 was separately shown to be essential for viral immune evasion5. In 

particular, defective NSP15 in mouse hepatitis virus (MHV) led to decreased viral titer, 

increased IFN-α production, and increased apoptosis in mouse bone-derived 

macrophages (BMDMs)5. In the same work, it was demonstrated that viral titer was 

restored when defective NSP15 virus was infected in interferon-α/β receptor negative 

(ifnar)-/- bone marrow derived macrophages5. Moreover, mutant NSP15 infection 

activated the MDA5, PKR (via increased eIF2α phosphorylation), and OAS/Rnase L 

system (via increased RNA degradation) compared to wildtype NSP15 virus. 

Furthermore, mutant NSP15 showed a decoupling of replication complex foci from 

dsRNA foci using immunofluorescence5. Most interestingly, the same study found that a 

single point mutation in NSP15 caused viral attenuation when injected into mice, leading 

to a 100% survival rate compared to wildtype virus, and even elicited protective immunity 

against subsequent wildtype viral injections5. These results strongly demonstrated the 

importance of NSP15 in viral-mediated immune evasion.  

In regards to how NSP15 might help with in-vivo viral immune evasion, a study in 2020 

found that NSP15 cleaved negative-sense viral RNA (termed PUN RNA) and it was 

established that such PUN RNAs are MDA5 activating RNA pathogen-associated 

molecular pattern39. The study found that catalytically defective NSP15 (H262A) in MHV, 

was shown to cause higher dsRNA foci accumulation in mouse hepatocyte (AML12) 

cells using immunofluorescence techniques against a dsRNA recognizing antibody39.  
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Subsequent pulldown and sequencing of the antibody-bound RNA revealed predominant 

negative-sense viral RNAs in ifnar-/- BMDMs, and AML12 cells39. In the study, 

quantitative-polymerase chain reaction (qPCR), using sequence-specific primers, found 

that NSP15 mutation increased both the abundance and length of poly(U) (PUN) RNA in 

MHV infected AML12 and ifnar-/- BMDMs, as well as in α-CoV porcine epidemic diarrhea 

virus (PEDV) in porcine kidney epithelial (PK1) and Vero cells39. Additionally, no 

changes in abundance of positive-stranded polyA tail were detected during mutant 

NSP15 MHV infection. Subsequent in-vitro cleavage assays confirmed that NSP15 

cleaved PUN RNAs. Lastly, using AML12 cells, the study found that the poly(U) tail of 

PUN RNA was necessary but not solely sufficient to induce a 2000 fold increase in 

IFNβ1 (Type I interferon) expression39. Such IFNβ1 response was not apparent in 

MDA5-knockdown cells. Therefore, the evidence suggested that NSP15 modulates 

immune evasion by cleavage of viral polyU RNA.  

Recently, a study in 2021 found that NSP15 cleaved internal viral RNA sites81. Cyclic 

phosphate sequencing of MHV NSP15 cleavage ends in bone marrow-derived 

macrophages revealed a strong preference for sites containing both “U’A” and “C’A” 

sequences81. This finding was surprising since previous biochemical NSP15 assays 

revealed a strong preference for uracil cleavage only and only a minor preference for 

cytidine58. Furthermore, these cleavage sites were spread out throughout the MHV RNA, 

especially in transcriptional regulatory sequences (TRS) and the 5’ and 3’ non-translated 

region (NTR) of the positive strand81. While previous studies suggested that NSP15 

potentially cleaves the 5’ poly(U) heads of negative-stranded viral RNA, this study did not 

reveal such cleavage sites, but instead revealed cleavage sites of two ‘CA’ nucleotides 

adjacent to the poly(A) tail of the positive strand39,58. Although the study found that the 

NSP15 cleavage sites shared overlap with Rnase L cleavage sites, NSP15 does not 

target 18S rRNA, unlike Rnase L58. From the sequencing data, NSP15 seemed to 

prevent the formation of dsRNA, not through polyU tail cleavage, but through cleavage of 

the positive-strand RNA to prevent negative-strand synthesis. Since NSP15 was known 

to interact with the replication complex, including polymerase (nsp12) and its cofactors 

(nsp7 and 8), it was hypothesized that during negative-stranded synthesis, NSP15 would 
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also cleave the positive strand in order to prevent dsRNA formation and help evade 

dsRNA host interferon responses80. Such events may be regulated by NSP16’s 2-O-

methylation of key cleavage sites, which were shown to block NSP15 cleavage61. 

Additionally, due to shared cleavage site overlap between Rnase L and NSP15, and the 

fact that Rnase L-/- cells caused a decrease in NSP15 expression, a complex interplay 

between Rnase L and NSP15 may be occurring to regulate viral expression and host 

immune response81. Further research would be needed to pinpoint the mechanism of 

NSP15 function in-vivo.  

Overall, it appears that NSP15, in the various coronaviruses studied prior to COVID-19, 

is an essential protein for coronavirus infection. During viral replication, NSP15 localizes 

to the replication complex and may use its endonuclease activity to help degrade either 

the 5’ Poly(U) head of the negative-strand RNA, and/or the positive-strand viral genomic 

RNA. Through this nuclease activity, dsRNA formation and host immune response 

activation is suppressed/prevented. Thus, through these mechanisms, NSP15 is 

essential to viral infection.  

 

1.4.2 Alternative NSP15 Mechanisms  

While there is evidence that NSP15 helps evade the immune system via its 

endonuclease activity, other mechanisms could be possible. In porcine delta-coronavirus 

(PDCoV), NSP15 was found to act as a dimer and impair NF-κB in an endonuclease-

independent manner82,83. While the exact mechanism of impairment was unclear, such 

impairment has not been explored in other models, and thus it is currently unclear if this 

is porcine virus specific.  

Additionally, SARS-CoV-1 NSP15 has been shown to interact with retinoblastoma 

protein (pRb), a known tumor suppressor, and repressor of transcription factor E2F184. A 

retinoblastoma protein-binding motif (LXCXE/D) was detected in SARS-CoV-1, and 

NSP15 co-immunoprecipitated with pRb in 293T cells84. NSP15 expression, including 

the use of endonuclease deficient NSP15, caused cytoplasmic translocation of cellular 

pRb, increased foci growth in contact independent focus formation assay, increased 

expression of (pRb repressed) thymidine kinase promoter gene and an overall 
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downregulation of pRb abundance84. A mutation in the LXCXE/D domain of NSP15 

caused a 1-5 log decrease in MHV viral titer, and increased cell death and apoptosis84.  

Overall, these results suggested that NSP15 has an endonuclease-independent function 

via interaction with pRb84. Interestingly, such (LXCXE/D) motifs were also found in DNA 

tumour viruses such as with proteins adenovirus E1a, simian virus 40 T antigen, and 

human papillomavirus E7, suggesting that inhibition of pRb is an important strategy to 

various viral infections85.  

In SARS-CoV-1, NSP15 has also been implicated in MAVS-dependent apoptosis86. It 

was shown that expression of full-length MAVS triggered apoptosis and that this 

phenotype was independent of type I IFN pathways86. A functional screen of MAVS-

dependent apoptosis found only SARS-CoV-1 NSP15 to be a potent inhibitor of 

apoptosis. Repression of apoptosis is thought to be beneficial for viral replication87. 

Interestingly, NSP15 in human coronavirus HKU1, and human coronavirus NL63, could 

not recreate the apoptosis repression phenotype, suggesting that it was SARS-CoV-1 

specific87. To what extent this phenomenon relies on NSP15 endonuclease function, and 

its relevance in physiological infection, requires more research.  

 

1.5 Effect of NSP15 on Viral Titers in Cell Culture  

Previously, defective NSP15 was found to have caused severe attenuation of viral 

replication in mice in-vivo5, 40. However, the data for NSP15’s effects in cell culture 

becomes more nuanced.  

For the coronavirus mouse hepatitis virus (MHV), in cell culture, NSP15’s effect on 

replication (viral titer) seems to be cell line dependent. In an earlier study, catalytic 

mutant MHV NSP15 (H262A) caused a ~1.5 log decrease in plaque forming units (PFU) 

at 0.5 multiplicity of infection (m.o.i) and ~0.8 log decrease at 1.5 m.o.i in fibroblast baby 

hamster kidney cells (BHK-R)88. In another study, MHV NSP15 H262A mutant caused a 

~1.8 log decrease in viral titers in BMDM cells and, and to a lesser extent, a ~1 log 

decrease in fibroblast 17CI-1 cells5. This study concluded that MHV NSP15 was not 

needed for viral replication in 17CI-1 fibroblast cell lines and that replication defects in 
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BMDMs were due to subsequent interferon defenses. On the other hand, MHV NSP15 

H277A mutant was shown to produce a viral titer peak of ~<0.5 log decrease compared 

to wildtype at 1 m.o.i but no difference in viral titer peak at 0.1 m.o.i in fibroblast L929 

cells. The same NSP15 H277A mutant restricted viral titer by ~1 log in primary murine 

embryonic fibroblast (MEF) and a larger ~2 log decrease in viral titers in bone marrow-

derived murine macrophages. In contrast, in epithelial AML12 cells, catalytic defective 

NSP15 MHV viruses (H262A) did not produce viral replication defects but did induce 

Type I (IFNβ1) and Type III (IFNλ) interferon defence39. In fact, at eight hours post-

infection, defective NSP15 caused a near-significant (p=0.008) increase (<0.3 log) in 

viral titers. Overall, mutant MHV NSP15 seemed to cause decreased viral titers mostly in 

bone marrow-derived macrophages (BMDM), and to a lesser extent in certain fibroblast-

derived cells (MEF and 17CI-1)5. Defective NSP15 appeared to have no effect on viral 

titer in AML12 cells39.  

In HcoV-299E, it was shown that catalytically defective NSP15 (H250A) produced a 

~2.5log decrease in viral titer in human-derived blood macrophages. In MERS, early 

data suggested no viral titer change with catalytically defective NSP15 (H231A), but was 

accompanied by a significant increase in interferon markers (IFNL1, IFNB) in epithelial 

a549-dpp4 cells89. No work has tested the effect of NSP15 mutation in SARS-CoV-1 or 2 

viruses on viral replication in in-vitro cell lines. Thus, it appears that NSP15’s effect on 

viral replication in in-vitro cell culture is cell-type specific and could also be dependent on 

the coronavirus used.  

 

1.6 SARS-CoV-2 NSP15 and SARS-CoV-2 Interferon Defenses  

1.6.1 Interferon Screens  

Only a few papers have investigated NSP15 in SARS-CoV-2. SARS-CoV-2 interferon 

screens have implicated NSP15 as an IFNβ antagonist using 293FT cells following RIG-I 

stimulation and in HEK293T cells stimulated with MAVS 6,7. On the contrary, numerous 

other interferon screens have not demonstrated a role for NSP15 in SARS-CoV-2 

interferon response. These included interferon screens using Calu-3 cells stimulated with 
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Sendai Virus and Poly(I:C)50, HEK293T with RIG-I-CARD stimulation 90  and HEK293T 

stimulated with Sendai virus91,92.  

 

1.6.2 Autophagy  

SARS-CoV-2 NSP15 overexpression in HEK293T was found to have inhibited the 

induction of autophagy, and was found to cause a corresponding reduction in 

autophagosome numbers92. In contrast, ORF3a, E, M and ORF7a inhibited 

autophagosome turnover as they increased autophagosome number92. To account for 

this, the researchers performed wildtype SARS-CoV-2 infection in Calu-3 and Caco-2 

cells, and found that levels of p62 (degraded after autophagosome-lysosome fusion) and 

processed LC3B (markers of late-stage autophagosomes) were increased, suggesting 

that blockage of autophagosome turnover is the predominant phenotype in infection. 

Indeed, ORF3a was found to block autophagosome-lysosome fusion, and ORF7a blocks 

autophagosome acidification92. As a result, to what extent NSP15 is needed by SARS-

CoV-2 during physiological infection to block autophagy induction remains to be seen.  

 

1.6.3 SARS-CoV-2 Interferon Defense  

Interestingly, SARS-CoV-2 NSP15 was found to be a less potent interferon antagonist 

than the corresponding NSP15 protein in SARS-CoV-1, being 32-fold less potent than 

SARS-CoV-1 and 7.8-fold less than RaTG13-CoV NSP15 in decreasing IFNB1 levels in 

293T cells92. These results suggest that the in-vivo effectiveness of NSP15 as an 

immune antagonist may be evolving.  

Indeed, the overall biology of SARS-CoV-interferon immune induction seems to be 

altered compared to other coronaviruses. It was reported that SARS-CoV-2 has unique 

interferon responses depending on the cell type93. In patient-derived epithelial cells and 

cardiomyocytes, IFN and OAS/Rnase L activation was not observed, but PKR activation 

was present93.  In contrast, in cell culture with Calu-3 and A549-ACE2 lung-derived cells, 

weak IFN-I activation was observed, but OAS/Rnase L and PKR pathways were also 

activated93. This contrasts with MERS, which strongly inhibits OAS/Rnase L and PKR 

pathway activation in the same cell culture lines93. Whether this is the result of altered 
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NSP15 functions is debatable given the numerous other proteins involved in interferon 

antagonism. More research is needed to find the extent of NSP15 function in SARS-

CoV-2 and how that relates to other immune antagonists.  

 

1.7 NSP15 Inhibitors  

Because NSP15 plays a key role in coronavirus infection, pharmacological agents 

targeting NSP15 could be promising for the treatment of SARS-CoV-2. This hypothesis 

was particularly bolstered by the fact that mutations in NSP15 completely abolished viral 

replication in murine models5. In 2010, RNAse A inhibitors were found to also inhibit 

NSP158. Congo Red and BenzopurpurinB inhibited NSP15 in-vitro and modestly 

decreased Sars-CoV-1 infection in Vero cells at 100 uM8. Unfortunately, these 

compounds are unlikely to be drug candidates given their structural properties and weak 

potency.   

In 2020, given the heightened interest of NSP15 in COVID-19, various in-silico 

computational screens also identified potential NSP15 inhibitors but without follow-up in 

in-vitro assays94-96. Recently, betulonic acid derivatives was discovered to be a potent 

HcoV-299 NSP15 inhibitor97. However, the same inhibitor was inactive against SARS-

CoV-2. The compound was not computationally predicted to bind to SARS-CoV-2 

NSP1597. Nevertheless, the result provided evidence on the effectiveness of targeting 

NSP15, albeit in HcoV-299E97.  

 

To date, few studies have identified SARS-CoV-2 NSP15 inhibitors. Tipiracil, a uracil 

derivative used in anti-cancer treatment as a blocker to thymidine phosphorylase, has 

been predicted to bind to the active site of NSP159. Tipiracil inhibited NSP15 cleavage 

in-vitro but only showed modest and barely significant (~20%) inhibition of SARS-CoV-2 

virus at the highest dose (50 µM) tested. As a result, the compound is unlikely to be used 

therapeutically, but Tipiracil and uracil derivatives may be a viable starting point for future 

drug developments. In another recent study, Exebryl-1, a small-molecule initially tested 

for inhibition of beta-amyloid in Alzheimer disease, was shown to bind to NSP15 and 

inhibited RNA cleavage10. Exebryl-1 demonstrated SARS-CoV-2 viral replication 
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inhibition at an IC50 of 65.6 μM and with a CC50 above 100 μM in Vero cells. However, it 

has limited therapeutic potential as it is toxic in other cell lines, and previous studies 

have shown that an 100mg/kg oral dose in rats resulted in only 4 µM plasma levels after 

four hours10. However, Exebryl-1 could be a lead in future drug designs. Recently, a 

5000-compound chemical screen found compound NSC95397, a cell division control 25 

(Cdc25) protein phosphatase and multiple kinase inhibitor98. This compound inhibited 

NSP15 in biochemical assays with an IC50 of 43 μM. However, the compound produced 

no effect on SARS-CoV-2 viral titer in Vero cells98. To date, there are no safe and 

effective SARS-CoV-2 NSP15 inhibitors identified.  

 

1.8 High-throughput Screening of Small-Molecules  

Because of the lack of potent and safe SARS-CoV-2 NSP15 inhibitors available, more 

research is needed to find potential NSP15 binding agents. High-throughput (HTP) 

screening is a common method to identify new pharmacological reagents and has been 

successful in finding enzyme inhibitors in numerous contexts with examples below. 

Screening of enzymes similar to NSP15 such as Rnases of viral Sweet potato chlorotic 

stunt virus (CSR3) Rnase III99, HIV Rnase H100, Rnase H2101, have successfully 

identified hits, often using FRET-based RNA cleavage assays. High-throughput 

screening guidelines and protocols have also been extensively established102. One 

advantage of a well-designed HTP screen is that they can identify novel classes of 

ligands that are not restricted to known or main binding/enzyme sites, unlike rational 

drug or structural-based drug discovery. While high-throughput screening may not yield 

tight-binding inhibitors initially, post-screen compound optimizations can also drastically 

improve compound binding. One example was the lead optimization of inhibitor for Beta 

secretase (BACE1) for Alzheimer’s disease, in which lead optimization of the molecule 

improved the compound IC50 from 73,000 nM to 59 nM103. This example shows the 

effectiveness of HTP screening as a part of a hit-to-lead pipeline. For NSP15, putative 

NSP15 inhibitors, Exebryl-1 and NSC95397 were discovered through high-throughput 

screening of NSP15 using a FRET-based RNA substrate system similar to this study’s 
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setup, detailed below10, 98. Because of these reasons, I started this project through a 

large HTP screen of over 100,000 compounds.  
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CHAPTER 2: Materials and Methods for Screening for NSP15 

Inhibitors 

 

2.0 General Reagents  

All polymerase chain reactions (PCR) were done with Q5 High Fidelity DNA polymerase 

(NEB, Canada). Gel extractions were done with the QIAquick Gel extraction kit (Qiagen, 

Canada). All plasmid extractions were done with QIAprep Spin Miniprep Kit (Qiagen, 

Canada). Sanger sequencing was done at Alberta Transplant Applied Genomics Centre 

(ATGC) at the University of Alberta, Canada. All primers were purchased from Integrated 

DNA Technologies (IDT, USA). Compounds containing the “CID” header were 

purchased from Hit2lead, ChemBridge (USA). BenzopururinB was purchased from MP 

Biomedicals (USA). Hexachlorophene was purchased from Sellekchem (USA). IPA3 and 

Reactive Blue 2 were purchased from MedChemExpress (USA). DH5-alpha competent 

E.coli cells (NEB, Canada) were used for all cloning/plasmid construction experiments.  

 
 

2.1 NSP15 Cloning  

The sequence encoding wild-type SARS-CoV-2 NSP15 protein (PDB: 6VWW)104 was 

codon optimized for bacterial expression and purchased as a custom gene synthesis 

plasmid from IDT (USA) (Table 2.1). This sequence was PCR amplified, using primers 

found in Table 2.2, and inserted into a pET-based vector (derived from pC013, Addgene 

#90097) using the NEBuilder HiFi DNA assembly cloning kit (NEB, Canada), according 

to the manufacturer’s instructions. The resulting construct was verified by Sanger 

sequencing using T7 primers (Table 2.2). The Δ0-28 Δ336-347 NSP15 mutant construct 

was prepared in a similar fashion using its specific primers (Table 2.2). To prepare the 

NSP15 H250A mutant, Q5 Site-directed mutagenesis (NEB, Canada) was performed on 

the wildtype NSP15 construct using NSP15 H250A SDM Primers FWD and REV (Table 

2.2), as per the manufacturer’s instructions. This plasmid was also validated by sanger 

sequencing.   
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Table 2.1: NSP15 codon optimized sequence. The original sequence, 6VWW, was 
taken from protein data bank (PDB). The IDT codon optimization tool was used to 
optimize the sequence for expression in Escherichia coli.   
 

5’-

atgggcagcagccatcatcatcatcatcacagcagcggcgtggatcttggtacggaaaatctgtactttcaatccaatgc

catgtcgttagagaacgtagcttttaacgtggtgaacaaaggccattttgatggtcaacagggagaagttccagtgtccat

tataaacaatacggtatacaccaaagtggacggggtagatgtagaactgtttgagaataagacgactttaccagtgaat

gtagctttcgagttgtgggctaagagaaacatcaagccagtacccgaagttaagattttaaataatcttggggtagacatt

gctgcaaatactgtcatctgggactataaacgggacgcgcccgcacatatctcaactatcggcgtttgcagtatgacaga

tatagcgaaaaagccgacggaaaccatatgtgcacccttgaccgttttcttcgatggtcgggtggatggtcaggtcgattt

attcagaaatgctcgtaatggagtcctgattactgaggggagtgtaaaaggattacaaccatcagtgggaccgaaaca

ggcttcccttaatggtgttacgcttatcggtgaggcggtaaagacacagttcaattattacaaaaaggtggacggcgtcgt

acaacagttacctgaaacttactttacgcagtcgagaaacttgcaggaattcaagccgcgctcccagatggaaattgattt

tctggagctggctatggacgaatttatcgaaagatataagctggaaggatatgctttcgaacatatagtatacggggattttt

ctcattcgcaactgggtggccttcatcttttaataggcttagcgaagcgtttcaaggaatctccttttgagttagaagactttatt

ccgatggactccaccgttaagaactatttcattacagatgcacagacgggttctagcaaatgtgtatgctctgtaattgacct

gttgttagacgactttgtcgaaattatcaaaagccaggacctgtccgtagtctcgaaggttgtgaaagtgaccatcgacta

cacagagatatcctttatgctttggtgcaaggatggtcacgttgaaacattttatcccaagctgcagtaa-3’ 

 

 

 
Table 2.2: Primers for NSP15 cloning and sequencing.  

Name Sequence  

NSP15 Wildtype 
Primers FWD 

5’-
ATCATCATCACAGCAGCGGCGTGGATCTTGGTACGGAAAATC-
3’ 

NSP15 Wildtype 
Primers REV 

5’-GCCTCGAGTGCGGCCGCTTACTGCAGCTTGGGATAAAATG-
3’ 

PC013 Vector 
FWD 

5’-TAAGCGGCCGCACTCGAG-3’ 

PC013 Vector  
REV 

5’-GCCGCTGCTGTGATGATG-3’ 

Δ0-28 Δ336-347 
FWD 

5’-
TGTACTTTCAATCCAATGCCAACAATACGGTATACACCAAAG-
3’ 

 

Δ0-28 Δ336-347 
Primer REV 

5’-ATCCTTGCACCAAAGCATAAAG-3’ 
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NSP15 H250A 
SDM Primer FWD 

5’-GGGTGGCCTTGCTCTTTTAATAGG-3’ 

NSP15 H250A 
SDM Primer REV 

5’-CTAAAAAGAGTAAGCGTTGA-3’ 

T7 FWD  5’-TAATACGACTCACTATAGGG-3’ 

T7 REV 5’-GCTAGTTATTGCTCAGCGG-3’ 

 

2.2 NSP15 Protein Purification  

Wild-type and mutant NSP15 proteins were purified as previously described, with several 

modifications.104 Briefly, BL21(DE3)pLYsS cells (Promega, Canada) were transformed 

with plasmids encoding NSP15.  Starter cultures were grown overnight (~16 hrs) at 37ºC 

with 5 mL of Difco Luria Broth (LB)(BD,USA) in the presence of 50 μg/mL carbenicillin. 

1mL of this culture was then used to inoculate 2 L of Luria broth (LB) with carbenicillin, 

and this culture was grown as above until an OD600 of 0.6 was reached. Following this, 

isopropyl-ß-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1mM 

and the culture was incubated at 18ºC overnight. Cells were pelleted by centrifugation at 

3500g for 15 minutes and resuspended in lysis buffer (20 mM Tris-Cl, pH 7.5, 250 mM 

NaCl, 5 mM imidazole, pH 8.0) supplemented with Roche Complete Ultra protease 

inhibitor (Sigma, Canada) and 0.1 M phenylmethylsulfonyl fluoride (PMSF). The mixture 

was incubated on ice for 30 minutes before being sonicated (15 second pulse-on and 59 

second pulse-off for a total of 15 minutes at 55% amplitude). Cellular debris was pelleted 

by centrifuging at 28,000g for 1 hour. Next, the lysate was collected and subject to 

filtering through a 0.45 µM PVDF membrane. The filtered lysate was loaded onto a 1 mL 

HisTrap HP column (Sigma, Canada) and purified using an AKTA Start System (Cytiva, 

USA). The column was washed with buffer (20 mM Tris-Cl, pH 8.0, 250 mM NaCl, 10 

mM imidazole, pH 8.0) until UV-baseline was reached, and subsequently eluted in 

gradient fashion. The final elution buffer was comprised of 20 mM Tris-Cl, pH 8.0, 250 

mM NaCl, 250 mM imidazole, pH 8.0. Pooled protein fractions of high purity were 

concentrated with a Peirce Protein concentrator 10K (Thermo, Canada). During 
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concentration, the buffer was exchanged with 20 mM HEPES-KOH, pH 7.5, 500 mM 

NaCl, 1 mM DTT, 10% glycerol. Concentrated protein was aliquoted and stored at -80ºC 

until usage. Protein concentration was measured using the DTT-resistant Peirce 660 nm 

Protein BCA Assay kit (Thermo, Canada). 

 

2.3 NSP15 Fluorescent Activity Assay  

I adapted a previously described fluorescence resonance energy transfer (FRET)-based 

assay. This assay employed a uracil-containing RNA substrate that is flanked by 

fluorophore and quencher pair.62  Sequences for the substrates are listed in Table 2.3. 

Reactions were set up in black 96 well flat-bottom polystyrene plates (Corning, USA) in 

60 µl volume. The reaction buffer contained 25 mM HEPES, 50 mM NaCl, 5 mM MnCl2, 

and 1 mM DTT. Final reaction concentrations of 1 ng/µl NSP15 and 1 µM RNA substrate 

were used unless otherwise stated. Where applicable, compounds were dissolved in 

DMSO before being added to the reaction. DMSO concentrations were kept to less than 

1%. Reactions were started with the addition of RNA, and incubated at 37ºC for the 

indicated times, and read at excitation/emission wavelengths of 490/520 nm for FAM or 

645/670nm for Cy5 using a SpectraMax i3x spectrophotometer (Molecular Devices, 

USA). 

Table 2.3 RNA substrate sequences for NSP15 activity assay.  

Name  Sequence  Sequence 
Source 

Positive control FAM RNA   5-’FAM-rArArArArArArArG-U’3 N/A 

Negative control RNA  5-’FAM-rArArArArArArArGrArArArArArA-
BHQ1-’3 

N/A 

RNA1 5-’FAM-rArArArArArArArGrUrArArArArA-
BHQ1-’3 

105 

RNA2 5-’FAM-rCrArArCrUrArArArCrGrArArC-
BHQ1-’3 

63 

RNA3 5-’FAM-dAdArUdAdA-BHQ1-’3 62 

Cy5 RNA  5-’FAM-rCrArArCrUrArArArCrGrArArC-
BHQ2-’3 

63 
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Positive Control Cy5 RNA 5’-Cy5-rCrArArCrU-’3 N/A 

 

2.4 High-Throughput Screening   

Screening was performed at the High Content Analysis Core facility at the University of 

Alberta and at the Biofactorial Facility at the University of British Columbia. The library of 

compounds screened was comprised of roughly 30,000 compounds from the Canadian 

Chemical Biology Network (CCBN) collection, 1280 from LOPAC, 3040 from the TimTec 

collection, 50,000 from the Chembridge DIVERSet collection, and 24,000 Chembridge 

compounds from the GlycoNet collection. Compound overlap between the collections 

was <0.1%. Reagents were distributed into 384-well black flat bottom plates (Greiner, 

USA) using either a JANUS 384-well liquid handling system (PerkinElmer, USA) or an 

Echo acoustic dispenser (Beckman Coulter, USA). The reaction setup was similar to that 

described above, in which the final concentration of NSP15 was 1 ng/µL, and RNA was 

0.5 µM. The reaction volume was 20 µl. Sequences for the positive control, RNA2, and 

Cy5 RNA substrates are listed in Table 2.3. Compounds were dissolved in DMSO and 

screened at a final concentration of 10 µM. DMSO without any inhibitors was used as a 

positive control, and either 100 µM of BenzopurpurinB or a reaction without NSP15 was 

used as a negative control. Readings were taken at excitation/emission wavelengths of 

490/520 nm for FAM or 645/670 nm for Cy5. Read 1 measured autofluorescence in a 

reaction mixture containing buffer, NSP15, and compound. Subsequently, RNA substrate 

was added, and following incubation at 37ºC in a humidified incubator for 20 minutes, the 

reaction was stopped by addition of 100 mM EDTA and Read 2 was performed. After the 

addition of 1 µM of positive control FAM-RNA (Table 2.3) to the reaction, Read 3 was 

taken to test for potential quenching. Percent inhibition values were calculated as 

follows: (Read 2 – Read 1)/Average Negative Control. Compounds that were found to 

quench the positive control by >50% in Read 3 were excluded from further analysis.  
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2.5 NSP15 RNA Gel Cleavage Assay and Densitometry  

Native RNA cleavage assays employed a 31 nucleotide (nt) ssRNA (IDT, USA and 

Biosynthesis, USA) with the sequence 5’-

rArArArArArArArArArArArArArArArArArArArArUrArArArArArArArArArA-‘3, whose 

cleavage at the “rU” site results in 21 nt and 10 nt fragments. The reaction was set up in 

a 10 µL volume containing a final concentration of 7.5 ng/µl NSP15 and 250ng of RNA in 

assay buffer (25 mM HEPES, 50 mM NaCl, 5 mM MnCl2, and 1 mM DTT) and allowed to 

run for the indicated time. Prior to gel loading, samples were prepared with 2X 

formamide-based RNA loading dye (NEB, Canada) and were boiled at 95ºC for 5 

minutes. Samples were electrophoresed on a denaturing 15% Mini-Protean TBE-UREA 

polyacrylamide gel (BioRad, USA) and run at 200 V for ~40 minutes at room 

temperature. Gels were stained with SYBR Gold (Thermo Fisher, Canada) for 20 

minutes and imaged at Cy3 fluorescent channels (520/605 nm excitation/emission) with 

an Amersham Imager 680 (Cytiva, USA).  

 

2.6 Amplex Red Assay  

Redox reactivity of the lead compounds was assessed using the Amplex™ Red 

Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen, Canada), according to the 

manufacturer’s instructions. Briefly, test compounds were diluted in assay buffer to a 

final concentration of 100 μM in the presence of the indicated concentrations of DTT in 

96 well plates. Hydrogen peroxide at a concentration of 10 μM was used as a positive 

control. The reaction was started by addition of 0.2 U/mL horseradish peroxidase and 50 

μM final concentration of Amplex Red reagent. The reaction was incubated in the dark 

for 15 minutes at room temperature. Plates were read using a SpectraMax i3x 

spectrophotometer (Molecular Devices, USA) at excitation and emission wavelengths of 

560 nm and 590 nm, respectively. 
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2.7 Vero Cell Culture and Toxicity Assay  

Vero CCL81 cells were a kind gift from Dr. Tom C. Hobman (University of Alberta, 

Canada). Cells were maintained in Dulbecco’s modified Eagles Medium  (DMEM) High 

Glucose (Thermo Fischer, USA) supplemented with 10% fetal bovine serum (FBS), 

Canadian Origin (Sigma, Canada) and 1x Penicillin-Streptomycin-Glutamine (Thermo, 

Canada) in a 37ºC humidified incubator with 5% CO2.  

 

Cells were seeded in 96-well plates (Greiner, USA) at 10,000 cells per well overnight 

before addition of compounds. Compounds were added to wells at the indicated 

concentrations alongside a DMSO control.  Twenty-four hours later, cell viability was 

assayed using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, USA) 

according to the manufacturer’s instructions. Briefly, the assay relies on the 

quantification of adenosine 5’triphosphate (ATP) using a proprietary Ultra-Glo Luciferase 

that converts Luciferin to luminescent oxyluciferin in the presence of ATP. Cells were 

incubated in 100 µl of complete media with 100 μl of reconstituted CellTiter-Glo Reagent 

(buffer plus substrate).  Samples were mixed by shaking for 10 minutes and then 

luminescence was measured using a Spectramax i3x (Molecular Devices, USA) device. 

Data from experimental wells was normalized to the appropriate DMSO control. 

 

2.8 Vero SARS-CoV-2 Plaque Assay  

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2/CANADA/VIDO 

01/2020) was kindly provided by Dr. Darryl Falzarano (Vaccine and Infectious Disease 

Organization-International Vaccine Centre, University of Saskatchewan, Canada). The 

virus was studied in a biosafety level 3 laboratory at the University of Alberta. The strain 

was grown in Vero cells (ATCC) with DMEM supplemented with 10% fetal bovine serum, 

15 mM HEPES, L-glutamine and Penicillin-Streptomycin. To perform a plaque assay, 

Vero cells were infected for 24 hours with SARS-CoV-2 virus at a multiplicity of infection 

(m.o.i) of 0.1 in the absence or presence of compounds. Subsequently, supernatants 

were collected for virus titer determination by plaque assay. The monolayers were 
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overlaid with a mixture of MEM (Thermo Fisher, Canada) and 0.75% 

carboxymethylcellulose (Sigma-Aldrich) following infection. The cells were maintained at 

37°C for 72 hours for plaque development. Cells were fixed with 10% formaldehyde and 

stained with 1% crystal violet in 20% ethanol after which time plaques were counted.  

 

2.9 In-silico Pharmacological Predictors  

Simplified Molecular Input Line Entry Specification (SMILES) were collected from 

PubChem Chemical Structure Sketcher), Open Parser for Systematic IUPAC 

Nomenclature (OPSIN), and/or PubChem literature search. Pharmacological predictors 

were obtained by inputting compound SMILES into ACD Labs Percepta Software (ACD 

Labs, Canada). Physical and chemical values collected were H-bond donor, H-bond 

acceptor, aromatic ring count, LogS, LogD, LogP, strongest pKa (Acid), strongest pKa 

(Base), Lipinski rule and overall solubility. The ADME parameters available for 

predictions were: P-gp substrate, CNS, PPB, Caco-2. The toxicological properties are 

Ames and hERG.  

 

2.9 Data Analysis    

GraphPad Prism 9 (GraphPad Software Inc, USA) was used for general plotting and 

statistics. High-throughput screening data was analyzed and graphed with Python or 

GraphPad Prism 9 (GraphPad Software Inc, USA). RNA cleavage gel densitometry was 

performed with ImageStudioLite 5.2.5 (LICOR, USA). Endnote 20 (Clarivate, USA) was 

used for reference organization. Chemical structures were generated with ChemDraw 

21.0.0 (ChemAxon, USA).  
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CHAPTER 3: High-throughput (HTP) Screening to Identify SARS-CoV-2 

NSP15 Inhibitors  

3.1 NSP15 Reaction Setup and Substrate Optimization 

3.1.1 NSP15 Reaction Setup   

To identify NSP15 compound inhibitors, I adapted a fluorescence resonance energy 

transfer (FRET)-based NSP15 activity assay that was previously described62. Briefly, the 

assay relies on an RNA substrate flanked by a fluorophore-quencher pair. Fluorescent 

quenching is maintained via fluorescence resonance energy transfer (FRET) due to the 

close distance of the 5-prime fluorophores (FAM or Cy5) and 3-prime quenchers (BHQ1 

or BHQ2). In the presence of manganese and reducing agent dithiothreitol (DTT), 

NSP15 would preferentially cleave the uracil residue of the reporter RNA. This cleavage 

produces fluorescence that would then be measured by a spectrophotometer (Figure 

3.1a). This assay was adaptable to both 96-well 60 µl reactions or 384-well 20 µl 

reactions. The standard assay buffer contained 25 mM HEPES, 50 mM NaCl, 5 mM 

MnCl2, and 1 mM dithiothreitol (DTT). To set up the assay, I first cloned and purified 

recombinant SARS-CoV-2 NSP15 (Figure 3.1b). To optimize the assay, three different 

5’fluorescein (FAM) and 3’black hole quencher 1(BHQ1) RNA reporter substrates were 

tested, and whose sequences have been previously used for SARS-CoV-1 NSP15 

assays (Table 2.2). The reporter RNA substrates were: RNA1: 5’FAM-

rArArArArArArArGrUrArArArArA-3’BHQ1, RNA2: 5’FAM-rCrArArCrUrArArArCrGrArArC-

3’BHQ1, and RNA3: 5’FAM-dAdArUdAdA-3’BHQ1. FAM-only RNA control (5’FAM-

rArArArArArArGrU) was included as positive control RNA. No uracil containing RNA 

(5’FAM-rArArArArArArGrArArArArArA-3’BHQ1) was included as negative control RNA.  

All three reporter RNAs contained a single uridylate (rU) flanked by ribonucleic acids 

(RNA1,2) or deoxyribonucleic acid (RNA3). When incubated with NSP15, all three RNA 

substrates produced measurable signal compared to their respective background control 
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(RNA + buffer only), however, only RNA2 generated significant fluorescent signal against 

background control (Figure 3.1c). On the other hand, as expected, the negative control 

RNA did not result in significant fluorescent cleavage compared to its background control 

when incubated with NSP15 (Figure 3.1c). Based on its favourable fluorescence 

properties, the RNA2 sequence was used for all subsequent experiments.  
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Figure 3.1. Establishment of FRET-based NSP15 activity assay. a) Schematic of 
NSP15 activity assay. Un-cleaved RNA substrate contained a 5’fluorescein (FAM) and 
3’black hole quencher 1(BHQ1). In the presence of manganese and DTT, NSP15 
cleaved RNA substrate at the uracil residue. B) Coomassie stain of purified recombinant 
wildtype NSP15 (~39kDa) following His-column purification. C) NSP15 activity assay 
tested with various reporter RNA constructs ± 100 mM of EDTA. Negative control RNA 
(no uracil RNA) did not produce significant cleavage signal compared to background 
control (RNA+Buffer). RNA2 generated the highest fluorescent cleavage signal in 
contrast to RNA 1 and 2. Meanwhile,100 mM EDTA inhibited reaction but significantly 
increased background signal regardless of NSP15 addition. Schematic of each RNA 
substrate sequences shown. Incubation occurred at 60 minutes. Stars indicate 
significance using two-way ANOVA with Dunnett’s multiple comparisons test. D) EDTA 
(pH 8.0) titration on NSP15 activity. Starting at 25 mM of EDTA, activity was significantly 
reduced compared to no EDTA control. Complete inhibition of activity was achieved at 
50-100 mM of EDTA.1 µM of RNA and 40 minutes of incubation time were used. Stars 
indicate significance using one way ANOVA with Dunnett’s multiple comparisons test. E) 
Effect of 5 mM Mn2+ or Mg2+ on NSP15 activity. Mg2+ activity was significantly lower than 
activity with Mn2+ buffer. Data was normalized to time zero of manganese chloride. Stars 
indicate significance using multiple unpaired two-tailed Student’s t-test. All results above 
were expressed as the mean ± S.E, n=3, (* denotes p<0.05) (**denotes p< 0.01) (*** 
denotes p< 0.001***), (**** denotes p<0.0001).  

3.1.2 NSP15 EDTA Inhibition and Ion Preference  

Because NSP15s in other coronaviruses, such as SARS-CoV-1, have been reported to 

rely on manganese chloride (Mn2+), but not magnesium chloride (Mg2+) for activity, I 

investigated if SARS-CoV-2 NSP15 exhibited the same ion dependant preference.58 

SARS-CoV-2 NSP15 activity was significantly reduced in the presence of buffer 

containing only 5 mM Mg2+ versus 5mM Mn2+ (Figure 3.1e). This was in line with other 

reported results on SARS-CoV-2 NSP15, suggesting that SARS-CoV-2 NSP15 retains 

the preference for manganese58,9.   

Because NSP15 was dependent on manganese chloride (Mn2+), I investigated if the 

addition of metal chelator ethylenediaminetetraacetic acid (EDTA; pH 8.0), a known 

Mn2+ chelator, would completely reduce the activity of the assay. Starting at 25 mM of 

EDTA, activity was significantly attenuated (Figure 3.1d). At 100 mM of EDTA, activity 

was completely reduced. (Figure 3.1d). Such attenuation of activity was effective for all 

RNA substrates sequences (Figure 3.1c). From this experiment, it was established that 

100 mM EDTA can be used as a stopping reagent for the NSP15 activity assay.  
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3.1.3 NSP15 Mutant Analysis 

To further validate the NSP15 assay, two NSP15 mutant protein constructs were purified 

using the same purification method (see Chapter 2 for protocol). Based on previous 

literature, these included an H250A mutant (where the alanine replaced histidine at the 

250 amino acid residue within the C-terminus catalytic domain), and a Δ0-28 Δ336-347 

truncation mutant (containing truncations of both the N-term oligomerization domain and 

the C-terminus catalytic domain) (Figure 3.2a)40, 64. The activity assay showed that all 

mutant proteins produced significantly reduced activity compared to wildtype NSP15 

(Figure 3.2b). These results suggested that the signal of the assay is dependent on the 

catalytic activity of the NSP15 enzyme. 
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Figure 3.2. Inhibition of RNA cleavage activity by NSP15 mutants. A) Diagram of 
wildtype (WT) NSP15 and mutant NSP15 constructs. For the H250A mutant, alanine 
replaced histidine at the 250th amino acid residue within the C-terminus catalytic domain. 
For the Δ0-28, Δ336-347 truncation mutant, the first 28 amino acids of the N-terminus 
and last 11 amino acid of the C-terminus have been truncated. B) NSP15 mutants 
(H250A, and Δ0-28,Δ336-347) showed significantly decreased activity compared to 
wildtype (WT) NSP15 using the NSP15 activity assay. Stars indicate significance using 
one-way ANOVA with Dunnett’s multiple comparison. Results were expressed as the 
mean ± S.E, n=3, (**** denotes p<0.0001).  
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3.1.4 Enzyme Kinetics  

Following validation of the NSP15 activity assay, I characterized the enzyme kinetics of 

NSP15. To do this, reaction progress curves were performed at varying RNA substrate 

concentrations at early time points (1- 6 minutes) to produce linear reaction rate curves 

at a fixed NSP15 concentration (Figure 3.3a). To obtain product velocity, the fluorescent 

signal was first converted to RNA product using the equation y(fluorescence) = 

9011943*x(product). This equation was calculated from a standard curve of the FAM 

only positive control RNA. The product amount was then divided by the amount of the 

reaction time elapsed to obtain rate. To obtain Michaelis-Menten curves, I plotted 

reaction velocity against increasing concentrations of RNA substrate at a fixed NSP15 

concentration (1 ng/µl). From three independent trials, I found that NSP15 has a mean 

KM of 2.9 ± 0.4 µM and Vmax of 0.29 ± 0.3 μM/min (Figure 3.3b). In comparison, SARS-

CoV-1 had a reported KM of 36.4 ± 6.7 µM and the Vmax of 0.15 ± 0.03 μM/min62. Based 

on the KM value, RNA concentrations below 2.9 µM would be sufficient for future NSP15 

screens in order to prevent excess competition with potential competitive inhibitors. Prior 

to the screen, NSP15 protein levels were optimized by varying the amount of NSP15 

with a fixed amount of 0.5 µM RNA (Figure 3.3c). Based on the data, I decided that 1 

ng/µl of NSP15 for 20 minutes of reaction time was an acceptable experimental setup for 

the screen.   
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Figure 3.3. NSP15 enzyme kinetics. A) Initial NSP15 activity when incubated with 
various RNA substrate concentrations at fixed 1 ng/μl (µg/ml) NSP15 concentration. 
Background (time 0) reading was subtracted from all data points. B) Michaelis-Menten 
plot of NSP15. NSP15 KM was found to be 2.9 ± 0.4 μM and Vmax was found to be 0.29 ± 
0.3 μM/min. Reaction rate was derived from the standard curve equation of 
y(fluorescence) = 9011943*x(product), divided by reaction time. C) Effect of varying 
concentrations of NSP15 activity over time with 1 µM of RNA. Results were expressed 
as the mean ± S.E, n=3.  
 

3.2 NSP15 High-throughput Screen of Small-Molecule Inhibitors  

Using the above NSP15 assay, I performed a high-throughput screen of over 108,000+ 

compounds selected from the Maybridge, Prestwick, Microsource Spectrum, LOPAC, 

TimTec, and Chembridge DIVERSet collection compound libraries. Overlap between 

compounds libraries was <0.1%.  
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In 384 well plates with 20 µl reaction volume, the screen was set-up in three stages (see 

Figure 3.4a for a graphic summary of the stages). First, compounds were diluted in 

buffer with NSP15 and read at 480/520 nm excitation/emission to measure compound 

autofluorescence. Second, RNA substrate was added to each well to start the reaction. 

The final assay concentration was 1 ng/µl NSP15 with 0.5 µM of RNA and 10 µM of 

compound. The reaction proceeded for 20 minutes in a 37ºC humidified incubator before 

100 mM of EDTA was added as a stopping reagent. The plate was subsequently read to 

measure assay fluorescence. Thirdly, 0.5 µM of positive control FAM RNA was added to 

each well to measure potential quenching effects. For each plate, positive control 

denotes the addition of DMSO, while negative control denotes no NSP15 added or 100 

µM of BenzopurpurinB added. BenzopurpurinB was a putative SARS-CoV-1 NSP15 

inhibitor.8 Data was then processed with Python and/or PRISM, and was normalized as 

percent inhibition to the negative controls. Overall, the screen was robust, with an 

average signal/noise ratio >5 and with a Z’ > 0.3. Figure 3.4a contain a summary of the 

screening process, and Figure 3.4b contain a graphic summary of the primary screen.  

 

The results from the primary screen identified 1280 compounds whose fluorescence 

values were above two standard deviations from the mean. These compounds were then 

selected for secondary screening. I performed secondary screening with 5’Cy5 

rCrArArCrUrArArArCrGrArArC-3’BHQ2 RNA in a similar fashion to the primary screen. 

However, the secondary screen did not include a third read with a positive control RNA. 

Reactions were incubated at 20 minutes at 37ºC incubator and read at 645/670 nm. 

Figure 3.4c contain the graphic summary of the secondary screen.  
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Figure 3.4. SARS-Cov-2 NSP15 high-throughput screening of small-molecule 
inhibitors. a) Schematic of high-throughput NSP15 screen and hit validation flowchart. 
Screening assay was set up such that there was a 1st pre-assay read for 
autofluorescence of compounds, a 2nd read for assay inhibition, and a 3rd post-assay 
read for extreme quenching effects. Hit molecules were then subjected to numerous 
downstream assays to validate and characterize their NSP15 inhibition activity. 
Parenthesis denoted the number of molecules that have successfully passed each of the 
assays. B) Graphic summarization of primary NSP15 screen with 108,000+ compounds. 
Signal was normalized to negative control as 100%. C) Graphic summarization of 
secondary NSP15 screen. Top 1280 compounds taken from two sigma deviations from 
the mean of the primary screen was selected for the secondary screen. The secondary 
screen was performed twice. Signal was normalized using negative control as 100%.  
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3.3 NSP15 Fluorescent and Quenching Assay Hit Validation 

From the secondary screen, the top 20 compounds were selected for further validation. 

Compounds were rescreened at both FAM and Cy5 fluorescent channels at high doses 

of 25 µM and 50 µM. Because the FRET-assay was fluorescent dependent, we tested 

potential quenching effects using fluorescently tagged positive control RNAs: 5 ’FAM -

CAACU’3 or 5 ’Cy5 -CAACU’3 RNA (Figure 3.5b). This analysis showed that inhibition by 

compounds Asianticoside, CID9103877, CID5562635, CID3467652, CID19158832, 

CID81123829 were not reproducible, as shown in Figure 3.5a,b. Moreover, the initially 

observed inhibition of compounds, Fisetin, Doxycycline, CID97166731, CID3302573 

were likely due to quenching, as shown in Figure 3.5c,d. However, 9 compounds 

(alongside the negative control BenzopurpurinB, a previously known NSP15 inhibitor) 

showed significant inhibition levels that were higher than their effect on quenching, in at 

least one or both channels. These compounds included CID4017446, CID5675221, 

Hexachlorophene, CID5220994, CID5266986, beta-lapachone, Reactive Blue 2 and 

IPA3. It should be noted that compounds were quenched more frequently in the Cy5 

fluorophore than FAM fluorophore, suggesting that Cy5 could be more sensitive to 

quenching effects. As a result, the FAM substrate was used for subsequent FRET-based 

activity assays. 
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Figure 3.5. FRET-based assay validation of top twenty compound hits. Inhibition 
effect of compounds tested at 25μM and 50μM concentrations with: a) FAM RNA or b) 
Cy5 RNA. Results were normalized to DMSO (0.5%) control. Reaction setup was 1 ng/μl 
NSP15 incubated with 1 μM of RNA. Quenching effects of compounds on positive 
control fluorescent RNAs c) FAM or d) Cy5 RNA were tested. Reaction setup was 25 μM 
or 50 μM of compounds added to 0.5 μM of positive control FAM or Cy5 RNA. Stars 
denote significance compared to DMSO control using two-way ANOVA with Dunnett’s 
multiple comparison. Results were expressed as the mean ± S.E, n=3, (* denotes 
p<0.05).  
 

3.4 NSP15 Inhibitors with Amplex Red Assay  

Reducing agents, such as dithiothreitol (DTT), have the potential to participate in redox 

cycling in the presence of certain compounds and oxygen, resulting in H2O2 generation 

and non-specific inhibition of enzymes due to oxidative damage106. Because our NSP15 

assays included DTT, all nine lead compounds were tested at a high concentration of 

100 µM for any potential H2O2 generation using the Amplex Red assay. The assay 

principle relies on the Amplex Red reagent (10-acetyl-3,7-dihydroxypenoxazine), whose 

oxidation in the presence of H2O2 and horseradish peroxidase, produced Resofurin in 1:1 

ratio, a product that can imaged fluorescently at 560/590 nm excitation emission.107 

Amplex Red assay showed that only beta-lapachone produced significant non-specific 

redox cycling activities in the presence of 1 mM DTT when compared to buffer control 

(Figure 3.6a). Therefore, this compound was excluded from further assays. (See 

Chapter 4 for more discussion on Amplex Red and DTT redox-cycling). Interestingly, a 

previous screen for NSP15 inhibitors also identified beta-lapachone as a possible 

inhibitor, and was ruled out based on its non-specific redox activity.10 
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Figure 3.6 Non-FRET-based validation of top NSP15 compound inhibitors. a) Only 
beta-lapachone significantly increased redox cycling compared to buffer control in the 
presence of 1mM dithiothreitol (DTT). Amplex Red assay was setup in the presence of 0 
or 1 mM of DTT and 15 minutes of incubation. Reactions were read at 560nm 
excitation/590 nm emission. 10 µM of H2O2 was added as a positive control for 
comparison. Stars denote significance using two-way ANOVA with Bonferroni’s multiple 
comparison. Results were expressed as the mean ± S.E, n=3, (p<0.05*). B) NSP15 non-
FRET-based RNA cleavage gel assay with compounds tested at 25 and 50 μM 
concentrations. Representative gel and densitometry (as percent inhibition compared to 
RNA+Buffer) are shown. 7 ng/µl of NSP15 was added to 250 ng of non-fluorescent 
cleavage gel RNA, which contained a single uracil (rU) flanked by poly(rA) nucleotides. 
The reaction was incubated for one hour at 37ºC, ran on – 15% denaturing gel and 
stained with SYBR gold to visualize the bands. Cleavage of the 31nt RNA resulted in a 
visible 21 nt product. DMSO concentrations were kept at 0.5%. c) Structures of 
compounds that showed activity in the gel cleavage assay. CID denotes Chembridge–ID, 
purchased from Chembridge (USA).  
 
 

3.5 NSP15 RNA Gel Cleavage Assay  

To evaluate the ability of the compounds to inhibit NSP15 activity towards a native RNA 

substrate, I performed a cleavage assay using a natural non-fluorogenic RNA and 

analyzed the results using polyacrylamide gel electrophoresis. Briefly, this assay 

employed a 31 nt poly(rA) RNA punctuated with a single (rU), such that upon cleavage, it 

yielded a visible 21 nt product. For such a reaction, 7 ng/µl of NSP15 was added to 250 

ng of RNA substrate and was incubated at 37ºC for one hour. Reaction products were 

separated on a 15% polyacrylamide TBE-UREA denaturing gel. After SYBR-GOLD 

staining, uncleaved RNA substrate appeared as the top 31 nt band, while the cleaved 

RNA substrate appeared at 21 nt. The remaining 10 nt product was unable to be 

visualized. BenzopurpurinB was used as a positive control. Six of the eight prospective 

compounds demonstrated convincing inhibitory activity in this assay (Figure 3.6b). 

Unfortunately, Reactive Blue 2 could not be imaged as the compound produced an 

artifact that obscured the RNA band and thus was deprioritized. Compound 

CID5326429, which did not show appreciable inhibition, and was also excluded. Figure 

3.6c shows the structures of the six compounds that passed the assay, plus the negative 

control BenzopurpurinB compound.  
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3.6 NSP15 Compound Inhibitors and IC50 curves 

Next, IC50 titration curves were performed using both the above FRET-based NSP15 

activity assay and gel cleavage assay. In both assays, compounds were diluted in a 

serial fashion before being added to the reaction. Using the FRET-based NSP15 activity 

assay (Figure 3.7 and Table 3.1), 3 compounds produced sub-20 µM IC50 values. 

These were CID5675221, with a mean IC50 of 12 ± 1.2 µM, IPA3 with a mean IC50 of 9.8 

± 0.35 µM and Hexachlorophene with a mean IC50 of 1.5 ± 0.072 µM. Three other 

compounds produced IC50s in the 30-90 µM range. These were: CID5266986 with a 

mean IC50 of 87 ± 4.2 µM, CID4017446 with mean IC50 of 39 ± 2.9 µM and CID5220994 

with mean IC50 of 54 ± 2.2 µM.  

 

 

Figure 3.7. IC50 of compound inhibitors using FRET-based assay. NSP15 (1ng/μl) 
was incubated with a serial dilution of compounds and with fluorescent RNA2 substrate 
at 37ºC for 12 minutes. Results were expressed as the mean ± S.E, n=3. [Inhibitor] vs 
normalized response with variable slope curve was fitted to data. See Table 3.1 for 
summary of IC50 values and hill slope values.  
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Due to the possible effect of fluorophore quenching by the compounds, I repeated the 

IC50 titration experiments using the gel cleavage assay. Inhibition activity was quantified 

using densitometry of the un-cleaved (31nt) product normalized to the negative (no 

NSP15) control. Using the gel-based assay, most compounds produced similar trends in 

inhibition compared to their FRET-based IC50 counterpart. These include: compound 

CID4017446 with a gel-based assay IC50 mean of 64 ± 3.5 µM, compound CID5220994 

with IC50 of 95 ± 3.2 µM, compound CID5266986 with IC50 of 53 ± 3.0 µM, 

Hexachlorophene with a mean IC50 of 6.3 ± 0.6 µM, and IPA3 with IC50 of 4.8 ± 0.6 µM 

(Figure 3.8, and Table 3.1). One exception was compound CID5675221, whose gel-

based IC50 was 61 ± 4.6 µM, and was approximately 5x larger than its FRET-based IC50 

of 12 ± 1.2 µM (Figure 3.7-3.8 and Table 3.1). One explanation would be that 

compound CID5675221 produced quenching effects in the FAM channel (Figure 3.6b), 

which could have contributed to the stronger FRET-based IC50 value. In addition, 

stronger inhibition in FRET based assay IC50s compared to its gel-based counterpart 

IC50 have been observed for previous NSP15 compound validations10. Nevertheless, all 

six inhibitors I identified showed NSP15 inhibition in a dose-dependent manner in both 

gel-based and FRET-based assays.  
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Figure 3.8: IC50 of compound inhibitors using gel cleavage assay. NSP15 (7 ng/μl) 
was incubated with serial dilution of compounds and incubated with the 31 bp non-
fluorescent single uracil-containing RNA substrate for 1 hour at 37ºC. RNA cleavage was 
observed on 15% TBE-urea polyacrylamide gel stained with SYBR Gold. 100% denotes 
complete inhibition. Control denotes no NSP15 added. Densitometry of inhibition was 
calculated through the signal of full-length un-cleaved (31 nt) band, minus the “0” µM 
DMSO control band, and normalized to the negative control signal. Representative gel, 
and densitometry as percent inhibition, were shown. Results were expressed as the 
mean ± S.E, n=3. [Inhibitor] vs normalized response with variable slope curve was fitted 
to data. See Table 3.1 for summary of IC50 values and hill slope values. RNA sequence 
used was:  
“5’rArArArArArArArArArArArArArArArArArArArArUrArArArArArArArArArA-‘3,”.  
 
 

Table 3.1: Summary of IC50 values from both gel-based and FRET-based assays 

and their Hill slope values. Results expressed as the mean ± S.E, n=3.  

Compound Name Mean IC50 

(μM) ± S.E 

from Gel-

based 

Assay  

Gel Based 

Assay Hill 

Slope  

Mean IC50 (μM) ± 

S.E  

from FRET-based 

Assay 

FRET-Based 

Assay Hill 

Slope  

CID4017446 64 ± 3.5 3.4 ± 0.5 39 ± 2.9 -1.8 ± 0.2 

CID5220994 95 ± 3.2 3.2 ± 0.3 54 ± 2.2 -1.6 ± 0.08 

CID5266986 53 ± 3.0 2.4 ± 1.7 87 ± 4.2 -2.0 ± 0.2 

CID5675221 61 ± 4.6 1.8 ± 0.2 12 ± 1.2 -1.4 ± 0.2 

Hexachlorophene 6.3 ± 0.6 2.0 ± 0.4 1.5 ± 0.072 -1.5 ± 0.08 

IPA3 4.8 ± 0.6 1.8 ± 0.7 9.8 ± 0.35 -2.7 ± 0.3 

 
 

3.7 NSP15 Michaelis-Menten of Compound Inhibitors  

Next, to begin investigation into the mechanism of the 6 lead compounds, Michaelis-

Menten titrations of increasing doses of the FAM-BHQ1 RNA substrates in the presence 
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or absence of the inhibitor compounds were performed. The resulting curves are shown 

in Figure 3.9a and the corresponding mechanisms of inhibition are summarized in Table 

3.2. Briefly, CID4017446 and CID5220994 produced significantly higher Km values but 

not affect Vmax. As a result, they were classified as competitive inhibitors (Table 3.2). In 

contrast, CID5675221, Hexachlorophene and CID5266986 produced significantly higher 

Km and lower Vmax values, and thus was classified as mixed inhibition (Table 3.2). On the 

other hand, IPA3 produced significantly lowered Vmax but not Km values, and thus was 

classified as non-competitive (Table 3.2). To ensure that fluorescence quenching was 

not altering the interpretation of the results, a quenching assay was performed with the 

highest dose of inhibitor and found no significant quenching (Figure 3.9b).   
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Figure 3.9. NSP15 Michaelis-Menten curves in the presence or absence of 
compound inhibitors. a) NSP15 (1 ng/μl) was incubated with serial dilution of 
fluorescent 5’FAM–BHQ1‘3 RNA substrate at 37ºC for 6 minutes. Compound 
concentrations were chosen to give partial inhibition and to avoid quenching effects. b) 
No significant quenching effects of NSP15 compounds were seen when incubated with 4 
μM of FAM positive control RNA at their respective dosages. Results were expressed as 
the mean ± S.E, n=3. No significance was found when comparing compounds against 
DMSO control using one-way ANOVA with Dunnett’s multiple comparison test.  
 

 
Table 3.2: Summary of Michaelis-Menten values for compound inhibitors. Results 
were expressed as the mean ± S.E, n=3. A difference in Km and Vmax was determined via 
extra sum-of-squares F test against average DMSO values taken from 15 trials, which 
was determined to have a Km of 3.2 µM ± 0.20 and Vmax of 0.30 µM/min ± 0.007. . 

 

Compound 

Compoun
d Km (μM) 

± S.E 

Compound 
Vmax (μM/min) 

± S.E 

Km 

differ
ence 

 
 

Km Statistics 
F=(DFn, DFd) 

Vmax 

differ
ence 

 
 

Vmax Statistics 
F=(DFn, DFd) 

Predicted 
Type of 

inhibition 

CID4017446 
(50 µM) 15 ± 6.3 0.40 ± 0.11 Yes 

P<0.0001 
F 26.60 (1, 

22) No 

P=0.2315 
F=1.514 (1, 22) 

Competitive 

CID5220994 
(100 µM) 8.5 ± 3.2 0.29 ± 0.060 Yes 

P<0.0001 
25.93 (1, 22) 

 No 

P=0.4587 
F=0.5689 (1, 

22) Competitive 

CID5266986 
(175 µM) 9.8 ± 2.8 0.20 ± 0.034 Yes 

P<0.0001 
23.69 (1, 22) 

Yes 

P=0.0397 
4.782 (1, 22) 

Mixed 

CID5675221 
(30 µM) 6.6 ± 1.7 0.11 ±0.014 Yes 

P=0.0004 
F=17.28 (1, 

22) 
 
 Yes 

P<0.0001 
F 79.16 (1, 22) 

 

Mixed 

Hexachloroph
ene (6 µM) 14 ± 7.5 0.18 ±0.061 Yes 

P<0.0001 
F=65.12 (1, 

22) 
 Yes 

P=0.0280 
F=5.537 (1, 22) 

 
 Mixed 

IPA3 (20 µM) 4.1 ± 1.6 0.094 ± 0.016 No 

P=0.9059 
F=0.01431 (1, 

22) 
 
 Yes 

P=0.0003 
F= 18.01 (1, 

22) 
 
 

Non-
competitive 

 

3.8 NSP15 Compound Cytotoxicity Concentration 50 (CC50) in Vero cells   

To begin to evaluate the therapeutic potential of the inhibitors in suppressing SARS-

CoV-2 replication, I tested their toxicity in Vero cells. Vero cells are kidney derived cells 
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from African Green Monkey and are commonly using in virology, including vaccine 

development, due to their susceptibility to viral infections108. They have previously been 

used in a variety of SARS-CoV-2 studies for this reason9, 10, 109. I tested a range of doses 

from 0.2 µM to 400 µM depending on the compound. I was unable to test doses higher 

than 400 µM, due to solubility limitations of these compounds, as well as the 

physiological relevance of higher doses. Using this assay, cell cytotoxicity 50 (CC50) 

values were determined. These were: CID5220994 (41± 5.2 µM), CID526698 (42 ± 4.8 

µM), CID5675221 (248 ± 33 µM), Hexachlorophene (15 ± 4.6 µM), and IPA3 (38 ± 3.9 

µM) (Fig 3.10). Compound CID4017446 did not produce a CC50 value because only 

limited cytotoxicity was observed, even at the highest dose tested of 400 µM (Fig 3.10).  
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Figure 3.10. CC50 Cytotoxicity Curves of NSP15 inhibitors in Vero cells. Viability of 
Vero cells incubated 24h with a titration of compounds (up to 400 μM) and assayed with 
CellTiterGlo viability assay. Results were normalized to no compound and DMSO only 
control. Results were expressed as the mean ± S.E, n=3. [Inhibitor] vs response with 
variable slope curve was fitted to data. See Table 3.3 for summary of CC50 values.  
 

3.9 Compound Inhibitory Concentration 50 (IC50) and Calculation of 

Therapeutic Index 50 (TI50) in Vero cells 

Having established compound toxicity, compounds were then tested for efficacy in 

inhibiting SARS-CoV-2 viral replication. These experiments were carried out in 

collaboration with Daniel Limonta Velázquez in lab of Dr. Tom Hobman at the University 

of Alberta. Compounds were first tested with a single dosage that was sub-toxic, and 

below CC50 values. Vero cells were incubated with SARS-CoV-2 virus at 0.1 multiplicity 

of infection (m.o.i), with or without the presence of compounds. At 24 hours post infection 

(h.p.i) SARS-CoV-2 viral titers were measured using plaque assay. From the single dose 

assay, only CID5675221, Hexachlorophene, and IPA3 produced inhibitions at or above 

50% effectiveness (Figure 3.11a). These three compounds were chosen for further 

dosage titration. Subsequently, CID5675221 produced an IC50 of 19 ± 2.3 µM, 

Hexachlorophene produced an IC50 of 0.95 ± 0.016 µM, and IPA3 produced an IC50 of 

7.9 ± 0.89 µM (Figure 3.11b).  
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Figure 3.11. Effectiveness of compounds on viral replication in Vero cells. Testing 
of compound effectiveness in reducing SARS-CoV-2 titers in Vero cells 24 h.p.i at: a) a 
single sub-toxic dose, or b) a dosage titration for the top 3 compounds. Viral titer was 
quantified by a plaque-forming unit (PFU) assay at 0.1 multiplicity of infection (m.o.i). 
Inhibition (%) was calculated as the percent of one minus the fraction of compound viral 
titer divided by non-viral DMSO control titer. Results were expressed as the mean ± S.E, 
n=2. A sigmoidal curve was fitted to data where applicable. See Table 3.3 for summary 
of IC50 values.  

 
To assess the selectivity index 50 (SI50) of the top 3 lead compounds, cytotoxicity 

concentration 50 (CC50) of each compound was divided by its inhibitory dose 50 (IC50). 

All three compounds produced positive selectivity index dose 50 (SI50) ratios. 
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CID5675221 produced an TC50 of 15 ± 3.9, Hexachlorophene produced a TC50 of 16 ± 

4.7, IPA3 had an TC50 of 5.4 ± 1.2.  

  
Table 3.3: Summary of Cytotoxicity Concentration 50 (CC50), Inhibitory Dose 50 (IC50), 
and Selectivity Index 50 (SI50) of NSP15 compound inhibitors in Vero cells against 
SARS-CoV-2. Results were expressed as the mean ± S.E, n=3 for CC50 or n=2 for IC50. 
SI50 was calculated as CC50 / IC50. If values could not be calculated from the curves in 
Figure 3.10 and 3.11, they would be displayed as not available (N/A).  
 

Compound  
CC50 
(μM) 

CC50 
S.E 

IC50 
(μM) IC50 S.E SI50 SI50 S.E 

CID4017446 >400 N/A N/A N/A N/A N/A 

CID5220994 41 5.2 N/A N/A N/A N/A 

CID5266986 42 4.8 N/A N/A N/A N/A 

CID5675221 248 33 19 2.3 15 3.8 

Hexachlorophene  15 4.5 0.95 0.016 16 4.7 

IPA3 38 3.9 7.9 0.89 5.4 1.2 

 
 

3.10 Effect of DTT on NSP15 Activity and IPA3 Inhibition.  

Because the molecular structure of IPA3 contained disulfide bonds, dithiothreitol (DTT) 

present in the assay buffer may have affected IPA3 inhibition activity (such as by 

cleaving the molecule into two). To test this hypothesis, I first tested if NSP15 required 

DTT for optimum performance in the FRET-based NSP15 assay. The results showed 

that NSP15 had drastically lowered activity without DTT in the buffer (Figure 3.12). At 

the same time, DTT concentrations above 1 mM did not result in significant increases in 

activity (Figure 3.12). Based on the results, DTT concentrations at 1 mM was 

determined to be sufficiently suitable for FRET-based assays. At the same time, IPA3 

showed significant inhibition of NSP15 activity at both 0 and 1 mM DTT containing 

assays. However, at 10 mM DTT, IPA3 inhibition activity was insignificant versus “no 
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IPA3” control (Figure 3.12). The result suggested that DTT was detrimental to IPA3 

inhibition NSP15 activity.  

 

 

Figure 3.12 NSP15 and IPA3 activity was found to be dependent on dithiothreitol 
(DTT) concentration. NSP15 was incubated with different concentrations of DTT and 
0.5μM of RNA2 ± 25μM IPA3. Results were expressed as the mean ± S.E, n=3. Stars 
indicate significance using two-way ANOVA with Bonferroni’s multiple comparison (* 
denotes p<0.05) (** denotes p< 0.01) (*** denotes p< 0.001), (****denotes p<0.0001).  
 
 

3.11 Predicted Therapeutic Profile and Properties of NSP15 compounds  

To further assess the therapeutic potential of the compounds, in-silico analysis of a 

variety of predictors were performed for the NSP15 inhibitors using ACD/Labs Percepta 

Software platform. The predictors included analysis of the Lipinski’s rule of 5, a predictor 

for overall “drugability” of a compound. The rule states that compounds should have:  

1) No more than 5 H-bond donors110. 
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2) No more than 10 H-bond acceptors (excessive hydrogen bond 

donors/acceptors are known to impair permeability across membrane bi-

layers)110. 

3) Molecular weight <500 daltons (higher molecular weight are known to impair 

cellular permeability, including CNS and intestinal permeability)110. 

4) Lipophilicity (LogP) <5 (LogP measures affinity for lipid environment; high 

lipophilicity is known to lead to poor solubility, low absorption and impairment of 

metabolic clearance leading to toxicity)110. 

 

Other predictors tested include:  

• Caco-2 permeability (predicts compound permeability to intestinal Caco-2 cells, a 

predictor of intestinal drug absorption)111. 

• P-glycoprotein (P-gp) substrates (predicts compound ability to bind to P-gp, an 

efflux transporter)112. 

• Ames bacterial test (predictor of carcinogenicity)113. 

• hERG (Human ether-à-go-go related gene) (hERG is an ion channel and its 

binding is known to cause serious cardiotoxicity)114. 

• CNS (central nervous system) penetration. 

• Plasma protein binding (PPB) (high PPB affects drug diffusion, bioavailability and 

half-life of the compound)115. 

 

I found that all compounds followed the Lipinski’s rule expect for Hexachlorophene, who 

only moderately followed the rule (Table 3.4). For Hexachlorophene, LogP was predicted 

to be 7.5, which was higher than the recommended value of 5 (Table 3.4). However, the 

compound obeyed all the other rules. At the same time, all compounds were predicted to 

be permeable to Caco-2 (Table 3.4). Meanwhile, the software predicted that only 

Hexachlorophene and CID5266986 were non-substrates to P-glycoprotein binding; the 

software was unable to form a prediction for the other compounds (Table 3.4). The 

software was also unable to predict AMEs test for most compounds, but 

Hexachlorophene was predicted to be non-mutagenic (Table 3.4). The software 
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predicted CID4017446, CID5220994 and CID5266986, were non-hERG substrates, 

while the others were undefined (Table 3.4). The software predicted CID4017446 and 

CID526698 as CNS penetrant while the other was not (Table 3.4). The compound also 

predicted CID5220994, and Hexachlorophene as extensively bound to plasma protein 

binding (PPB), CID526696 as a strong PPB binder, and CID4017446 as a weak PPB 

binder. Overall, these compounds have been predicted to have favorable properties for 

therapeutic treatment.  

 
Table 3.4: Predicted Lipinski’s rule of the five analyses and properties for NSP15 
compound inhibitors. Values were predicted from Percepta Platform, ACD/Labs 
software (USA). 

 
 
 
 

Structure 

 
 
 
 

 

 

 

 

 
 
 

 

 
 

 

 
 

 

Name CID4017446 CID5220994 CID5266986 CID5675221 Hexachlorophene IPA3 

Molecular 
Weight 

154.23 420.44 272.26 451.32 406.90 350.46 

Density 1.20 1.49 1.34 1.80 1.71 1.46 

# H-bond 
Donors 

1 2 3 1 2 2 

# H-bond 
Acceptors 

2 7 5 6 2 2 

# Aromatic 
Rings 

1 3 2 2 2 4 

LogS (pH = 
7.30) 

-0.68 -5.04 -2.87 -2.06 -4.87 -6.06 

LogP 0.79 2.80 2.47 4.01 7.25 4.92 

LogD (pH = 
7.30) 

0.77 2.66 2.34 0.99 6.05 4.70 

Strongest 
pKa (Acid) 

--- 7.7 ± 0.2 8.3 ± 0.2 3.7 ± 0.5 6.5 ± 0.5 7.5 ± 0.5 

Caco-2 Highly 
Permeable 

Highly 
Permeable 

Highly 
permeable 

Highly Permeable Highly Permeable Highly 
permeable 

P-

glycoprotein 

Substrates 

Undefined Undefined Non-
substrate 

Undefined Non-substrate Undefined 

Ames Undefined Undefined Undefined Undefined Non-mutagenic Undefined 
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hERG Non-Inhibitor Non-
Inhibitor 

Non-Inhibitor Undefined Undefined Undefined 

CNS Penetrant Non-
penetrant 

Penetrant Non-penetrant Non-penetrant Non-
penetrant 

PPB Weakly Bound Extensively Strongly 
bound 

Undefined Extensively Undefined 

Metabolic 

Stability 

Undefined Undefined Undefined Undefined Undefined Undefined 

Lipinski Good Good Good Good Moderate Good 
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Chapter 4: Discussion 

4.1 Summary of findings 

Using purified recombinant SARS-CoV-2 NSP15, I optimized a fluorescent FRET-based 

NSP15 activity assay (Figure 3.1-3.3). This FRET-based assay was successfully used to 

screen 108,000+ compounds for NSP15 inhibition across various libraries in the FAM 

and Cy5 channel. From the primary screen in the FAM channel, the top 1280 hits above 

two standard deviations were assayed in the secondary screening in the Cy5 channel 

(Figure 3.4). Following screening, a total of nine compounds were confirmed via the 

FRET-based activity assay to inhibit at least 25% in both channels (Figure 3.5). Because 

the assay utilized DTT, I employed Amplex Red assay to measure H2O2 generation, 

thereby eliminating beta-lapachone as a lead compound (Figure 3.6a). Of the remaining 

eight compounds, I employed a non-fluorescent RNA gel cleavage assay immune to 

fluorescent quenching for further compound validation (Figure 3.6b,c). In total, I verified, 

in addition to the negative control BenzopurpurinB, the following six compounds after gel 

cleavage: CID4017446, CID5220994, CID5266986, CID5675221, Hexachlorophene, and 

IPA3. Of the six compounds, I obtained their IC50 values using both FRET-based activity 

assay and a non-fluorescent RNA gel cleavage assay (Figure 3.7-3.8). Furthermore, I 

performed Michaelis-Menten titrations (Figure 3.9) to determine their putative 

mechanisms of inhibition. Finally, the compounds were evaluated for both toxicity and 

efficacy in Vero cells and their potential therapeutic roles were established in inhibiting 

SARS-CoV-2 viral replication in Vero cells (Figure 3.10-3.11). Further characterizations 

were done on IPA3, whereby a high DTT concentration was found to inhibit IPA3 activity 

(Figure 3.12). Lastly, physical, and biological predictors of the compounds were 

assessed in-silico (Table 3.4).  

 

4.1.1 FRET-Assay and RNA Sequence Differences  

In setting up the FRET-based activity assay, substrate RNA2 5’FAM-

rCrArArCrUrArArArCrGrArArC-BHQ1’3 produced the highest cleavage among the 3 

RNAs tested (Figure 3.1). While my experiments did not further test the reason for this, 
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previous findings suggested that NSP15 may not stably bind to DNA, which may explain 

why the short-length RNA3 5’FAM-dAdArUdAdA-BHQ1’3 had a lower cleavage rate58. In 

addition, SARS-CoV-1 NSP15 has been reported to have minor cleavage activity at the 

3’ end of cytidines, which may help explain why RNA2 was cleaved better than the no 

cytidine containing RNA162. Indeed, cyclic-phosphate sequencing of the coronavirus 

Mouse Hepatitis Virus (MHV) NSP15’s physiological targets suggested that a high 

amount of cytidine is cleaved in addition to uracil81. Recently, SARS-CoV-2 NSP15 has 

been shown to exhibit minor cleavages of ssRNA sequences in gel cleavage assays 

even when the uracil is replaced with cytidine, suggesting that SARS-CoV-2 NSP15 

retains minor cytidine cleavage function116. Whether substrate differences between uracil 

or cytidine would affect NSP15 conformational changes is currently unknown. Lastly, 

RNA2 sequence corresponds to SARS-CoV-1 spike transcription regulatory sequence 

(TRS) signal, which makes the sequence more physiological relevant than the other 

sequences tested63. 

 

4.1.2 NSP15 Manganese Dependency  

To further validate the FRET-based assay, NSP15 was found to have required Mn2+ but 

not Mg2+ for activity (Figure 3.1d). This is in line with both SARS-CoV-1 NSP15 results 

and recent findings for SARS-CoV-2 NSP159, 10, 62, 117. Manganese is hypothesized to 

help stabilize the active site during cleavage, or to help maintain RNA conformation 

during catalysis, but the exact role is still unclear, especially since manganese ions are 

not localized to the catalytic site9,38. A recent study also confirmed the use of EDTA to 

inhibit NSP15 reactions through metal chelation117.  

 

4.1.4 NSP15 Mutants  

To help validate the substrate specificity of the FRET-based assay, two NSP15 protein 

mutants were created. NSP15 H250A mutant showed little to no cleavage activity 

compared to wildtype (Figure 3.2b,c). This is in line with reported literature that showed 

that SARS-CoV-2 NSP15 H250 was required for RNA cleavage38. H250 is located at the 

catalytic site and is in hydrogen-bonding distance of the 2’OH of UMP ribose sugar. Such 
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a position was hypothesized to help start the 2’OH nucleophilic attack for RNA 

cleavage38. The mutation was first discovered in SARS-CoV-1 NSP15 and thus 

highlights the conserved nature of NSP15. In addition to the H250A mutant, the Δ0-28 

Δ336-347 truncation mutant also showed decreased activity cleavage (Figure 3.2b,c), 

in-line with previous SARS-CoV-1 NSP15 mutation of the same nature64. Such a 

truncation affects the N-terminus oligomerization domain. The importance of the N-

terminal truncation domain is highlighted by the fact that E3A mutation in the N-terminus, 

or truncation of the first 28 residues, prevented NSP15 oligomerization and subsequent 

activity63, 64.  

 

4.1.3 NSP15, DTT, and Amplex Red  

Similar to previously reported SARS-CoV-1 NSP15 biochemical assays, the presence of 

dithiothreitol (DTT) was needed for nuclease activity58, 62. As a reducing agent, DTT 

donates electrons to help cleave and prevent disulphide bond formation (cysteine to 

cysteine). Intracellularly, where NSP15 is found, cells usually contain reduced 

environments owing to the presence of the reducing agent glutathione118. In Mouse 

Hepatitis Virus (HPV), the NSP15 monomer was shown to contain nine cysteine 

residues, with Cys80 and Cys95 predicted to form an intramolecular disulphide bond57. 

Cys95 is located at a surface loop and is predicted to help with NSP15 oligomerization. 

Thus, its oxidation state may affect NSP15 oligomerization and hence activity. The 

equivalent in SARS-CoV-2 NSP15 would be C103, C117, in addition to the other C291, 

C293, C334, for a total of five cysteines.  

 

However, due to the presence of DTT in the assay buffer, non-enzymatic redox cycling 

with certain compounds may generate hydrogen peroxide. Known compounds to 

produce such an effect include quinones106. For example, DTT in aqueous buffer can 

spontaneously produce superoxide anions in the presence of oxygen. At the same time, 

DTT reduction of quinones can produce hydroxyquinone. The superoxide anions can 

then bind to hydroquinone to produce H2O2 and a semiquinone radical anion106. 
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To counter such a possibility, I screened the compounds using for the generation of 

H2O2 using the Amplex Red Hydrogen Peroxide kit. In the presence of H2O2, horseradish 

peroxidase catalyzes the oxidation of Amplex Red reagent (10-acetyl-3,7-

dihydroxyphenoxazine) into resofurin in a 1:1 ratio, which can then be measured 

spectrophotometrically. Using the Amplex Red assay, I found that only beta-lapachone 

significantly generated H2O2 (Figure 3.6a). This was not surprising as beta-lapachone is 

a naphthoquinone. In cells, beta-lapachone can be bioactivated by NAD(P)H:quinone 

oxidoreductase 1(NQO1), producing a semi-quinone and free radical generation119. As a 

result, beta-lapachone was likely inhibiting NSP15 through non-specific H2O2 generation. 

Indeed, a previous NSP15 screen also excluded beta-lapachone due to redox cycling10. 

 

4.1.5 NSP15 Enzyme Kinetics   

To further characterize NSP15, NSP15 enzyme kinetics Michaelis-Menten experiments 

were performed. The experiments found that SARS-CoV-2 NSP15 KM was 2.9 ± 0.4 μM 

and Vmax was found to be 0.29 ± 0.3 μM/min (Figure 3.3). In contrast, SARS-CoV-1 

NSP15 had a reported Km of 36.4 ± 6.7 µM and Vmax of 0.15 ± 0.03 µM/min62. However, it 

should be noted that the SARS-CoV-1 values were found using a different RNA 

substrate sequence and employed a gel-based system to quantify Michaelis-Menten 

values, which may contribute to the Km and Vmax differences62. At the same time, SARS-

CoV-1 and 2 NSP15 may have inherently different Km values, as a recent report found 

SARS-CoV-2 NSP15 Km of 2.14 µM, which is similar to this study’s Km of 2.9 µM109. If 

true, then SARS-CoV-2 NSP15 may have a higher binding affinity for RNA compared to 

reported SARS-CoV-1 values. 

 

4.1.6 IC50 Hill-Slope  

Interestingly, both our FRET and Gel-based IC50 curves (Figure 3.7, Figure 3.8) 

displayed positive hill slopes for all the compounds (Table 3.1). Usually, for protein 

enzyme activity, a positive hill slope larger than 1 would be indicative of positive protein 

enzyme cooperativity. Indeed, NSP15 is thought to act as a hexameric unit, as such, the 

binding of one subunit (perhaps to RNA substrate or to other subunits) may stimulate or 
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stabilize the rest of the hexameric subunit. Moreover, when an enzyme has more than 

one binding site, hill slopes can be expected to be higher than 1 in inhibitor IC50 

curves120.  

 

At the same time, steeper hill slopes for inhibitor IC50 curves may also be dependent on 

the type of inhibitor121. Steeper hill slopes (>1.5)  may indicate non-specific inhibition 

such as through aggregation, chemical reactions with the enzyme, or chelation of co-

factors121. Additionally, for inhibitor IC50 curves, tight binding inhibitors exhibit greater 

than 1 hill slopes due to possibility of titrating the enzyme from its tight binding. By 

definition, tight-binding inhibitors require concentrations comparable to the enzyme 

concentration to achieve intermediate levels of inhibition (e.g. 50% inhibition)122. Such 

tight binders are generally potent inhibitors and may be applicable to our strongest 

inhibitors (CID5675221, Hexachlorophene, IPA3).  Additionally, compound solubility 

problems may also result in steeper hill slopes122. This would be applicable to 

compounds requiring high concentration during curve generation, such as CID5220994, 

CID5266986. Overall, while positive Hill sloped curves may be due to the hexameric 

nature of NSP15, more testing, especially for compound aggregation, would be needed 

to rule out other contributing factors. 

 

4.1.6 Compound Discussion  

It total, six compounds passed the in-vitro biochemical tests as inhibitors of NSP15: 

CID4017446, CID5220994, CID5266986, CID5675221, Hexachlorophene and IPA3.  

 

4.1.6.1 CID4017446  

To my knowledge, compound CID4017446 has not been published before and no 

information has existed for its usage. Compound CID4017446 is an interesting 

compound in that it contains a thiazole group and a cyclopropyl(amine) group connected 

via a secondary amine (Table 4.1). Because cyclopropane has an inherent high ring 

strain of 27.5 kcal/mol, it is a molecule with diverse function depending on its bonding 

and site of addition123. Cyclopropyl groups are often added to effective molecules 
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(including FDA approved drugs) to improve and modify therapeutic usefulness such as 

potency, selectivity, bio-availability, permeability, stability, solubility124. On the other 

hand, thiazole groups have a wide history in pharmacology and often served as scaffold 

molecules for many small-molecule compounds and FDA approved drugs125. In addition, 

natural thiazole containing molecules exist such as Vitamin B1 (thiamine)126,125. I found 

CID4017446 to have gel based IC50 of 64 ± 3.5 µM and FRET based IC50 of 39 ± 2.9 µM. 

While the Michaelis-Menten curves suggested a competitive inhibition (Table 3.2), which 

would suppose a catalytic binding site, the structure does not naturally suppose a mimic 

of nucleic acid binding. Unfortunately, I was unable to determine a CC50 as even 400 µM 

did not induce cytotoxicity. This may be due to a variety of reasons including: compound 

instability, an insufficiency of 24-hour incubation to induce cytotoxicity, presence of 

extensive efflux pumps, metabolism of the compound, inability to enter the cell, or high 

percentage of plasma protein binding. Future experiments could increase the time of 

compound incubation, use plasma free serum if cell-permitting, and/or use fluorophore 

attached compounds to visualize cellular uptake. Because the ACD software predicted 

low plasma protein binding, and that the compound is permeable to Caco-2, the former 

explanations could be more likely. Indeed, extra care for the storage of the compound 

must be carried out, as I found that compound stability has been problematic and 

unreliable. Interestingly, the similar compound, dicyclopropyl-thiazole, was found to be 

non-toxic against human lung fibroblasts (CCD-11Lu) up to high dose of 25 µg/mL and 

72 hours tested127. Nevertheless, due to the presence of the thiazole group, a privileged 

group, CID4017446 could be more favorable to chemical alterations. Possible alterations 

could include adding alkyl groups to the thiazole as steric shield to prevent possible 

protein cleavage. Overall, CID4017446 is an interesting compound due to its unique 

structure and poses interesting questions of its cellular interaction and possible mode of 

binding.  

Table 4.1: Chemical structure of compound CID4017446 and its moieties.   

CID4017446 Cyclopopyl Thiazole  
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4.1.6.2 CID5220994   

For compound CID5220994, it should be noted that the compound contains an 

anthraquinone group (Table 4.2). Such a group is found frequently in proteins with  

nucleotide-binding sites, in particular those containing ATP-, ADP-, or AMP (adenosine 

monophosphate)-binding motifs128. It is thought that the anthraquinone group mimics 

adenosine binding. Indeed, X-ray crystallography of rat ectonucleoside triphosphate 

diphosphohydrolase2 nucleotide binding site showed anthraquinone binding128.  

Likewise, based on the Michaelis-Menten results (Figure 3.9), CID5220994 is predicted 

to be a competitive inhibitor. Thus, I hypothesize that the compound is likely binding to 

NSP15 catalytic core to compete with RNA binding. Drugs of the anthraquinone class 

also include doxorubicin, which is thought to stabilize topoisomerase II from re-ligating 

DNA ends129. Interestingly, Reactive Blue 2 is also an anthraquinone (Table 4.2), but 

was dropped from further characterization due to incompatibility with the gel-based 

assay (Figure 3.6b). Despite anthraquinone molecules being known to show preference 

for binding to proteins containing nucleotide-binding sites, they are also frequent hitters 

of small-molecule screens and are likely promiscuous towards other nucleotide-binding 

proteins as well128.  In addition, anthraquinones, such as doxorubicin, may undergo 

enzyme-catalyzed redox cycling with flavoenzymes, generating reactive oxygen species 

(ROS) inside the cell, which may explain the cytotoxicity of CID5220994 in Vero cells 

with an CC50 of 41 ± 5.2 µM (Table 3.3). Despite passing the Lipinski rule of five, 

CID5220994 was predicted to have extensive plasma proteins binding which may 

complicate, and likely decrease, the bioavailability of the compound (Table 3.4). Possible 

strategies to overcome such challenges include adding steric shields, such as the 
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addition of alky groups to the phenyl acetamide to prevent hydrolysis or protein 

recognition, and to improve compound chemical stability. The sulphone bond in 

CID5220994 may also be susceptible to cleavage or attacks, and its replacement by 

more stable bonds may improve chemical stability. Nevertheless, CID5220994 is of 

anthraquinone class, and such a group may be interesting in NSP15 inhibitor drug 

design.  

 
Table 4.2: Chemical structure of compound CID5220994 and anthraquinones.  

CID5220994 Anthraquinone  Reactive Blue 2 

 

 
 

 

 
 

 

 
 

 

 

4.1.6.3 CID5266986   

Compound CID5266986 bears a passing resemblance to the structures of CID5326429 

and to recently published NSP15 inhibitor Exebryl-1 (See Table 4.3 for chemical 

structure comparison). Compound CID5326429 was not further pursued due to little to 

no inhibition on the initial gel assay (Figure 3.6). This could be due to it being a weaker 

inhibitor and requiring higher than 50 µM to yield a gel assay result. Nevertheless, 

CID5266986, CID5326429 and Exebryl-1 all appear to be chemically similar as they all 

contain dihydroxybenzenes (Table 4.1). Exebryl-1 appears to be two catechol groups 

linked by an amide bond. CID5326429 appears to be ethylamine resorcinol linked to 

fluorobenzamide via nitrogen bonding. CID5266986 appears to be a 

dihyxroxybenzamide linked to a hydroxybenzonitrile via the nitrogen bond. Given the 

structural similarity, they may share the same binding pocket to NSP15. Exebryl-1 was 

confirmed to bind to NSP15 via native mass spectrophotometry in a non-covalent way10. 
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Computer docking predicted Exebryl-1 binding to two places with slightly higher 

probability at: Site 1) a pocket formed between the N-terminal oligomerization and C-

terminal catalytic domain contacting residues Lys71, Thr275, Tyr279, but not the 

catalytic site itself, versus Site 2) the catalytic pocket site. As a result, I expect 

compounds CID5266986 and CID5326429 to bind similar sites to Exebryl-1. Michaelis-

Menten results showed CID5266986 binding in a mixed formation, which could be 

indicative of both sites. CID5266986 produced a FRET-assay IC50 of 53 ± 3.0 µM. 

Meanwhile Exebryl-1, in similar FRET assay setup, produced an IC50 of 1.3 µM. It could 

be hypothesized that the addition of extra catechol group in Exebryl-1 could be reason 

for increased inhibition (Table 4.3). It could also be hypothesized that CID5326429 

produced reduced inhibitory activity than CID5266986 due to having a fluoride group in 

place of the hydroxyl group, as phenols are known to be more nucleophilic than 

fluorobenzene (Table 4.3). While compound CID5266986 was not tested for Vero IC50, it 

was shown to produce an CC50 of 42 ± 4.8 µM (Table 3.3). Given that the compound 

was predicted to have passed the Lipinski rule and was predicted to be highly permeable 

to Caco-2, in addition to being a non-substrate to P-glycoprotein, the data could be 

indicative of positive signs for further downstream refinement (Table 3.4). However, 

while it is promising to having chemical similarity between different published hits, it 

should be cautioned that catechols are known PAIN molecules that could be redox and 

protein reactive130. However, given the published data on Exebryl-1, I hypothesize that 

the compounds do not produce redox or covalently modify proteins. More direct binding 

assays are needed and explained in future directions (chapter 4.3).  

 
 
Table 4.3: Chemical structure of CID5266986, CID5326429 and Exebryl-1.  

CID5266986 CID5326429 Exebryl-1 10 
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4.1.6.4 CID5675221   

To my knowledge, compound CID5675221 has not been published before and no 

information exists for its usage. At the centre of this chemical is a rhodanine group 

(Table 4.4). Rhodanine groups have been used in screening compounds against 

hepatitis C and human immunodeficiency virus (HIV). For example, rhodanine 

derivatives have been used to inhibit HIV NS5B polymerase with IC50 of 7.7 µM131. As 

well, Rhodanine derivatives have been found to potently inhibit HIV-1 entry through 

interactions with its transmembrane protein gp41 with EC50 as low as 2.2 µM132. Only 

Epalrestat, a rhodanine containing molecule, has been medically approved for human 

use (and only in Japan). Epalrestat is a reversible non-competitive inhibitor of aldose 

reductase and is approved for diabetic neuropathy in Japan only, however future Phase 

IIb clinical trials using Epalrestat have been proposed in the United States133. 

 

I found CID5675221 to have an CC50 of 248 ± 33 µM (Table 3.3). This is least toxic of 

the compounds with CC50 values. The compound produced a Vero IC50 of 19 ± 2.3 µM 

against SARS-COV-2, the highest IC50 value, and subsequently produced the second 

highest SI50 value of 15 ± 3.8 µM (Table 3.3). While the compound has passed the 

Lipinski’s rule and was predicted to be highly permeable to Caco-2, the software was 

unable to predict the other parameters. However, given the calculatable data, the results 

could bode well for further downstream refinement.  

 

However, rhodanines have been recognized as a pan assay interference (PAIN) 

compound130. This is due to its ability to interfere photometrically in the 570 nm and 620 

nM range. CID5675221 does cause significant quenching, especially in the Cy5 channel 

of 645/670nm but with limited quenching in the FAM channel of 490/520 nm (Figure 3.5). 

At the same time, the compound is traditionally difficult to further modify due to the 

compound’s thioxo group, whereby it has the potential to engage in many interactions, 
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possibly covalently, leading to promiscuous binding, and frequent hits in biological high-

throughput screens130. Despite this, rhodanine based compounds have been successful 

in producing selective hits such as against UDP-N-acetylmuramoyl-L-alanine:D-

glutamate ligase (MurD)134. Additionally, rhodanine compounds can aid in drug design 

due to their ability to easily form crystalline complexes and structure132. As a result, 

rhodanine based molecules can be a good starting stage for binding mode discovery, 

whereby the rhodanine groups can switched out at a later stage.  

 
Table 4.4: Chemical structure of CID5675221 and Rhodanine.  

CID5675221 Rhodanine  

 

 
 

 

 
 

 

4.1.6.5 Hexachlorophene  

Hexachlorophene was a widely used disinfectant found in topical treatments and 

toothpaste and is regarded as safe to use externally at (<1%)135. It is not 

recommended/banned for use internally, as animal studies in rats and pigs found 

hexachlorophene induced paralysis and neurotoxicity at high doses136. Hexachlorophene 

was found to inhibit mouse hepatitis virus (MHV) infection in mouse astrocytoma (DBT) 

cells with an IC50 of 1.2 µM with unknown mechanisms120. Interestingly, 

hexachlorophene was previously shown to inhibit SARS-CoV-2 viral titer in HEK293T 

cells with an IC50 of 0.9 µM with an unknown mechanism137. Despite known cell culture 

data of viral efficacy, it should be noted hexachlorophene could bind promiscuously as it 

has been implicated in binding to SARS-CoV-1 3CL protease with IC50 of 4 µM138.  

 

I found hexachlorophene to have an CC50 of 15.4 µM ± 4.59 µM (Table 3.3). This is most 

toxic of the compounds tested. However, I found hexachlorophene inhibited SARS-CoV-
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2 in Vero cell culture with an IC50 of 0.95 ± 0.016 µM (Table 3.3). Subsequently, 

hexachlorophene had a calculated SI50 value of 16 ± 4.7 µM, which was the largest SI50 

value the tested groups. Usually, a high SI50 bode well for drug development. However, it 

was unknown what the in-vivo targets of hexachlorophene were; hexachlorophene could 

bind to other viral proteins to inhibit viral titers. Indeed, reactivity could be a problem as 

hexachlorophene was predicted to have extensive high plasma protein binding (Table 

3.4). Depending on how hexachlorophene binds, hiding or masking polar groups, such 

as the hydroxyl groups, may help decrease off-target reactivity. Although the software 

did not predict CNS penetration, hexachlorophene was banned due to potential of 

neurotoxicity136. However, typical antiseptic 3% hexachlorophene is 73.7 mM, whereas 

the reported IC50 values of hexachlorophene in cell culture is more than ~50,000 times 

lower139. While a more safer compound would be needed for any clinical application, 

nevertheless, the results here showed that hexachlorophene to be a strong inhibitor of 

NSP15 in biochemical assay, and would interesting from drug design standpoint to 

determine the site of binding in future directions.  

 

4.1.6.6 IPA3  

IPA3 is a known uncompetitive inhibitor of group 1 p21-activated kinases (PAK)140. 

Group 1 PAKs are a family of serine/threonine protein kinases140. They are autoinhibited 

as a homodimer unless bound to Guanosine-5'-triphosphate (GTP) activated Rac or 

Cdc42. Activated PAKs act on more than 40 identified substrates and a variety of cellular 

processes, including progression of cell cycle, protection from cell apoptosis, cell motility 

and cancer metastasis.141 IPA-3 was found to target the autoregulatory domain of group I 

PAKs with 2.5 µM IC50
140. Interestingly, IPA3 was found to be inactivated by DTT, 

potentially due to direct DTT reduction of IPA-3 compound140. At the same time, IPA3 

may bind to PAKs in a covalent manner140. As a result, IPA-3 may also potentially form 

mixed disulphides with NSP15 cysteine residues. I attempted to test the effect of 

reducing agent DTT on IPA3 to evaluate this hypothesis. As shown in Figure 3.12, I 

found that higher DTT concentrations abolished IPA3 inhibition activity. This may 

indicate that IPA3 inhibition relies on NSP15 cysteine bonds. However, the result could 
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also be interpretated as DTT reacting to the IPA3 disulphide bonds, thereby destroying 

the compound structure. While Michaelis-Menten curves suggested a non-competitive 

inhibition for IPA3 (Figure 3.9), if IPA3 is a covalent inhibitor due to cysteine bonding, it 

too would result in non-competitive kinetics when protein concentrations were more than 

inhibitor concentrations. Future experiments, such as crystal modelling of binding, may 

be useful in further testing of IPA3 mechanics.  

 

Because intra-cellular environments are usually reducing due to an abundance of 

glutathione, with estimates ranging from 0.5 to 15 mM, IPA3 may be reduced before 

reaching its in-vivo targets142. This may pose a challenge to IPA3 delivery142. At the 

same time though, due to its sulfhydryl moiety, IPA3 may also lead to non-specific effect 

binding in cells, producing toxicity. Indeed, I found IPA3 to have an CC50 of 38 ± 3.9 µM 

in Vero cells (Table 3.3). The presence of cytotoxicity suggested that the compound was 

reacting to off-targets intracellularly. At the same time, binding to PAK proteins may also 

have contributed to the cytotoxicity, as inhibition of PAK proteins can lead to cellular 

apoptosis140. 

 

Surprisingly, I found that IPA3 was effective in stopping SARS-CoV-2 replication in Vero 

cells, with a IC50 of 7.9 ± 0.89 µM, and a subsequent SI50 of 5.4 ± 1.2 µM (Table 3.3). 

This cellular IC50 was comparable to the biochemical gel-based assay IC50 of 4.8 ± 0.55 

µM and the FRET-based IC50 of 9.8 ± 0.35 µM (Table 3.2). IPA3 also passed the Lipinski 

rule test, and the software predicted that it is highly permeable to Caco-2 (Table 3.4), 

suggesting good bio-absorption and ADME metrics, and a favorable compound for 

further downstream optimization. However, the drug was also predicted to be a CNS 

penetrant and there is currently unknown safety data on human consumption of IPA3. 

Usually, to overcome problematic CNS penetration, specific site and type of delivery 

methods are tailored. As well, the addition of polar groups, such as amide or alcohol 

groups will help prevent CNS penetration143. At the same time, depending on the IPA3 

method of binding (especially if the binding is non-covalent), I may remove the 

sulfuhydral bonds to decrease chances of off-target effects and likely improve compound 
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metabolic stability. Overall, IPA3 is an interesting molecule, with a positive SI50 ratio, 

which bodes well for downstream applications.  

 

4.1.6.7 On the Possibility of Covalent Interactions of Inhibitors  

While I hypothesize that the compounds tested may bind in non-covalent manner, 

without further functional structural analysis (elaborated in future directions), I cannot rule 

out covalent binding. This is especially important for IPA3 due to possible cysteine 

interaction. Such covalent inhibitor typically acts in a two-step manner, whereby the 

inhibitor first binds the protein in a reversible equilibrium bond formation, after which, a 

covalent irreversible bond is formed144. It should also be noted though that covalent 

inhibitors do not necessarily constitute a detriment to the drug pipeline for coronavirus 

treatment. Traditionally, covalent modifiers are frowned upon in pharmacology due to 

safety concerns of their ability to covalently modify off-target cellular proteins24. However, 

numerous U.S Food and Drug Administration (FDA) approved covalent inhibitors exist24. 

The most pertinent to the topic is Pfizer’s Paxlovid, which has FDA emergency use 

approval for COVID, and has seen 89% effectiveness against serious illness in COVID 

clinical trials145. Paxlovid (whose key ingredient is Nirmatrelvir), targets the coronavirus 

protease 3CL, through a reversible covalent bond between its nitrile group and the 

protein’s cysteine group. Indeed, cysteine residues are considered a viable and 

promising target of reversible covalent inhibitors146. Such a strategy may apply to SARS-

CoV-2 NSP15, such as through targeting of C103, C117 of the oligomerization domain, 

or through NSP15 C291, which is close to the active site and is thought to be reactive116. 

The other possible site is C291. Although C291A mutants previously showed no 

oligomerization or decreases in activity phenotype, it is unknown if larger molecular 

inhibitor modifications to that site may affect NSP15 activity116. Such a scenario may be 

possible for IPA3, whereby its prominent disulphide bond structure allows for the 

hypothesis of inhibition via binding to NSP15’s cysteine groups.  
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4.1.6.8 In the Context of Viral Treatments  

The compounds this project aimed to find are but a small part in the global fight against 

SARS-CoV-2. Despite the development of SARS-CoV-2 vaccines, there is still the need 

to find effective anti-coronavirus therapies, in part due to problems relating to vaccine 

penetration, breakthrough infections, the rise of COVID variants, and the possibility of 

novel future coronavirus outbreaks. Currently, no FDA approved SARS-CoV-2 antiviral 

small molecules target NSP15. FDA approved small molecule treatments currently 

include: Paxlovid (nirmatrelvir with ritonavir), Veklury (remdesivir), and Lagevrio 

(molnupiravir)147. Briefly, nirmatrelvir is a 3CL protease inhibitor involving a covalent 

cysteine modifying nitrile warhead148. Molnupiravir is a prodrug of the nucleoside 

analogue EIDD-1931, and was shown to impair SARS-CoV-2 replication by increasing 

the frequency of viral mutations (through mimicking cytidine or uridine) during RNA-

dependant RNA polymerase (RdRp) based replication149, 150. Lastly, remdesivir 

(originally named GS-5734) is also an prodrug nucleoside analogue151. As such, it is 

apparent from the current FDA approved compounds, that most of the anti-viral small 

molecule drug discovery effort focused on two protein targets: the polymerase, and the 

protease. As a result, NSP15 represents a novel and distinct therapeutic target.  

 

In addition to the FDA approved therapies, there is pipeline of emerging pre-clinical 

SARS-CoV-2 antivirals with novel viral targets, in addition to NSP15. Promising leads 

include oridonin targeting NSP9. NSP9 is a conserved homodimeric RNA binding protein 

essential for viral replication, and the protein was found to be regulated by the addition of 

nucleoside monophosphate (NMP) by NSP12, though more research is needed to 

determine its physiological significance152. Recently, NSP9 over-expression was found to 

decrease nuclear pore protein NUP63 and impair NF-kB response153. Oridonin was 

confirmed via native mass spectrometry to bind to NSP9 with a Kd of ∼7.2 ± 1.0 μM, and 

was found to have produced 5 log of viral titer reduction in Calu-3 cells after 24 

hours154.Selectivity index for oridonin was not measured in the study154. In addition to 

NSP9, small molecule screens have been done for NSP13 helicase and NSP14/10 

exonuclease as well155. Of which, the strongest inhibitor was suramin, targeting NSP13. 
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NSP13 is an essential protein for coronavirus replication and is thought to be part of the 

replication transcription complex as the helicase34. Suramin was found to inhibit NSP13 

at an IC50 of 1.6 µM enzymatically, with an Vero EC50 of 9.9µM, and no cytotoxicity at 

300 µM tested, and thus produced a subsequent SI50 of >30156. All in all, the above pre-

clinical compounds inhibited enzymatically at ranges similar to the strongest inhibitors in 

this project (CID5675221, hexachlorophene, IPA3), but suramin produced a slightly 

larger SI50 compared to this project’s compounds (which were 15 for CID5675221, 16 for 

Hexachlorophene, and 5.34 for IPA3; Table 3.3).  

 

However, the above pre-clinical compounds (including molecules discovered in this 

project) are vastly less potent in comparison to known FDA approved SARS-CoV-2 small 

molecular inhibitors. Nirmatrelvir (its precursor PF-00835231) was first discovered from a 

FRET screen with a Ki of 230 nM, and was modified into nirmatrelvir with a final Ki of 

3.11 nM and an EC50 of 74 nM in Vero E6 cells148, 157. Nirmatrelvir has been reported to 

have a CC50 of >100 µM in Vero E6 cells, which would produce an apparent SI50 

of >1351158. Meanwhile, molnupiravir (specifically EIDD-1931) inhibited SARS-CoV-2 in 

Vero cell culture at an IC50 of 0.30 µM 150. In-vitro data found that EIDD-1931 produced 

an SI50 of 1.24 to >130 depending on the cell line used159. Meanwhile, remdesivir 

inhibited SARS-CoV-2 in Vero cell lines at an EC50 of 1.65 µM with an selectivity index of 

over >129160,161. Thus, these FDA approved compounds not only have higher potency (in 

the nM range) but also higher SI50 (>100 range) than this project’s compounds (whose 

SI50 ranged from 5.34 to 16; Table 3.3). However, these differences are not entirely 

unexpected. For example, screening with nucleoside analogues is simplified by the 

existence of curated nucleoside analogue screening libraries, and the predicted 

mechanism of such analogues insures higher potency against polymerase protein 

targets, such as in the case of molnupiravir and remdesivir162, 163. Additionally, there is a 

history of drug designs against coronavirus 3CL main proteinase, many, including 

starting designs for nirmatrelvir, were derived from SARS-CoV-1 and rhinovirus 3C 

proteinase inhibitors164. As such, it is expected for this project’s random compound 

screen to yield compounds with lower affinities than the above rational screens. 
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Additionally, it is expected of antiviral compounds to have high selectivity index for FDA 

approval, given the nature of required selectivity for therapeutic safety. For example, 

FDA approved cabotegravir (GSK1265744), against HIV integrase, produced a 

selectivity index of >22,000 in in-vitro cell culture165, 166. As such, the compounds 

discovered in this project against NSP15 will need vast improvements in binding affinity 

and selectivity index, such as through rational drug design and/or compound 

modifications, in order to reach therapeutic potential. Thus, the compounds discovered 

here against NSP15 are merely starting points for such further lead optimization in the 

hit-to-lead pipeline.  

 

Additionally, while NSP15 could be an effective therapeutic target as a modulator of 

interferon and immune evasion40, immune modulation relies on an intricate network of 

proteins and pathways. Numerous coronavirus proteins have been implicated in 

modulating or interacting with RIG-I-like receptor/MAVS pathway, such as NSP16, 

NSP14, NSP13, NSP10, NSP5, NSP3, ORF9b, and even membrane (M)167. As such, 

targeting NSP15 alone may not produce the desired effect due to pathway 

redundancies. This perhaps may explain why some our compounds failed to inhibit 

SARS-CoV-2 replication in-vitro (Figure 3.11) and/or produced lower than desired 

selectivity index values when compared to FDA approved anti-SARS-CoV-2 antiviral 

molecules. As a result, should any NSP15 targeted therapies arise, they would most 

likely be part of a cocktail therapy targeting the numerous key NSP proteins (such as in 

the immune evasion pathway), or in conjunction with current FDA approved or preclinical 

compounds. Treatment could also be complicated by the fact that SARS-CoV-2 is known 

to induce cytokine storm, as such, to prevent further induction of cytokines by interferon 

response, the timing such therapies would be important, predictably in the very early 

stages of infection168.  

 

4.1.6.9 Summary and Application of Research  

This project has established a high-throughput NSP15 screen and has discovered six 

novel SARS-CoV-2 NSP15 inhibitors that work in in-vitro biochemical assays, and of 
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which, three have been shown to block SARS-CoV-2 viral replication in Vero cell culture. 

Previously, only two compounds are known to successfully inhibit SARS-CoV-2 NSP15. 

If the six compounds in this study are successfully validated in further downstream 

binding and cell assays, these novel compounds would greatly increase the repertoire of 

known NSP15 inhibitors and potential candidates for SARS-CoV-2 treatments. Because 

NSP15 is highly involved in immune evasion, NSP15 inhibitors may have therapeutic 

potential in helping the immune system recognize viral infection, especially at the early 

COVID-19 infection stage. The methods and results in this study will also aid in the 

design and search of novel NSP15 therapeutic agents, and will also provide the basis for 

expanded high-throughput screening of NSP15 inhibitors. Because NSP15 is highly 

conserved across coronavirus species, identifying SARS-CoV-2 NSP15 inhibitors will 

also help the scientific and medical community better prepare for and research other 

coronavirus species, including potential future coronavirus species and/or coronavirus 

variants. 

 

4.2 Limitations  

4.2.1 Screening and FRET-based Assay Limitations  

While the project was able to obtain putative NSP15 inhibitors during the screens, the 

high throughput (HTP) screen has encountered many known pan-assay interference 

compounds (PAIN) that have ended up as final hits169, 170. These include the well-known 

flavone compounds such as quercetin and fisetin, which are considered false positives 

as they are known to bind promiscuously and often via non-specific methods169, 170. 

While such occurrences are not entirely unavoidable, library selection and pre-screen in-

silico filtering of known PAIN molecules can help prevent such occurrences and help 

save follow-up time and resources94. The final hit rate using compounds validated for 

NSP15, compared to the original 108,000 + compounds screened, was ~0.005-0.015% 

depending on if you include the known PAIN molecules. While such a rate is acceptable 

and is in line with the average hit rate of 0.01% to 0.14%, it is on the lower end of the 

range171. While careful library selection, and in-silico screening of inhibitors prior to HTP 
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screening, are known to enhance success rate, many aspects of this study’s assay can 

also be improved to help with hit selection, such as through a higher signal to noise (S/N) 

ratio and preventing false positives171.  

 

For example, while I assumed that pH ranges are stable due to the HEPES buffer in the 

FRET-based assay, compounds that can affect pH may unknowingly tilt the assay pH 

and result in quenching due to the pH-sensitive nature of Cy5 cyanine dyes. An 

alternative would be to use derivatives such as Alexa Fluor 647 in the RNA substrate 

design, which are generally considered pH in-sensitive and more photostable172. In 

addition, while I found 100mM ethylenediaminetetraacetic acid (EDTA) was an effective 

stopping reagent, the dosage has led to significantly increased background fluorescence 

(Figure 3.1) which decreased the assay S/N ratio. An alternative was to perform a 

manganese titration to find an acceptable lower manganese concentration that does not 

impact NSP15 activity, which would facilitate likely lower EDTA usage. Additionally, the 

screen could also have been setup without the use of a stopping reagent. In Figure 

3.6a, it was shown that the NSP15 assay could be prone to dithiothreitol (DTT) redox 

cycling when detected with Amplex Red. This was an inherent flaw to the assay that may 

result in false positives in future screens. While a reducing agent was found to be 

needed for optimum NSP15 activity (Figure 3.12), other milder reducing agents such as 

glutathione or β-mercaptoethanol may be preferred for screening to prevent redox 

cycling. While I take great lengths to try and reduce false positives, additional assays 

could be needed. Many PAIN molecules are colloidal aggregators that self-assemble into 

a liquid to liquid phase separation and form promiscuous inhibition173. These can form up 

to 95% of identified hits173,174. To my knowledge, online databases for tracking such 

PAINs few and not properly maintained or accessible. To avoid such compounds, 

counter screens done with 0.1% Triton or with β-lactamase should be done to rule out 

potential colloidal aggregators174. Additionally, the compounds provided for the 

secondary screen(s) were shipped and frozen in aqueous buffer at -20ºC for week(s) 

before screening. As a result, this procedure may have resulted in compound 

degradation and a subsequent decrease in active hits. Future screening should be done 
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with compounds directly taken from stock plates. Finally, a shorter substrate length 

between the fluorophore and quencher would likely result in less background and a 

higher S/N ratio for the assay to help improve hit detection rate; the spacer between 

fluorophore and quencher should also be optimized.  

 

At the same time, additional optimizations of the FRET-based activity assay buffer may 

have benefited the experiments and screening. It has been reported that NSP15 

crystallized in the presence of citrate, forming hydrogen bonding with His235, His250, 

Lys290, and Thr341, which was hypothesized to stabilize the active site104. Indeed, the 

addition of citrate to HEPES buffer was recently shown to enhance NSP15 cleavage 

activity, suggesting that such an addition may benefit NSP15 assays117. 

 

In addition, a major limitation of the high-throughput screening was the number of 

compounds screened. While close to 108,000 compounds were screened, it is well 

known that typical HTS screens, especially at the industry level, requires millions of 

compounds to identify suitable pharmacological inhibitors for clinical development. The 

selected hits found here may not be representative of the diversity of true NSP15 

inhibitors. In addition, it should be noted that the NSP15 screening performed solely 

looked at inhibition of NSP15 endonuclease activity. NSP15 may modulate coronavirus 

infection independent of its nuclease activity, as explained in chapter 1. As a result, 

inhibitors of binding sites that do not affect nuclease activity may not have been picked 

up by the screen.  

 

4.2.2 Gel-Based IC50  

In the gel-based cleavage assays, I found ~5x higher gel-based IC50 versus its FRET-

based IC50 counterpart for compound CID5675221 (Figure 3.7-3.8). This is not entirely 

uncommon as previous NSP15 inhibitor studies have found as much as ~9x difference 

between FRET-based and gel-based compound IC50s, suggesting that the RNA gel-

based IC50s could be prone to producing higher IC50 values than their FRET-based 

counterpart10. One explanation is that for the gel-based assays, I used absolute IC50 
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calculations based on the uncleaved negative control (no NSP15) band, which may bias 

toward higher IC50 values. Additionally, because compound CID5675221 has been 

shown to partially quench in the FAM channel at 25 and 50 µM (Figure 3.5c,d), possible 

increased quenching effects at higher compound concentration values could increase 

apparent inhibition values. A more complex IC50 setup where assay signal is normalized 

against potential quenching at each compound concentration point measured against a 

FAM positive control could be used to help mitigate such a scenario. To my knowledge, 

no other studies using FRET-based RNA screening have investigated such potential 

quenching effects of their compounds, nor have they attempted IC50s in such a manner. 

Additionally, due to the increase in protein and RNA concentrations present in the gel-

based assay, more compound concentration may be needed to accomplish the same 

inhibition. Future experiments in chapter 4.3 could help address alternative methods of 

finding inhibition values. 

 

I also found that the gel-based assay could not test the compound, Reactive Blue 2, due 

to fluorescent interference of the compound that occluded the band of interest. This was 

most likely due to the compound migrating at the same speed as the RNA band. As a 

result, either different RNA substrate lengths or purification of RNA prior to gel loading 

would be needed. Future experiments in chapter 4.3 can address such a problem via 

alternative ways of measuring compound binding.  

 

4.2.3 Vero Cell Culture and Plaque Assay Limitations   

For the Vero cell CC50 data, I was limited by agent availability and compound solubility. 

In some cases, to achieve 400 µM doses, I had to resort to 1% DMSO, which resulted in 

a decrease in Vero cell growth but not lethality. As a result, a separate DMSO control 

group was included for each concentration DMSO used in the compound serial dilution. 

At the same time, CID4017446 could not produce cytotoxicity in the experiments. This 

could be due to a variety of reason listed in the discussion, including the possibility that 

longer incubations times are needed for the compounds to induce toxicity. However, only 
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24h incubation times was tested, thus longer incubation times should be done to test this 

theory.  

 

Additionally, I chose the cell line, Vero (derived from African Green Monkey kidney) due 

to its ease of viral infection and usage in viral studies108.  However, Vero cell lines are 

not human derived and may not be representative of human host cell infection. In 

addition, Vero cells lack interferon response, possibly due to genetic defects108. As a 

result, other cell lines, such as human lung epithelial cancer cell line, Calu-3, may be 

more suitable to the study of NSP15 and its effect on the interferon pathway. At the 

same time, due to difficulty of Biosafety level 3 (BSL3) work, just the top 3 compounds 

were tested in detail. Additional time, effort, and resources are needed to test the other 

compounds in more detail, and possibly in other cell lines as well.  

 

While plaque assay is a good gauge of viral replication, it does not directly measure viral 

entry. Quantitative polymerase chain reaction (qPCR) of viral genes, or western-blot of 

viral proteins from infected cells, can directly detect intracellular markers of infection. 

Additionally, the Vero cell culture IC50 does not measure if the compounds are binding to 

NSP15 target in-vivo. Decreases in the viral titer could also be due to off-target binding 

of other viral proteins. In the plaque assays, because the virus was co-incubated with the 

compounds at the same time, compounds that block viral entry instead may result in the 

same viral titer decrease. To remedy this, compounds can be added post-infection. 

Indeed, elucidating the timing window of compound effectiveness on viral infection can 

help determine at what stage of viral infection the compound act upon. Additionally, 

alternative markers should be chosen for measurement, such as interferon induction. It 

should be noted that a reduction in viral titer does not necessarily mean NSP15 

induction, and vice versa, an induction of interferon does not necessarily mean a 

reduction of viral titer, as shown in other coronavirus studies (see chapter 1.5 for more 

explanation). As a result, it is prudent to include a NSP15 catalytic deficient mutant virus 

to show the maximal effect of NSP15 inhibition in the cell lines.  
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Last, due to the use of only cell culture, and given the rise of SARS-CoV-2 variants, the 

experiments here are limited in scope and are likely not reflective of true physiological 

infection or may not be reflective of the current dominant strains of infection.  

 

4.2.4 Michaelis-Menten 

Lastly, due to NSP15 being a hexameric unit, cooperativity under certain conditions may 

be possible. If NSP15 activity is cooperative, then Michaelis-Menten equations would not 

be suitable for the analysis and a sigmoidal curve would be preferred. However, limited 

data is available on this subject, and previous SARS-CoV-1 NSP15 papers performed 

enzyme reactions assuming hyperbolic curves62. More detailed enzyme testing, in 

addition to a hill curve analysis, would be needed to determine if there is cooperativity 

and if a sigmoidal enzyme curve would be more appropriate. It would also be interesting 

to see if compound binding requires NSP15 to be in a hexameric, trimeric, or monomeric 

condition.  

 

Additionally, while I tried to improve the accuracy of the Michaelis-Menten curves by 

performing them at two inhibitor concentration doses (Figure 3.9), the curves generated 

may still not be fully accurate due to the large standard deviations observed. Future 

experiments could improve Michaelis-Menten accuracy by increasing the number of 

substrate dosages, as well as increasing the maximum substrate dosage tested. 

Furthermore, other types of molecular interaction assays could be used to probe for 

enzyme binding affinity, as discussed in future directions below.  

 

4.3 Future Directions    

To further delineate mechanisms of compound inhibitor binding to NSP15, I suggest 

surface plasmon resonance (SPR). SPR is a label free spectroscopy technique to 

monitor molecular interactions175,176. A typical (Kretschmann configuration) setup 

involves analyte (NSP15 protein) immobilized to a gold surface and connected to a 

microfluidic system. The ligand (the compounds) will then be flowed through the 

microfluidic system and binds to the analyte/NSP15 protein. After binding and equilibrium 
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is established, running buffer is continuously injected to dissociate the ligand/analyte 

binding (dissociation phase). Such dissociation will cause subtle changes in light when 

shined upon by a polarized laser source passing through a prism setup and finally 

recorded by a detector. Specifically, the detector will measure angle change of light 

which is reflective of changes in the refractive index resulting from interactions and 

hence binding. Such a setup allows for measurement of binding affinity such as the 

association rate constant (ka), dissociation rate constant (kd)175. These are important 

biophysical parameters that measure affinity of compound binding and is useful in further 

study of structure-function relationships. To this end, I am currently collaborating with 

other labs to complete this objective.  

 

To further understand structure-functional relationship, future work may involve solving 

crystal structures of the compounds with the NSP15 protein. X-ray crystallography allows 

for three-dimensional molecular structure and the identification of specific binding 

residues of the inhibitor-protein relationship. Briefly, high concentrations of highly purified 

NSP15 protein would be crystallised with the inhibitor and subjected to X-ray 

diffraction177. Crystallization usually occurs in a vapor diffusion chambers, such as in the 

sitting drop vapor diffusion chamber. In such a chamber, a droplet of protein is seated in 

a raised post and is surrounded by a liquid reservoir. To form vapor equilibrium, water 

molecules would leave the protein droplet, leading to supersaturation of the droplet and 

protein crystallization.177 Following X-ray of the crystal, the diffraction patterns of the 

repeating crystal lattice would then be processed to obtain an electron density map and 

fitted to protein sequence and conformation. Softwares could include HKL2000/3000, 

using CCP4 for electron density map generation, and Phenix for structure 

determination178, 179. One of the major difficulties of X-ray crystallography is obtaining a 

solution that sufficiently supersaturates the protein droplet in a slow and controlled 

manner to form a homogenous crystal. This is confounded by the addition of 

compounds, which naturally introduce heterogeneity into the system, impeding crystal 

formation. These challenges may hinder the crystallization of the protein, and ultimately 
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the overall achievable resolution177.  To this end, I am currently collaborating with other 

labs to complete this objective.  

 

To further study if the compound inhibitors found are effective against SARS-CoV-2, one 

can also test compound effects on interferon induction instead of viral titer. In theory, 

blockage of NSP15 would cause increased Type I interferon response measurable via 

either qPCR of IFNB, or via an IFNB firefly luciferase report assay. Alternatively, one can 

incubate compounds with overexpressed NSP15 in cells stimulated with MAVS, MDA-

CARD, poly(I:C) or Sendai virus, and then measure for changes in interferon response. 

In addition, it is prudent to test the effect on the compound on multiple cell lines, as well 

as to test the assays with a catalytic deficient mutant virus to show the maximal effect of 

NSP15 inhibition.  

 

Given the conserved nature of NSP15, future experiments could also include testing 

such inhibitors on NSP15 orthologs such as that of SARS-CoV-1 or murine coronavirus 

(MHV) NSP15. Establishing NSP15 inhibitors in MHV could also pave the way for mouse 

models of MHV coronavirus experiments with the compounds.  

 

Finally – future work could use structure function data obtained from crystals to model 

derivative compounds that have better properties (i.e., compounds with more potent and 

more positive drug properties), eventually leading to therapeutics.  
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