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Abstract

Discovery of Small Molecule Drugs against Crucial Proteins, Papain-like Protease (PLpro)
and Non-structural protein 15 (Nsp15), from SARS-CoV-2 virus

by

Teena Bajaj

Doctor of Philosophy in Comparative Biochemistry

University of California, Berkeley

Professor Niren Murthy, Chair

The emergence and rapid spread of the severe acute respiratory syndrome coronavirus 2,
SARS-CoV-2 (SCoV-2) caused catastrophic levels of morbidity in the world and presented
the unmet need for treatments and drugs urgently. Small molecule therapeutics have tremen-
dous potential to develop into antivirals and prevent the spread of infection. SCoV-2 genome
encodes for 16 non-structural proteins (Nsps) that have been proven as potential target can-
didates. Two vital proteins, Papain-like protease (PLpro) (Papain-like protease, from Nsp3)
and Non-structural protein 15 (Nsp15) were chosen as therapeutic targets to combat the
SCoV-2 virus. PLpro is an essential protein that cleaves the polyprotein into its individual
proteins to form a replication-transcription complex for viral replication and synthesis. On
another hand, Nsp15 is a crucial protein that evades the host immune response by cleaving
the viral RNA, therefore, Nsp15 inhibition stimulates the protective response. Both nsps
are highly conserved proteins and the development of drugs against them could also act as
an initial step for future coronavirus pandemics. To find the covalent inhibitors of PLpro
and Nsp15, the electrophile library was screened against these two proteins using their re-
spective fluorescent-based, high-throughput screening assay. To find the inhibitors against
the PLpro, a chemical library was screened against the recombinantly purified PLpro using
a fluorescent-based high throughput screening assay. One compound, based on mercaptopy-
rimidine inhibited PLpro invitro and SARS-CoV-2 viral replication in Vero E6 cells. This
compound presented the first example of a thiol-targeted reversible covalent inhibitor of
PLpro. In the case of Nsp15, an acrylamide-based electrophile library was screened to find
cysteine-binding inhibitors. This discovered a new class of Nsp15 covalent inhibitors. This
study not only discovered new covalent lead hits against crucial proteins from SCoV-2, but
also a new platform to develop new potent drugs against coronaviruses for future pandemics.
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Chapter 1

Introduction

The emergence and rapid spread of the SARS-CoV-2 (SCoV-2) virus marked the begin-
ning of the COVID-19 pandemic, which originated in Wuhan, China in December 2019.
COVID-19 patients showed symptoms of shortness of breath, fever, cough, and loss of taste
and smell. This contagious virus surged the cases dramatically with thousands of new
infections being reported daily1. World Health Organization (WHO) declared the novel
coronavirus outbreak a pandemic in early March 2020. The pandemic had profound and
far-reaching impacts on global health systems, economies, and daily life2. The devastat-
ing toll on human life has been immense; as of mid-2024, estimates over 7 million people
have died worldwide due to COVID-19 (https://www.who.int/publications/m/item/covid-
19-epidemiological-update—19-january-2024). This catastrophic global health crisis has
highlighted the urgent need for e↵ective antiviral drugs and therapies to manage COVID-19
and alleviate its symptoms, driving intense research and development e↵orts to combat the
virus and mitigate its impact on public health.

1.1 Description of SCoV-2

SCoV-2 is an enveloped, positive-sense single-stranded RNA virus that belongs to the beta-
coronavirus genus, which also includes SARS-CoV and MERS-CoV. SCoV-2 has the largest
RNA virus genome approximately 30kb in length3. The SCoV-2 genome encodes several
key proteins essential for the virus’s structure and replication. There are 5 structural and
16 non-structural proteins. The structural proteins play vital roles in the ability of virus
to infect host cells, assemble new viral particles, and facilitate their release. These proteins
include the spike (S) protein, envelope (E) protein, membrane (M) protein, and nucleocapsid
(N) protein4. The spike protein is particularly significant as it mediates the virus’s attach-
ment to the angiotensin-converting enzyme 2 (ACE2) receptor on host cells, initiating the
infection process.5 The envelope and membrane proteins contribute to the formation and
stability of the viral envelope, while the nucleocapsid protein packages the viral RNA into a
protective nucleocapsid, essential for the assembly of new virions6.
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Figure 1.1: Scheme of the SCoV-2 genome along with the most critical reported diversities
in its di↵erent parts, as well as the general structure of the SCoV-2.7

In addition to the structural proteins, SCoV-2 encodes non-structural proteins that are
primarily involved in the replication and transcription of the viral genome. These non-
structural proteins are crucial for various functions within the virus’s life cycle, including the
processing of polyproteins, RNA synthesis, and the assembly of the replication-transcription
complex. Notable non-structural proteins include the RNA-dependent RNA polymerase
(RdRp), which is essential for viral RNA replication, and various proteases such as the main
protease (Mpro) and the papain-like protease (PLpro), which process viral polyproteins into
functional units necessary for viral replication8. Non-structural proteins are critical for the
replication of the viral genome and for evading the host immune system. By targeting these
proteins, researchers aim to inhibit the virus’s replication and enhance immune responses,
thereby developing e↵ective therapies and preventive measures against COVID-19. The
comprehensive study of these proteins allows for the design of drugs and vaccines that can
specifically disrupt viral processes and improve overall treatment outcomes.
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1.2 Small molecules therapeutics

Small molecule therapeutics has presented itself as a great solution for treatments of infec-
tious diseases. Small molecule therapy for COVID-19 represents a crucial advancement in the
ongoing fight against the pandemic, complementing existing vaccination e↵orts by providing
e↵ective treatment options for those already infected with the virus. These therapies are im-
portant for several reasons. Firstly, they o↵er a vital solution for managing active infections,
addressing the gap left by vaccines, which are designed primarily to prevent disease rather
than treat it once it has begun. Small molecules, such as antivirals, can reduce the viral load
in patients, thereby mitigating the severity of the disease and preventing progression to more
serious stages. This capability is especially critical in managing severe cases and prevent-
ing hospitalization, thereby alleviating the burden on healthcare systems.15 Additionally,
small molecules can be adapted to target various viral mechanisms, making them poten-
tially e↵ective against di↵erent variants of SCoV-2, which may evade the immune response
elicited by vaccines. Furthermore, the oral administration of many small-molecule drugs en-
hances their accessibility and convenience compared to intravenous treatments, facilitating
widespread use, particularly in outpatient settings. Their production is often more scalable
and cost-e↵ective than biologics, aiding in rapid distribution and availability, especially in
resource-limited areas. Small molecule therapies also serve as an essential alternative for in-
dividuals who are unable to receive vaccines due to medical conditions or other constraints,
and they o↵er critical options for immunocompromised patients who may not respond well
to vaccination.16 Additionally, these therapies can help address drug resistance by targeting
novel aspects of the viral life cycle, thereby providing a dynamic tool for managing evolv-
ing strains of the virus. Overall, small molecule therapies are a pivotal component of the
comprehensive strategy to control COVID-19, working in tandem with vaccines and other
treatments to enhance public health outcomes and manage the pandemic more e↵ectively.

The key targets for therapeutic intervention in combating COVID-19 include viral en-
try, viral replication, and immune modulation. To prevent viral entry, strategies focus on
blocking the spike protein of SARS-CoV-2 from binding to the ACE2 receptor on host cells,
utilizing monoclonal antibodies and entry inhibitors. For viral replication, inhibiting crucial
enzymes such as RNA-dependent RNA polymerase (RdRp), proteases like main protease
(Mpro), and papain-like protease (PLpro) is essential. Additionally, Nsp15, an endoribonu-
clease involved in RNA processing and immune evasion, is another critical target for antiviral
drug development. Immune modulation involves managing the host’s immune response to
prevent severe disease; corticosteroids like dexamethasone are used to reduce inflammation
and moderate cytokine storms, which can lead to severe outcomes. By addressing these tar-
gets, therapeutic strategies aim to disrupt the virus’s life cycle and mitigate the inflammatory
response, improving overall patient outcomes.

Remdesivir, an antiviral drug, targets the RNA-dependent RNA polymerase (RdRp),
inhibiting viral RNA replication. Paxlovid, a combination of nirmatrelvir and ritonavir, acts
as a protease inhibitor, blocking the main protease (Mpro) essential for viral polyprotein
processing. Molnupiravir, another antiviral, interferes with the RNA replication process by



4

introducing errors into the viral RNA. Dexamethasone, a corticosteroid, modulates the im-
mune response by reducing inflammation and controlling cytokine storms. Together, these
drugs represent a multifaceted approach to managing COVID-19, targeting viral entry, repli-
cation, and the inflammatory response to improve patient outcomes.

However, small molecule inhibitors still need further development. Firstly, developing
small molecules that e↵ectively target SCoV-2 and its variants is complex due to the virus’s
ability to rapidly mutate. Variants may alter the structure of viral proteins, making it di�-
cult for drugs designed against earlier strains to remain e↵ective.17 Secondly, the mechanisms
of action for many potential small molecules are still under investigation, and ensuring their
safety and e�cacy requires extensive clinical testing. Additionally, achieving optimal drug
delivery and minimizing side e↵ects are significant hurdles. Many small molecules show
promise in preclinical studies but fail to translate into e↵ective treatments due to issues
like poor bioavailability or o↵-target e↵ects. Furthermore, there is a need to address the
challenge of drug resistance, which can arise with widespread use of antiviral therapies. The
development of new small molecules must also contend with the complexity of the human
immune response and the need for drugs that can work in conjunction with other treat-
ments, such as vaccines and monoclonal antibodies18.Given these factors, ongoing research
and drug discovery are essential to identify and develop small molecule therapies that are
safe, e↵ective, and adaptable to emerging viral variants.

1.3 Non-structural proteins as therapeutic targets

In this essay, we will focus specifically on two proteases, papain-like protease (PLpro) and
Nsp15, as key targets for therapeutic intervention. PLpro plays a crucial role in the viral life
cycle by processing viral polyproteins and modulating the host immune response, making
it a significant target for drug development. Similarly, Nsp15, an endonuclease enzyme,
is involved in RNA processing and viral replication, presenting another important target
for antiviral therapy. By targeting these proteases, we can explore potential therapeutic
strategies to inhibit viral replication and enhance the treatment of COVID-19.

Papain-like protease (PLpro)

PLpro structurally is part of the larger non-structural protein 3 (nsp3) and is named for its
structural similarity to papain, a protease enzyme. The enzyme has a catalytic triad consist-
ing of cysteine, histidine, and aspartate residues, which are crucial for its protease activity.
PLpro contains a ubiquitin-like domain and a thumb-palm-fingers domain, with the latter
housing the catalytic site. Functionally, PLpro cleaves the viral polyprotein at three specific
sites to release functional non-structural proteins (nsps), which are essential for the formation
of the viral replication-transcription complex (RTC). PLpro also has deubiquitinating and
deISGylating activities, meaning it can remove ubiquitin and ISG15 (interferon-stimulated
gene 15) from host cell proteins. This helps the virus evade the host immune response
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Figure 1.2: Secondary structure of PLpro.21

by preventing the degradation of viral proteins and modulating the host immune signaling
pathways, However, due to its restricted substrate binding pocket, developing inhibitors for
PLpro have been challenging.19 The existing PLpro small molecule drug, GRL0617’s pri-
mary benefit lies in its targeted action, e↵ectively disrupting the viral replication cycle by
inhibiting a crucial enzyme involved in processing viral polyproteins and evading the host
immune response.20 This specificity can potentially reduce viral load and disease severity,
and as an oral small molecule, GRL0617 o↵ers convenience and improved patient compli-
ance. However, challenges include the potential for developing drug resistance, issues with
specificity where the inhibitor might a↵ect similar host proteases, and pharmacokinetic con-
cerns such as drug absorption and metabolism. Additionally, its e�cacy in advanced disease
stages may be limited, necessitating ongoing research to address these issues and optimize
its therapeutic potential.

Non-structural protein 15 (Nsp15)

Nsp15, or non-structural protein 15, is a critical component of the SCoV-2 virus and plays
a pivotal role in its life cycle and interaction with the host immune system.22 Structurally,
Nsp15 is an endoribonuclease classified within the Nidoviral endoribonuclease specific for
uridylate (NendoU) family. This protein is characterized by its three main domains: an
N-terminal domain, a middle domain, and a C-terminal catalytic domain. The C-terminal
catalytic domain is particularly significant as it contains the conserved residues essential for
the protein’s endoribonuclease activity. This activity is crucial for the enzyme’s function
in cleaving RNA substrates at uridine residues, resulting in the production of 2’-3’-cyclic
phosphodiester and 5’-hydroxyl termini.23
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Figure 1.3: Structure of Nsp15. 26

Functionally, Nsp15’s endoribonuclease activity is integral to processing viral RNA inter-
mediates during the replication cycle of SARS-CoV-2. By cleaving RNA substrates, Nsp15
prevents the accumulation of RNA fragments that could otherwise be detected by host im-
mune sensors such as MDA5 and RIG-I.24 This activity is crucial for the virus to evade
detection by the host’s innate immune system, enabling it to persist and replicate more e�-
ciently. Targeting Nsp15 o↵ers a promising therapeutic strategy, as small molecule inhibitors
can disrupt this vital aspect of viral replication and bolster the host immune response. Hex-
achlorophene and IPA-3 are covalent inhibitor against Nsp15 with the potential to inhibit
viral replication. However, these compounds are promiscuous molecule that has ability to
bind human proteins as well and not specific to Nsp15. The challenge of drugging Nsp15
still remains with an open platform to find an inhibitor ensuring the specificity of IPA-3 to
avoid unintended interactions with host cellular processes, and optimizing its pharmacoki-
netic properties for e↵ective dosing and minimal side e↵ects. The e�cacy of IPA-3 in treating
advanced stages of COVID-19 also requires further validation through ongoing research.25
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Chapter 2

Applied techniques

2.1 High throughput screening

High Throughput Screening (HTS) is a vital process in modern drug discovery, enabling the
automated testing of thousands to millions of compounds against specific biological targets.1

This method begins with creating a diverse chemical library, including small molecules, pep-
tides, or biologics, which are then screened using miniaturized assays in microtiter plates
with wells ranging from 96 to 1536. Automation is crucial in HTS, facilitating the rapid and
precise handling of compounds, reagents, and biological samples. The screening assays can
be either biochemical, measuring enzyme activity, or cell-based, assessing e↵ects on living
cells such as viability or signaling pathways. The data generated are analyzed using ad-
vanced software to identify promising compounds. HTS is celebrated for its speed, allowing
vast libraries to be screened in days or weeks, significantly accelerating the drug develop-
ment process compared to traditional methods. It is also cost-e↵ective, conserving resources
by eliminating less promising compounds early. HTS can reveal novel drug candidates and
biological targets, aiding in lead optimization by refining initial hits for better e�cacy and
reduced toxicity. However, HTS faces challenges such as the risk of false positives and nega-
tives, requiring robust assays and confirmatory testing.2 The complexity of biological systems
and the need for sophisticated informatics solutions to manage large datasets further com-
plicate the process. Despite these challenges, HTS remains essential for target identification,
lead optimization, and understanding drug mechanisms, making it a cornerstone of pharma-
ceutical research and development and promising an increasingly pivotal role in discovering
e↵ective treatments for various diseases.

Förster Resonance Energy Transfer (FRET)

Förster Resonance Energy Transfer (FRET) is a highly sensitive and versatile tech-
nique that has revolutionized the study of molecular interactions and dynamics at the
nanoscale level.3 FRET relies on the non-radiative transfer of energy between two fluo-
rophores: a donor and an acceptor. When these fluorophores are in close proximity—typically
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within 1-10 nanometers—the energy absorbed by the donor is transferred to the acceptor,
resulting in fluorescence emission at a longer wavelength. This mechanism makes FRET an
invaluable tool for investigating protein-protein interactions, conformational changes, and
other molecular events within living cells. The technique’s ability to provide real-time,
quantitative measurements of interactions and conformational shifts with high spatial res-
olution is due to its reliance on the precise overlap of the emission spectrum of the donor
and the absorption spectrum of the acceptor. The FRET assay is particularly advantageous
for studying dynamic processes and interactions in their native cellular environments, o↵er-
ing insights into biological phenomena that traditional methods might miss. By employing
various fluorophore pairs and assay formats, researchers can tailor FRET assays to spe-
cific experimental needs, enhancing their ability to probe complex molecular mechanisms.
Despite its powerful capabilities, FRET requires careful optimization of fluorophore selec-
tion, assay conditions, and data interpretation to overcome challenges such as background
noise and signal interference. Nonetheless, the FRET assay continues to be a cornerstone
of modern molecular and cellular research, driving advancements in drug discovery, func-
tional genomics, and cell biology through its ability to reveal intricate details of molecular
interactions and cellular processes with unprecedented clarity.

Activity-Based Protein Profiling (ABPP) assay

Activity-based protein profiling (ABPP) is a transformative approach in drug discovery that
focuses on assessing the functional activity of proteins within complex biological systems.4

Unlike traditional proteomics methods that primarily quantify protein abundance, ABPP
enables researchers to understand the active states of proteins, particularly enzymes, and
how they interact with potential therapeutic agents. This innovative technique has gar-
nered significant attention for its potential to enhance target identification, elucidate drug
mechanisms, and streamline the development of novel therapeutics.

ABPP utilizes small-molecule probes that covalently bind to the active sites of target
proteins to provide detailed insights into their function. These probes are composed of
a reactive group that interacts specifically with the enzyme’s active site and a detectable
tag, such as a fluorophore or biotin.5 The ABPP process begins with the design and syn-
thesis of these probes, which must be tailored to selectively label proteins based on their
catalytic mechanisms or functional groups. The biological sample, whether cell lysates or
tissue extracts, is then treated with the probe, allowing it to form stable covalent bonds with
active proteins. Following labeling, the modified proteins are isolated through methods like
a�nity purification, and their presence is detected using techniques such as mass spectrom-
etry, western blotting, or fluorescence-based assays. Finally, the labeled proteins undergo
functional analysis to elucidate their roles in biological pathways, interactions with other
molecules, and responses to drugs, thereby advancing drug discovery e↵orts and enhancing
our understanding of protein functions.

ABPP presents several notable advantages over traditional drug discovery methodolo-
gies. It focuses on the functional activity of proteins rather than merely their presence,



11

o↵ering deeper insights into their roles in disease states and enabling more informed target
selection. ABPP is particularly e↵ective in identifying active enzymes that may serve as
novel drug targets, uncovering therapeutic avenues that might otherwise be overlooked. The
selective labeling capability of ABPP probes enhances the sensitivity and accuracy of target
identification within complex biological mixtures, which is crucial for working with hetero-
geneous samples. Additionally, ABPP provides mechanistic insights into drug candidates,
revealing how these compounds interact with their targets and aiding in the optimization
of lead compounds. In drug discovery applications, ABPP is widely used for enzyme target
identification, helping to characterize enzymes involved in diseases like cancer and infec-
tious diseases. It also elucidates drug mechanisms by analyzing interactions with protein
active sites, leading to improved drug design. Furthermore, ABPP can uncover allosteric
modulators, which may o↵er benefits such as enhanced selectivity and reduced side e↵ects
compared to traditional inhibitors. Additionally, ABPP contributes to biomarker discovery
by identifying active protein signatures associated with specific diseases, thereby improving
patient stratification in clinical trials and enhancing therapeutic outcomes.

2.2 Cellular assays

cytotoxicity assay

The resazurin-based Cytotoxicity assay is a powerful tool for assessing cell viability in the
context of evaluating the e↵ects of endonuclease inhibitors, particularly in drug development.6

This assay relies on the principle that resazurin, a blue dye that is non-toxic and permeates
cell membranes, is reduced to resofurin, a pink, highly fluorescent compound, by metabol-
ically active cells. This reduction is mediated by the cellular reducing agents, primarily in
the mitochondria, making the assay a direct measure of cell metabolic activity and thus cell
viability. In practice, cultured cells are exposed to various concentrations of endonuclease
inhibitors, such as those targeting specific viral, to evaluate their cytotoxic e↵ects. After an
incubation period, resazurin is introduced to the cell culture medium. As viable cells metab-
olize the dye, it is converted to resofurin, and the fluorescence intensity is measured using a
fluorescence microplate reader. The level of fluorescence is proportional to the number of liv-
ing cells; hence, a decrease in fluorescence indicates the cytotoxic e↵ects of the inhibitors. By
analyzing the fluorescence data, researchers can determine the IC50 value, which represents
the concentration of the inhibitor required to reduce cell viability by 50%. This provides
crucial information about the potency and safety of the inhibitors. The resazurin assay is
favored for its simplicity, sensitivity, and quantitative nature, allowing for precise evaluation
of cellular health. Additionally, it is non-destructive, enabling ongoing observation of the
same cell cultures over time. However, it is important to acknowledge its limitations. The
assay’s reliance on cellular metabolic activity means that it may not fully capture all aspects
of cytotoxicity, particularly if the inhibitors a↵ect cellular processes not directly linked to
metabolism. Moreover, interference from certain compounds or cellular conditions can a↵ect
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the accuracy of the results. Despite these limitations, the resazurin assay remains a valuable
approach for assessing the viability of cells treated with endonuclease inhibitors, providing
essential data that informs the development of e↵ective antiviral therapies and contributes
to the broader e↵ort to combat viral infections.

2.3 Molecular dynamics

Molecular dynamics (MD) simulations play a crucial role in the drug delivery field, partic-
ularly when evaluating inhibitors targeting endonucleases.7 This computational technique
provides a detailed and dynamic view of the interactions between small molecule inhibitors
and their target proteins, such as endonucleases, which are often implicated in viral replica-
tion and other pathological processes. In the context of drug delivery, MD simulations o↵er
insights into how inhibitors bind to endonucleases at the atomic level, revealing crucial in-
formation about binding a�nity, stability, and the conformational changes that occur upon
inhibitor binding. By simulating the interactions between inhibitors and endonucleases over
time, researchers can observe how inhibitors engage with specific amino acid residues within
the enzyme’s active site and how these interactions influence the enzyme’s overall structure
and function. This helps in understanding the mechanism of inhibition and in optimizing
the chemical properties of the inhibitors for improved e�cacy. Furthermore, MD simula-
tions can predict how inhibitors behave in complex biological environments, such as within
cellular membranes or in the presence of other biomolecules, providing valuable insights into
their potential pharmacokinetics and pharmacodynamics. This information is essential for
designing e↵ective drug delivery systems that ensure targeted and e�cient delivery of in-
hibitors to their intended site of action while minimizing o↵-target e↵ects and improving
therapeutic outcomes. However, the accuracy of MD simulations depends on the quality of
the force fields used and the precision of the initial structural models, highlighting the need
for high-quality data and advanced computational techniques. Overall, molecular dynamics
simulations are an indispensable tool in the drug delivery field, o↵ering a deep understanding
of inhibitor-enzyme interactions and guiding the development of more e↵ective and targeted
therapies for conditions where endonucleases are key therapeutic targets.

Molecular docking

Molecular docking is a pivotal computational technique in drug discovery, especially when
investigating the binding of inhibitors to endonucleases.8 This method simulates the inter-
action between a small molecule inhibitor and a target enzyme, such as an endonuclease, to
predict how well the inhibitor binds to the enzyme’s active site and to assess the potential
e�cacy of the inhibitor. During the docking process, the three-dimensional structures of
both the inhibitor and the endonuclease are used to explore various conformations and ori-
entations of the inhibitor within the enzyme’s binding site. The docking algorithm calculates
the binding a�nity by evaluating how well the inhibitor fits into the enzyme’s active site
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and how many favorable interactions, such as hydrogen bonds, hydrophobic interactions,
and electrostatic forces, are formed. This interaction is quantitatively scored to predict
the strength of the binding, providing insights into the inhibitor’s potential e↵ectiveness.
Molecular docking helps in identifying key residues involved in binding and elucidating the
mechanism of inhibition. For endonucleases, which play crucial roles in processes like vi-
ral replication and RNA processing, accurately predicting how an inhibitor binds can guide
the design of more e↵ective compounds that target specific active site residues or allosteric
sites. Moreover, docking results can be used to refine inhibitor structures through iterative
design, enhancing their binding a�nity and specificity. By integrating docking results with
experimental data, such as from X-ray crystallography or NMR spectroscopy, researchers
can validate and optimize their drug candidates. Despite its power, molecular docking does
have limitations, including dependence on the accuracy of the protein and ligand structures
and the algorithms used to predict binding modes. Nonetheless, molecular docking remains a
vital tool in drug discovery, providing essential insights into how inhibitors interact with en-
donucleases and aiding in the development of targeted therapies that can e↵ectively disrupt
enzyme function and treat various diseases.
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Chapter 3

Discovery of a covalent inhibitor

against Papain-like protease (PLpro)

from SARS-CoV-2 (SCoV-2)

3.1 Abstract

The papain-like protease (PLpro) plays a critical role in SARS-CoV-2 (SCoV-2) pathogene-
sis and is essential for viral replication and for allowing the virus to evade the host immune
response. Inhibitors of PLpro have great therapeutic potential, however, developing them
has been challenging due to PLpro’s restricted substrate binding pocket. In this report,
we screened a 115,000-compound library for PLpro inhibitors and identified a new phar-
macophore, based on a mercapto-pyrimidine fragment that is a reversible covalent inhibitor
(RCI) of PLpro and inhibits viral replication in cells. Compound 5 had an IC50 of 5.1 µM
for PLpro inhibition and hit optimization yielded a derivative with increased potency (IC50
0.85 µM, 6-fold higher). Activity based profiling of compound 5 demonstrated that it reacts
with PLpro cysteines. We show here that compound 5 represents a new class of RCIs, which
undergo an addition elimination reaction with cysteines in their target proteins. We further
show that their reversibility is catalyzed by exogenous thiols and is dependent on the size
of the incoming thiol. In contrast, traditional RCIs are all based upon the Michael addition
reaction mechanism and their reversibility is base-catalyzed. We identify a new class of RCIs
that introduces a more reactive warhead with a pronounced selectivity profile based on thiol
ligand size. This could allow the expansion of RCI modality use towards a larger group of
proteins important for human disease.

3.2 Introduction

The severe acute respiratory syndrome coronavirus 2 (SCoV-2) has caused catastrophic levels
of death and e↵ective treatments are urgently needed.1–4 Small molecule therapeutics that
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can inhibit the RNA dependent polymerase (RdRp) and Main protease (Mpro) are clinically
approved and had a big impact on reducing COVID-19 mortality.5–8 The success of these
small molecule drugs has created a tremendous interest in developing inhibitors against other
proteins from SCoV-2 that are also essential for viral replication.9,10

The papain-like protease (PLpro) from SCoV-2 is an essential protein for viral replication
and an attractive target for developing small-molecule drugs.11–14 PLpro plays a crucial role
in viral replication15–17 and prevents infected cells from generating interferons, which are
essential for mounting an immune response against SCoV-2.12,18,19 PLpro cleaves the peptide
sequence LxGG (x represents any amino acid), which is present in 3 sites in the immature
SCoV-2 viral polyprotein. PLpro catalyzes the release of three non-structural proteins,
termed nsp1, nsp2, and nsp3 from the immature viral polyprotein.12 Nsp1, nsp2, and nsp3
play critical roles in viral replication, and inhibition of PLpro blocks SCoV-2 replication in
cells.20 PLpro also cleaves host proteins that contain the sequence RLRGG, which is present
in several ubiquitin (Ub) and ubiquitin-like proteins (UbL), such as interferon-induced gene
15 (ISG15) proteins.21 PLpro has significant deISGylating and deubiquitinating activities
and inhibition of PLpro induces the production of interferons by virally infected cells, which
should lead to an enhanced immune response against the virus. Consequently, there is great
interest in developing inhibitors against PLpro from SCoV-2.
textsuperscript14,20

PLpro is a cysteine protease with a catalytic triad composed of histidine, cysteine, and
aspartic acid, with 83% sequence homology to PLpro from SCoV and structural similarities
to the deubiquitinating enzymes.12 Several crystal structures of PLpro have been solved,22

and these studies have revealed that it binds Gly–Gly in the first two positions of its peptide
binding site, and does not have a well-defined binding pocket near its active site, in contrast
to other proteases that need to accommodate peptides with larger side chains.23 PLpro is
a challenging protein to drug due to its ill-defined binding pocket, and progress towards
developing PLpro inhibitors has been slow despite its great antiviral potential.3,20,24,25

Several high throughput screens (HTS) have been performed against PLpro from SCoV
and SCoV-2, and these studies have generated pharmacophores that can inhibit PLpro and
viral replication in cells 26, 27. The compound GRL0617 and its derivatives are the best
characterized class of PLpro inhibitors. GRL0617 was identified in a 50,080-molecule screen
on PLpro from SCoV 28. GRL0617 inhibited SCoV PLpro with an IC50 in the low micromolar
range and can inhibit viral replication in cells. GRL0617 also inhibits PLpro from SCoV-
2 and viral replication in cells, with IC50s in the micromolar range, and shows moderate
antiviral activity against SCoV-2 in mice after oral delivery 11, 22, 25-27, 29. GRL0617 has been
further optimized against PLpro from SCoV-2, via structure-based drug design strategies,
and its derivatives inhibit PLpro with nanomolar e�cacy in vitro and inhibit viral replication
in cells e�ciently 22-24, 26, 27, 30, 31.

Additional HTS screens on PLpro from SCoV-2 have generated other non-GRL0617 based
pharmacophores that are promising leads 26, 32. For example, Yuan et al. screened a 50,080
large compound library and identified a new class of PLpro inhibitors, based upon the frag-
ment 5-oxo-1-thioxo-4,5-dihydro[1,3] thiazolo[3,4-a]quinazoline-3- carboxamide, which was
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able to inhibit PLpro from multiple corona viruses and inhibited SCoV-2 viral replication
in hamsters and MERS-CoV in mice, and outperformed GRL0617 in animal studies 33.
These experiments demonstrate the great potential of non-GRL0617 based chemical scaf-
folds. There are currently very few non-GRL0617 based sca↵olds that can inhibit PLpro and
viral replication in cells 20, 32 and alternatives to GRL0617 and its derivatives are greatly
needed, given the high failure rate of small molecule therapeutics in clinical trials.

In this report, we screened a 115,000-molecule chemical library against PLpro from SCoV-
2 and discovered a unique mercaptopyrimidine based pharmacophore, compound 5, which
inhibits PLpro in vitro and inhibits SCoV-2 viral replication in cells. In addition to compound
5, we also identified several other compounds that were able to inhibit PLpro, which could
serve as leads for further optimization. Finally, the mechanism by which compound 5 inhibits
PLpro was also investigated by activity-based profiling, molecular dynamics, and a variety
of other biochemical assays.

3.3 Results and discussion

Discovery of compounds inhibiting PLpro via high throughput

screening

We used a fluorescent-based high throughput screening assay to identify inhibitors for PLpro
from SCoV-2.28 This fluorescent assay uses RLRGG-AMC as a substrate for determining PL-
pro proteolytic activity. The release of the AMC was quantified by measuring the fluorescent
intensity after exciting at 360 nm and measuring the emission at 460 nm. The PLpro domain
of Nsp3 was recombinantly expressed and purified using a talon column. We optimized the
protein and substrate concentration to 50 nM and 50 µM respectively, and our optimized
assay had a z

0 factor of 0.57 ± 0.05, suitable for HTS. We screened two libraries, termed
the diverse and antibacterial libraries (115,000 compounds) at the concentration of 40 µM,
and compounds that generated ¿50% inhibition were rescreened in duplicate, followed by a
dose–response assay to determine the concentration that caused 50% PLpro inhibition (IC50)
(Fig. 3.1).

The preliminary screening of the diverse and antibacterial libraries resulted in 560 initial
hits at a 3-sigma cuto↵, and our screen had a hit rate of 0.48%. We further performed
orthogonal assays to ensure that positive hits were not interacting directly with the fluores-
cence of the released coumarin-amine, reducing the hits to 211. A dose-response experiment
was performed to determine the half maximal inhibitory concentration of the top 84 hits
which revealed that ten compounds out of 115,000 were capable of inhibiting PLpro from
SCoV-2 in vitro with IC50 less than 10 µM (Figure 1B). Several of the remaining hits were
electrophiles and some were unique from inhibitors reported in previous articles. Four out
of the ten compounds, compounds 2, 6, 7, and 10 share the same parent heterocycle struc-
ture and electrophilic warhead as the compound recently reported by Yuan et al. 33, which
showed antiviral activity in cells and in animals, and this pharmacophore has great potential
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Figure 3.1: High throughput screening of a 115,000-compound library against PLpro identi-
fies inhibitors with sub-micromolar IC50s.
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for further exploration. In addition, all of the compounds (1-10) are alkaloids, which have
shown great potential as SCoV-2 antiviral agents34.

Compound 5 exhibits anti-SCoV-2 activity

To test antiviral activity, the top hits were screened on nano luciferase (NLuc) SCoV-2
infected TMRPSS2-expressing Vero E6 cells at various concentrations (1, 10, or 20 µM).
Of the compounds tested, one compound exhibited antiviral activity in a dose dependent
manner. Compound 5 reduced the NLuc levels of infected cells by 3-fold at 10 µM and
7-fold at 20 µM (Fig. 3.2A). To validate the antiviral activity of compound 5, a separate
antiviral study was performed with compound 5 using a plaque forming assay. The viral
plaque forming assay validated the antiviral activity of compound 5 and compound 5 caused
a 3 and 22-fold reduction in infectious virus levels at 10 µM and 20 µM concentrations,
respectively. Remdesivir (100 µM) served as a positive control in this assay and potently
inhibited the virus (Fig. 3.2B). Finally, to ensure that the antiviral activity of compound
5 was not due to cytotoxicity, we performed a cell viability assay using the resazurin assay.
Compound 5 was tested at four concentrations (1, 10, 25, 50 µM) in Vero CCL-81 cells
and the cell viability at 1, 10 and 25 µM of compound 5 was greater than 85%. However,
compound 5 had significant toxicity at a 50 µM concentration (Fig. 3.2C).

Compound 5 is a covalent PLpro inhibitor

Compound 5 contains a mercaptopyrimidine fragment, which can potentially undergo ad-
dition–elimination reactions with nucleophiles. For example, Murugesan et al. recently
identified a mercaptopyrimidine based inhibitor of tuberculosis cell growth, which reacted
with glutathione under physiological conditions.27,35 PLpro is a cysteine protease with a
nucleophilic cysteine in its active site, which could potentially react with compound 5via
an additional elimination reaction. We performed a time dependent PLpro inhibition assay
with compound 5 to determine if pre-incubation time lowered its IC50. Pre-incubation time
lowers the IC50 of covalent inhibitors because it gives more time for the protein to react with
the inhibitor. In contrast, pre-incubation time frequently has no e↵ect on the IC50 of non-
covalent inhibitors because their koffs are generally on the timescale of second to minutes.
PLpro was preincubated with compound 5 for various times ranging from 5 minutes to 3
hours and the IC50 of compound 5 was measured for each pre-incubation time point. The
IC50 of compound 5 decreased by 10-fold after pre-incubation with PLpro for 3 hours (Fig.
3.3A), suggesting it is a covalent inhibitor.

We performed activity-based profiling experiments to determine if compound 5 covalently
reacted with the cysteines or lysines of PLpro.36 Iodoacetamide-rhodamine was used as the
probe for cysteine reactivity analysis and NHS-rhodamine was the probe for investigating
lysine reactivity on PLpro. A traditional pulse chase experiment was performed with PLpro
and the rhodamine dyes, where PLpro was first incubated with compound 5 and then incu-
bated with iodoacetamide-rhodamine or NHS-rhodamine. After the dye incubation, PLpro
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Figure 3.2: Compound 5 inhibits SCoV-2 replication in cells. Cytotoxicity assay of compound
5.

Figure 3.3: Compound 5 is a covalent inhibitor of PLpro.
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was run on a protein gel and imaged via fluorescence. Compound 5 was able to prevent
PLpro from reacting with iodo-acetamide, demonstrating that it reacts with nucleophilic
thiols on PLpro, most likely the catalytic cysteine in the active site (Fig. 3.3B). The other
thiols in PLpro are either disulfides, which are unreactive to nucleophiles, or zinc chelated
and have diminished nucleophilicity. In contrast to iodoacetamide, compound 5 was unable
to prevent PLpro from reacting with NHS-rhodamine, demonstrating that it is not reacting
with lysine residues.

Compound 5 is a reversible covalent inhibitor of PLpro

Compound 5 contains a mercaptopyrimidine fragment, which can potentially react with
PLpro in a reversible manner via the addition–elimination reaction pathway. Reversible co-
valent inhibitors (RCIs) have great potential as electrophilic warheads because they combine
the high e�cacy of covalent inhibitors with the low toxicity of non-covalent inhibitors.37 In
addition, RCIs are less immunogenic than covalent inhibitors and their on-target residence
time and therapeutic e↵ectiveness can be fine-tuned by modulating their binding a�nity
with the target protein.38 However, developing RCIs is challenging because there are very
few electrophiles that reversibly react with biological nucleophiles under physiologic condi-
tions. At present, Michael addition acceptors are the only class of electrophilic warheads
that can generate RCIs, and this limits the development of RCIs because numerous proteins
do not react with the relatively mild/inert Michael acceptors. Compound 5 does not contain
a Michael acceptor but has the potential to be an RCI because of the relatively low pKa of
the thiol fragment attached to the pyrimidine ring, which could potentially be displaced by
an incoming nucleophile.

To investigate if compound 5 constitutes a novel class of RCI, we performed a jump
dilution assay with PLpro, compound 5 and beta-mercaptoethanol (BMe). PLpro and com-
pound 5 were mixed and allowed to react, diluted 25-fold in the presence of 5 mM BMe
38, 39 and the inhibition of PLpro was measured. We observed that PLpro recovered 90%
of its activity after 5 minutes dilution with 5 mM BMe (Fig. 3.4A), in contrast dilution in
phosphate bu↵er saline (PBS) had no e↵ect on the activity of PLpro. BMe is not a biological
nucleophile, and we re-did the jump dilution assay in the presence of either 5 mM reduced
glutathione (GSH) or 200 µM cysteine (their physiological concentrations)40 to determine
if the PLpro-compound 5 adduct would rapidly decompose in cells. We observed that the
addition of cysteine recovered the activity of PLpro, however GSH did not (Fig. 3.4B). These
experiments suggest that compound 5 is an RCI and its reversibility is based upon the size
of the displacing thiol. Glutathione is larger than cysteine and BMe and presumably cannot
access the active site of PLpro and therefore does not displace compound 5 from PLpro. In
contrast, smaller thiols such as BMe and cysteine can apparently access the PLpro active site
and can displace compound 5. Collectively, these experiments demonstrate compound 5 is
an RCI and that the mercaptopryimidine ring can act as a new sca↵old for generating RCIs
that are not based upon Michael addition reactions. In addition, the mercaptopryimidine
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Figure 3.4: Compound 5 is a reversible covalent inhibitor of PLpro and its reversibility is
triggered by exogenous thiols.

ring can function as a size selective filter for thiols and this unique feature should allow it to
find numerous applications in drug discovery.

Compound 5 tolerates modifications of its mercapto group

We performed a preliminary hit exploration of compound 5 derivatives to identify sites in
compound 5 that could be modified to enhance its activity. Compound 5 derivatives with
modifications at site I, site II and site III were investigated for their ability to inhibit PLpro
activity (Fig. 3.5A). Compound 5 does not tolerate modifications at site I and site II, and
these derivatives were largely inactive. In contrast, modifications at site III were tolerated
and resulted in several derivatives that were more active than compound 5 (Fig. 3.5B). For
example, compound 5E contained an allylic thiol instead of a propyl thiol and had an IC50

of 0.9 µM, which was approximately 5 times lower than compound 5. In addition, compound
5B, which had an ethyl substituent on the thiol was also tolerated and had an IC50 of 5.0
µM and was almost identical to compound 5 (Fig. 3.5C). Substituents larger than a propyl
group on the thiol, such as butyl, were not tolerated and resulted in almost a complete loss
of activity. Although compounds 5B and 5E acted as PLpro inhibitors, they did not have
any antiviral activity in Vero E6 cells as determined by a plaque assay (Fig. 3.6B).
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Figure 3.5: SAR of Compound 5 demonstrates it that tolerates modification at its mercapto
group.

Figure 3.6: Compound 5 has low reactivity with thiols and binds PLpro with micromolar
a�nity.
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Compound 5 has low non-specific reactivity with thiols

Compound 5 and the mercaptopyrimidine fragment represent a new under-explored class of
electrophiles with numerous potential applications given their biological activity. The thiol
reactivity of mercaptopyrimidines under physiologic conditions has never been investigated.
We determined the half-life of compound 5 and its derivatives in the presence of 5 mM GSH
via HPLC to gauge its reactivity in comparison to other electrophiles commonly used in
generating covalent inhibitors. The GSH half-lifes of compounds 5, 5B and 5E varied between
41.0 minutes to 145.4 minutes (Fig. 3.6A) and are in a similar range to phenyl acrylamide-
based electrophiles (t½ of 179 minutes with 5 mM GSH) which are a commonly used sca↵old
for generating covalent inhibitors 41. For example, the clinically approved covalent kinase
inhibitors afatinib, neratinib and osimertinib are all based upon phenyl acrylamide-based
electrophiles.

Surface plasmon resonance (SPR) analysis of compound 5 and its

derivatives

We performed SPR analysis of compound 5 and its derivatives with PLpro to determine their
binding a�nity with PLpro. His-tagged PLpro was immobilized on Ni-NTA sensor chips and
various concentrations of compound 5 and its analogs (5B and 5E) were applied to the chip
and the plasmon responses were recorded. The SPR results obtained with compound 5 and
its analogs demonstrate that these compounds can bind PLpro and their binding a�nity
correlates with their IC50s. For example, 5E had an inhibition IC50 of 0.85 µM and had a
KD of 8.3 µM, and compound 5 had an IC50 of 5.0 µM and had a KD of 21 µM( Fig. 3.6C).
The allyl modification of 5E is the only di↵erence between compounds 5 and 5E and appears
to significantly enhance 5E’s interaction with PLpro.

Molecular dynamics simulation of compound 5 with PLpro

We performed a molecular dynamics simulation of compound 5 with the active site of PLpro
to obtain insight into the potential interactions it may have with the active site. Compound
5 was covalently tethered to the active site cysteine of PLpro and an MD simulation was
run, three independent times for 90 ns each. After a few picoseconds of simulation all
three simulations generated structures that had compound 5 turned towards Trp106 and it
interacted with Trp106 via ⇡–⇡ stacking for most of each simulation (Fig. 3.7).
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Figure 3.7: Molecular dynamic studies of Compound 5 with PLpro.

3.4 Experimental

Materials and methods

Expression and purification of PLpro

The papain-like protease (PLpro) expressing plasmid, 2BT-nsp3-PLpro was a kind gift from
Ott lab at Gladstone Institute, UCSF. The plasmid was transformed into the E. coli BL21
(DE3) and plated on an ampicillin-resistant LB agar plate. The next day, a colony was
picked up for overnight culture in the presence of ampicillin 100 µg mL�1. For large-scale
protein purification, a 1 L culture of 2XYT media was grown using overnight culture (1:100)
at 37 °C (210 rpm). The bacterial culture was grown to OD600⇠ 0.8–1.0 and induced with
1 mM IPTG. The protein was expressed at 20 °C for overnight (18–20 hours). Bacterial
culture was harvested at 4000g, and cell pellets were resuspended in 30 mL lysis bu↵er (25
mM Tris–HCl pH 8.0, 250 mM NaCl, 10% glycerol, 5 mM BMe), supplemented with protease
inhibitor tablets (Pierce). The cell culture was sonicated at 20% amplitude for 7 minutes
(0.5 s ON, 1.5 s OFF). Cellular debris was pelleted down by centrifuging at 15,000g for 20
minutes at 4 °C. Supernatant was loaded on Talon column (GE Healthcare Life Sciences)
(pre-equilibrated with lysis bu↵er) at speed of 1 mL/min. Non-specific proteins were washed
with 20 column volumes of bu↵er A (lysis bu↵er supplemented with 25 mM imidazole).
PLpro protein was eluted with 5-column volumes of bu↵er-B (lysis bu↵er supplemented
with 250 mM imidazole). The eluted protein was concentrated using 10 kDa MWCO filter
(Amicon-Millipore) up to 2 mg mL1.



26

Fluorescent assay to determine the activity of the proteins

The kinetic assays were developed in 384 well plates to optimize the assay conditions (pro-
tein and substrate concentration, and incubation times) as described in Ratia et al.28 In
brief description, the assays were set up with di↵erent concentration of protein (0–100 nM),
di↵erent concentration of substrate (0–200 µM) and the fluorescent emission intensity was
measured at di↵erent time intervals (0–30 minutes). The final reaction volume of 50 µL con-
sisted of 30 µL of bu↵er (20 mM Hepes pH 7.5, 100 mM NaCl, 0.1% mg mL1 BSA), 10 µL of
protein, and 10 µL substrate. The fluorogenic peptide substrate Arg-Leu-Arg-Gly-Gly-AMC
(Z-RLRGG-AMC) (Bachem Biosciences) acted as reaction initiator and fluorescent emission
intensity was measured at given wavelengths (excitation: 360 nm and emission: 460 nm) at
time intervals.

High throughput screening

We developed a high throughput assay to screen a 115,000-compound library at UC Berkeley
Drug Discovery Center (DDC) at the Center of Emerging and Neglected Diseases. The assay
was optimized for 384 well black plates (corning 3573) with a total reaction volume of 25 µL,
with equal volumes of protein and substrate (12.5 µL) and 0.5 µL of DMSO or compound
(final concentration of 40 µM) dissolved in DMSO which was pre-plated with an Analytik-
Jena Cybio liquid handler which was also used to add protein and substrate reagents later
during the actual run. Protein and substrate were diluted in same bu↵er used in 4.2 with
exception of Antifoam (Spectrum chemicals, Cat# A1302) with the ratio of 1:5000 that
was added to reduce surface tension. The fluorescent emission intensity was measured at
the intervals of 0, 10, 20, 30 and 60 minutes using a 2104 Envision reader (PerkinElmer;
excitation: 360 nm and emission: 460 nm). The 60 minute time point yielded the best Z
prime and was chosen as the end point for all screening. The data was analyzed using dose
response curve models (4 parameter fit).

Hit confirmation and dose response

Hits from primary screen were cherry-picked on a Tecan Freedom EVO 150 for rescreening
to confirm. Confirmation was done at 40 µM in duplicate and a 10 point 1:2 serial dilution
for dose response starting at 40 µM was also run in duplicate. Along with the dose response
assays, we performed an orthogonal assay to rule out false positives. The orthogonal assay
included the substrate and compounds with bu↵er only (without protein).

Structure–activity relationship (SAR)

The compounds and analogs were purchased from ChemDiv. Both activity assays, fluorescent
and dose response, were repeated with these compounds in two additional conditions, 0.01%
Triton-X and 1 mM reduced glutathione (mimicking the cellular reducing conditions).
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Cytotoxicity assay

Vero CCL-81 cells (provided by UC Berkeley Cell culture facility) were thawed at 37 °C
and were grown in Dulbecco’s Modified Eagle Medium (DMEM, high glucose and pyruvate)
(Gibco) in 100 mm dish. The media was supplemented with 10% fetal bovine serum (FBS)
and 1% antibiotic and antimycotic (100 U mL�1 penicillin and 100 µg mL�1 streptomycin).
The cells were split into 96 well plate with the count of 10,000 cells per well. Each compound
was added in well with di↵erent concentration (1, 10 and 20 µM) with the 0.5% of DMSO and
incubated for 72 hours. After 72 hours, resazurin (10 µg mL�1) was added and fluorescence
intensity was measured at excitation: 560 nm and emission: 590 nm. The experiment was
performed in triplicates.

Mammalian cell lines and culture conditions

Vero-E6 were procured from ATCC were cultured in DMEM (Corning) supplemented with
10% fetal bovine serum (FBS) (GeminiBio), 1% glutamine (Corning), and 1% penicillinstrep-
tomycin (Corning) at 37 °C, 5% CO2.

SCoV-2 virus culture

SCoV-2 isolate SCoV-2-NLuc and USA-WA1/2020 (BEI NR-52281) were used for all in-
fection studies. The virus infection experiments were performed in a Biosafety Level 3
laboratory. Working stocks of SARS-CoV-2 were made in TMPRESS-2 expressing Vero-E6
cells and were stored at 80 °C until used.

Viral infection studies

SCoV-2 NLuc antiviral assay

Vero cells were seeded (12,000 cells per well) in a white opaque 96-well plate. After overnight
incubation the cells were infected with SARS-CoV-2-NLuc at 0.01 multiplicity of infection
(MOI). At 1 hour post infection (hpi) the working stock of the virus was replaced by multiple
concentrations (20, 10 and 0.1 µM) of compounds. Remdesivir and DMSO were used as
positive and negative controls respectively. At 24 hpi, 50 µL of Nano luciferase substrate
(Promega) was added to each well and after 10 min of incubation at room temperature
luciferase signals were measured using a Promega Glow Max microplate reader. The relative
luciferase signal was recorded and plotted against compound concentration using software
Prism.

SCoV-2 USA-WA1/2020 antiviral assay

Vero cells were seeded in a 12 well plate. After overnight incubation the cells were infected
by SARS-CoV-2 USA-WA1/2020 strain at MOI of 0.1. The media was replaced by multiple
concentrations (20, 10 and 0.1 µM) of compound B. Remdesivir and DMSO were used as
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positive and negative controls respectively. The cells were further incubated at 37 °C and
5% CO2 for 24 hours and culture supernatant were harvested for plaque assay.

Plaque-forming assays

Culture supernatants at 24 hpi were used for plaque assay. Vero cells were seeded (0.2 ⇥
106 cells per well) in 12 well plates and after overnight incubation the cells were infected
with di↵erential concentrations of supernatants from test and control groups. After 1 h
absorption period, the media in the wells was overlaid by 2.5% Avicel (Dupont, RC-591)
and incubated for 72 hours. After incubation the Avicel was removed and cells were fixed in
10% formalin for one hour and stained with crystal violet for 10 minutes, for visualization
of plaque forming units per ML.

Mechanism of inhibition

The PLpro protein (50 nM) was preincubated with di↵erent concentration of inhibitor (0, 1,
2.5, 5, 10 and 20 M) for di↵erent time points (0, 5, 10, 20, 35, 95, 125, 185 minutes). The
substrate (50 M) was added and measured the fluorescence. The data was analyzed using
Enzyme – inhibition, GraphPad Prism.

Half-life determination of compound 5 and its analogs

The half-life of compound 5 was determined using HPLC. 100 M of compound 5 and its
analogs was incubated with 5 mM reduced glutathione at pH 7.4 for di↵erent time intervals
(0, 30, 60, 90, 120 and 180 minutes). The positive control sample was run without reduced
glutathione. The half-life was calculated using first-order reaction kinetic equation, t1/2 =
0.693/k.

Activity based protein profiling

For gel-based ABPP experiments with PLpro, pure SCoV2 PLpro protein (0.1 g per sample
for IA-rhodamine and 0.05 g for NHS-rhodamine) was pretreated with either DMSO vehicle
or desired dosage of compound 5 at 37 °C for 1 hour in 25 L PBS. Samples were subse-
quently treated with either 100 nM tetramethylrhodamine-5-iodoacetamide dihydroiodide
(IA-rhodamine) (Setareh Biotech 6222) or 500 nM 5/6-carboxy-tetramethyl-rhoadmine suc-
cinimidyl ester (NHS-Rhodamine) (Thermo Scientific™ 46406) protected from light at room
temperature for 1 hour. Samples were incubated with 10 L 4⇥ Laemmli sample bu↵er, boiled
at 95 °C for 10 min, and separated by SDS/PAGE. Probe-labeled proteins were analyzed
by in-gel rhodamine fluorescence using a ChemiDoc MP (Bio-Rad). Protein loading was
assessed by Silver Staining.
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Jump dilution assay

PLpro was mixed with compound 5 at the 10-fold higher concentration of IC50 (10 ⇥ IC50)
and allowed to form protein-inhibitor complex at saturating conditions at room tempera-
ture. The complex was then rapidly diluted in a bu↵er supplemented with 5 mM reduced
glutathione, 5 mM beta-mercaptoethanol (BMe), 200 M cysteine to bring the compound’s
concentration of 1/10 ⇥ IC50. After 5 minutes of dilution, the substrate was added and
incubated for 30 minutes. The fluorescent intensities were read at the excitation wavelength
of 360 nm and emission wavelength of 460 nm.

Molecular dynamic studies

To study molecular interactions between PLpro active site and the inhibitor, first we prepared
chemical structure of covalent inhibitor by drawing it in MarvinSketch (ChemAxon 2019) and
has been modified according to its final state after covalent bonding. For Molecular Dynamics
(MD) simulation using GROMACS 42, we used CHARMMS36 43 forcefield. So, to get the
forcefield parameters of the inhibitor, we convert 2D structure into 3D using OpenBable 44

software and transferred them into CGENFF 43, 45-47 online server. Protein model of SARS-
CoV-2 PLpro (PDB: 6W9C) was obtained from RCSB server. After preparing all forcefield
parameters, we defined covalent inhibitor as a new residue by manually adding its parameters
in the CHARMM36 residue definition file. Moreover, we needed to modify Cys111 of PLpro
as well, to turn it into its final state after covalent bonding by changing its residue type
from Cys to Cys2. Finally, we applied corresponding Sulfur-Carbon bond parameters by
manually inserting them into the bonded forcefield parameters of CHARMM36.

After defining all parameters, the energy minimized inhibitor with 1-ClickDocking online
server (https://mcule.com) is brought in vicinity of CYS111 using VMD 48. The resulting
protein complex were placed inside a water box with 13 nm side, ensuring minimum 2.5 nm
distance between protein complex and walls to minimize any cross talk among protein and its
images. Note, water molecules were modeled using TIP3P forcefield. Next, we neutralized
the simulation box with Na+ and Cl-. Long range electrostatic interactions were captured by
Particle Mesh Ewald (PME) method 49. To model molecular interactions, we started with
system energy minimization, then we did NVT and NPT simulations for 100 ps to equilibrate
system with V-rescale thermostat (modified Berendsen thermostat) and Berendsen barostat
50. Finally, we did MD production simulations for 30 ns (time step of 2 fs) with V-rescale
thermostat and Parrinello-Rahman barostat 51 and repeated modeling two more times (90
ns in total) to capture statistical behavior. It should be noted that all resulting trajectories
were visualized and analyzed with VMD tools.

3.5 Conclusions

PLpro inhibitors have great potential for improving the treatment of SCoV-2. PLpro in-
hibitors inhibit viral infection via multiple methods and block viral replication and suppress
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the production of interferons by infected cells. Up-regulating the production of interferons by
SARS-CoV2 infected could have synergistic e↵ects with inhibiting viral replication because
it will prevent neighboring cells from being infected with viruses. SCoV-2 has evolved to
contain multiple proteins that reduce the production of interferons and enable immune cells
evasion, and it is likely that these pathways play essential roles in allowing SCoV-2 to spread
e�ciently. However, despite their promise developing PLpro inhibitors has been challenging.
HTS on PLpro have yielded very few promising leads and existing PLpro inhibitors have
shown minimal activity in mice. In contrast, in the case of Mpro inhibitors, multiple classes
of inhibitors have been developed that have been successful in a wide variety of animal mod-
els and in human clinical trials. There is consequently a great need for the development of
new PLpro inhibitors.

In this report, we screened a 115,000-molecule library and identified a new chemical scaf-
fold based on a mercaptopyrimidine fragment that inhibited PLpro activity with IC50s in the
low micromolar range, was an RCI, and also inhibited viral replication in cells. Compound 5
is to our knowledge the first example of an RCI that can inhibit PLpro and viral replication
in cells. Compound 5 undergoes a nucleophilic aromatic substitution (SNAr) reaction with
thiols in PLpro and reacts in a fundamentally di↵erent mechanism than traditional RCIs,
which are based upon the reverse Michael addition reaction. RCIs have significant potential
as therapeutics because of their ability to inhibit protein activity for long periods of time
like covalent inhibitors, but do not induce the toxicity of covalent inhibitors because of their
reversible nature. However, developing RCIs is challenging because of the limited number
of electrophiles that form reversible bonds with proteins. The mercaptopyridine fragment
represents a new sca↵old for developing RCIs and should enable the development of RCIs
that inhibit the function of new classes of proteins outside of PLPro, which do not perform
Michael addition reactions e�ciently. In this report we also performed an SAR of compound
5 and identified analogs with lower IC50s and higher stability in the presence of GSH. Col-
lectively, these experiments demonstrate that compound 5 is a promising lead fragment for
future development given its e�cacy in cells and ability to act as an RCI.
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Chapter 4

Discovery of covalent inhibitors

against Non-structural protein 15

(Nsp15) from SARS-CoV-2 (SCoV-2)

4.1 Abstract

Non-structural protein 15 (Nsp15) is a uridylate-specific endoribonuclease and is a promis-
ing therapeutic target for drug development to combat the SARS-CoV-2 (SCoV-2) virus.
However, developing inhibitors against Nsp15 has been challenging due to the larger binding
surface. We performed a series of high throughput screening assays with 2640 acrylamide-
based compounds against Nsp15 to identify those fragments that could bind to cysteine
residue and inhibit the endoribonuclease activity of Nsp15. Ten compounds were selected
that inhibited Nsp15 irreversibly with IC50 less than 5 µM. These compounds show drug-like
properties including low molecular weight (180-300 g/mol), logP ( less than 3), zero vio-
lations to Lipinski’s rule and no PAINS alert. Collectively, these results demonstrate that
acrylamide fragments are promising class of compounds for developing Nsp15 inhibitors and
their optimal physiochemical and drug-likeness properties highlight its great potential for
optimizing and developing into promising antiviral drug candidates.

4.2 Introduction

The emergence and rapid spread of the SCoV-2 virus have stimulated the need for new
drugs. Hundreds of drug discovery campaigns have been run to target essential proteins
from SCoV-2 virus1, 2. Targeting RdRp3 and Mpro4, 5 has led to the discovery of several
promising antiviral drugs, however, alternative drugs that target other crucial proteins from
SCoV-2 are still needed6, 7. The non-structural protein 15 (Nsp15) is a promising therapeutic
target candidate for drug development to combat SCoV-2 because its inhibition results in
the upregulation of interferons, which protects against viral infections8, 9.



37

Nsp15 cleaves viral RNA and suppresses host sensors that recognize viral RNA and induce
the production of interferons10. Inhibition of Nsp15 activates the production of interferon
and prevents the spread of viral infection through paracrine signaling11. For example, infec-
tion of lung-derived epithelial cell lines and primary nasal epithelial air-liquid interface (ALI)
cultures with mutant Nsp15 SCoV-2 caused increased secretion of interferons and attenu-
ated viral replication significantly12. In another instance, infection of mutant Nsp15 MHV
coronavirus to mouse bone marrow-derived macrophages resulted in an early and robust
induction of interferon leading to rapid cell death. This suggests that viruses with mutant
Nsp15 cannot infect mice e↵ectively, due to their activation of the host immune response8,
suggesting that Nsp15 inhibition will have a therapeutic e↵ect against SCoV-2. Additionally,
Nsp15 is also an evolutionary conserved protein13, therefore, drugs against SCoV-2 Nsp15
could also be potential drugs for other coronaviruses and nidoviruses. Though Nsp15 has
great potential as a drug target, it is less explored in terms of drug discovery due to the
challenge of drugging the large binding interface14. Only a handful of compounds have been
identified that can inhibit Nsp15.

To drug the undruggable proteins, targeted covalent inhibition could be a promising
route. SCoV-2 Nsp15 has several free cysteines that play a role in subunit oligomerization
and interactions with the RNA substrate15 and can be potentially targeted by covalent drugs.
Alkylation of these cysteines with covalent drugs has the potential to inhibit Nsp15.

In this report, we screened an acrylamide-based electrophile library of 2640 compounds
against Nsp15 and identified several acrylamides as covalent inhibitors of Nsp15 with IC50 less
than 5 µM. Acrylamides have shown higher selectivity with cysteine and moderate reactivity
to thiols at the physiological pH. Their specificity towards Nsp15 demonstrated them as
interesting lead compounds for future drug discovery campaigns against coronaviruses. These
compounds only not serve as initial hits, but also, they are drug-like candidates that follow
Lipinski’s rule of five, high oral bioavailability, easy to synthesize, therefore bringing a new
platform for drug discovery of RNA binding proteins. Biophysical experiments showed that
one of these ten compounds modified the cysteine next to the active site.

4.3 Results and discussion

Selecting acrylamide library to discover covalent inhibitors

against SCoV-2 Nsp15

To discover the covalent inhibitors that could sustain engagement e�ciently with minimum
o↵-target reactivity, we targeted the most nucleophilic residues that are cysteine residues16

in Nsp15. The most used electrophile building block as a covalent inhibitor targeting cys-
teines are Michael acceptor, such as acrylamides17. Acrylamides have been widely used as
electrophiles for irreversibly covalent inhibitors for many proteins bearing non-catalytic cys-
teine, for example, afatinib18, ibrutinib19, and AMG-51020 are acrylamide-based inhibitors
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of EGFR, BTK, and K-RasG12C, respectively21. We used an electrophile library containing
2640 acrylamide compounds from Enamine.

Acrylamide-based compounds as covalent inhibitors against

SCoV-2 Nsp15

The hexameric Nsp15 was recombinantly expressed and purified from bacterial cells us-
ing talon and size exclusion chromatography13. We utilized two parameters (binding and
inhibiting Nsp15) to discover acrylamide-based covalent inhibitors from high throughput
screening (Fig. 4.1A). We used an activity-based protein profiling (ABPP) probe, cysteine-
reactive tetramethylrhodamine-5-iodoacetamide dihydroiodide (IA-Rho)22 in a competitive
manner to screen acrylamide library to facilitate the discovery of covalent ligands against
SCoV-2 Nsp15. The presence of cysteine-reactive compounds was expected to correspond
with disappearance of IA-Rho labeled Nsp15 band. We optimized the Nsp15 and IA-Rho
concentrations to 0.25 µg and 0.5 µM, respectively. In the absence of compound, DMSO was
added that served as a negative control. We screened 2640 acrylamide-based compounds at
the concentration of 40 µM and the compounds that led to disappearance of Nsp15 band,
followed by confirmation. The preliminary screening of the acrylamide library resulted in
829 initial hits that showed binding with Nsp15 through cysteine, presenting the hit rate of
31.4%.

To further find out Nsp15 inhibitors, we used a fluorescent-based HTS assay that used a
DNA-RNA hybrid oligomer with FRET pair on ends. Endonuclease cleavage of oligomer by
Nsp15 was quantified by measuring the fluorescence after exciting at 485 nm and measuring
the emission at 535 nm23. FRET assay resulted in 408 compounds (hit rate of 15.4%) that
inhibited the endonuclease activity of Nsp15 up to 70%. To rule out the false positives,
an orthogonal assay was performed to find out if these compounds could prevent mRNA
degradation by Nsp15. mRNA degradation assay confirmed the hits inhibiting the 100%
activity of Nsp15 and reduced the count to 308 (hit rate of 11.6%).

To narrow down the hit number for potent covalent inhibitors, all three assays were
repeated at the concentration of 10 µM further reducing the count to 60 compounds (hit
rate of 2%). Sixty compounds were repurchased and validated using all three assays at the
concentration of 40 and 10 µM resulting in the discovery of 15 covalent inhibitors against
Nsp15. A dose-response fluorescent-based assay that used RNA substrate13 was performed
to validate and select potent inhibitors that selected 10 compounds with IC50 less than 5
µM (Fig. 4.1B and Fig. 4.2).

Acrylamide-based Nsp15 covalent inhibitors are non-toxic

To be e↵ective as a drug, a potent molecule must be reactive towards its target in the body
in su�cient concentration and stay there in a bioactive form long enough for the expected
biological events to occur. Therefore, we assessed the thiol reactivity of these electrophiles
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Figure 4.1: HTS of acrylamide library consisting of 2640 compounds against Nsp15 identified
ten inhibitors with sub-micromolar IC50s.
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Figure 4.2: Dose response curves and chemical structures of ten compounds that were fished
out from high throughput screening of acrylamide library of 2640 compound as covalent
inhibitors of SCoV-2 Nsp15.

by incubating with reduced Ellman’s reagent (5,5 -dithio-bis-2-nitrobenzoic acid (DTNB)),
following the absorbance of TNB2- at the 412 nm wavelength for up to 5 hours24 (Fig. 4.3A).
To measure the kinetic constants and evaluate the intrinsic reactivity of these acrylamide-
based Nsp15 towards thiols, we fitted the data to a second-order reaction rate equation
and extrapolated the kinetic constant for the alkylation by acrylamide-based inhibitors. All
compounds showed an excellent fit to the kinetic model of one-phase exponential decay
(R2 ¿ 0.9). The kinetic rate constant (k) for Nsp15 inhibitors ranged from 1.5-4 M-1s-1

(Fig. 4.4). These rate constant values suggest that these compounds have high intrinsic
reactivity towards thiols (or cysteines in Nsp15). Though promiscuity does not correlate
with reactivity, the high reactivity of the compounds could define the instability of the
compounds and lead to cytotoxicity in cells24. Therefore, next, we assessed drug toxicity
which is one of the key parameters in clinical pharmacology during preclinical screening of
drug candidates25. To assess the drug response and toxicity, a resazurin assay was used to
analyze the cell viability26 due to these Nsp15 inhibitors. A range of concentrations (0.03-0.5
mM) of inhibitors were tested on Caco-2 cells (in vitro model of the intestinal epithelial cells),
cell viability was measured and CC50 was calculated (Fig. 4.3C). At the lower concentration
(0.3-0.125 mM), most of the compounds (except compound 5) show 100% cell viability
suggesting no toxicity. At the higher concentration (0.25-1 mM), compounds 1, 2, 3, 8, and
10 show cell viability greater than 85% and rest less than 40%.
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Figure 4.3: Characterization of thiol reactivity of acrylamide-based Nsp15 covalent in-
hibitors.
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Figure 4.4: Calculated the rate constant (k) of reactivity of ten compounds towards thiols
and compared it with acrylamide.
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Figure 4.5: E�cacy of covalent Nsp15 inhibitors against other coronaviruses (SCoV-2, SCoV-
1 and MERS-CoV).

Selectivity of inhibitors against Nsp15 homologs and unrelated

proteins

Nsp15 is an evolutionary conserved protein and is called a genetic marker for nidoviruses.
Conservation of Nsp15 across species suggests that SCoV-2 Nsp15 inhibitors might be also
used to target Nsp15 from other coronaviruses. SCoV-2 Nsp15 shares the sequence identity
with other coronavirus species, SCoV-1, and Middle East respiratory syndrome coronavirus
(MERS-CoV) with the percentage of 88.44% and 51.47%, respectively (Fig. 4.5A)15. We
wondered if these ten compounds could also inhibit Nsp15 from SCoV-1 and MERS-CoV. We
tested the inhibitory activity of these compounds against Nsp15 from SCoV-2, SCoV-1, and
MERS-CoV using a fluorescent-based endonuclease assay15. We observed that compounds
inhibited SCoV-1 and MERS-CoV Nsp15, however, with di↵erent extents. A dose-response
assay was performed to determine the IC50 values of these compounds against Nsp15 from
SCoV-2, SCoV-1, and MERS-CoV (Fig. 4.6A and Fig. 4.5B). This suggests that these
acrylamide compounds could be initial hits to improve and design potent compounds against
coronaviruses.

One step forward to test the specificity, we also tested these ten compounds against a dis-
tantly related RNA endonuclease, RNase A that shares a similar catalytic mechanism with
Nsp15. We observed that none of these inhibitors inhibited RNase A activity, suggesting
inhibitors are not acting through the catalytic triad, as expected (RNase A and Nsp15 share
the catalytic triad). At last, we also tested these compounds against SIRT1, an unrelated en-
zyme that contains nucleophilic cysteine to get nitrosylated. As expected, and hypothesized,
none of the compounds inhibited SIRT1 enzymatic activity suggesting nucleophilic cysteine
in SIRT1 were not being alkylated by acrylamide-based Nsp15 inhibitors. In conclusion,
these acrylamide-based compounds are specific inhibitors of Nsp15 from coronaviruses (Fig.



44

Figure 4.6: E�cacy of covalent Nsp15 inhibitors against related and unrelated enzymes.

4.6B).

The ability of acrylamide-based inhibitors to inhibit Nsp15 in cells

To test the inhibitory e↵ect of these in vitro Nsp15 inhibitors in a cellular environment,
we utilized an immunological assay based on a genetic ablation of Nsp15 activity resulting in
higher production of IFN- at 48 hours post-infection (hpi)8. With catalytic-inactive mutant
(H234A) Nsp15 as a positive control, we evaluated ten compounds in the Caco2-AT culture
system. All the compound-treated cells did not produce more IFN- compared to the un-
treated wild-type (WT) group, and some even produced less than the WT group. The viral
nucleocapsid (N) gene levels of all tested samples are comparable, indicating that all the cells
were successfully infected (Fig. 4.7). These results suggest that these ten compounds have
no significant inhibitory e↵ect on Nsp15 activity in the Caco2-AT test system. In future
studies, we need to synthesize more e↵ective compounds that can inhibit Nsp15 activity or
develop more sensitive detection methods to detect decreased Nsp15 activity.

Nsp15 covalent inhibitors have drug-likeness

Estimation of the pharmacokinetic profile of a drug candidate is a crucial aspect of drug
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Figure 4.7: Assessment of Nsp15 inhibitors in SCoV-2 infected Caco2-AT cells.

development that includes parameters like its absorption, distribution, metabolism, and
excretion (ADME)27. In this report, we theoretically predicted the ADME parameters of
these inhibitors using SwissADME28, 29, a free and readily accessible web tool to gain the
insights regarding e↵ectivity of these Nsp15 inhibitors as an oral drug. We predicted the
physiochemical properties, pharmacokinetics, drug-likeness, and medicinal chemistry friend-
liness of these small molecules by importing the 2D structures into the webpage interface in
canonical simplified molecular input line entry system (SMILES) format.

The ability of a drug to move across the membranes for transportation throughout the
body is highly dependent on its physiochemical properties30, 31. All Nsp15 inhibitors exhib-
ited the optimal values of all physiochemical properties, indicating good oral bioavailability,
suggesting them as a potential drug candidate32 (Fig. 4.7B). SwissADME can also predict
gastrointestinal (GI) absorption and blood-brain barrier (BBB) penetration33, two pharma-
cokinetic behaviors associated with lipophilicity and polarity of the molecules. While all
acrylamide-based Nsp15 inhibitors were predicted to have a high level of GI absorption,
six out of ten inhibitors showed a probability of crossing the BBB. Interestingly, all these
inhibitors are indicated as non-inhibitors of P-glycoprotein (P-gp), suggesting that they are
unlikely to be e✏uxed from cells.

Drug-likeness is an essential aspect of drug development that evaluates the potential of
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Figure 4.8: Compound 10 modifies Cys293 residue from Nsp15.

a molecule to become an oral drug34. These ten inhibitors followed Lipinski’s rule of five35,
with zero violations and a bioavailability score of 0.55, suggesting a chance for a molecule to
become an oral drug with respect to bioavailability (drug-likeness)36. Nsp15 inhibitors have
shown 0 alerts of being promiscuous compounds through the PAINS score. Additionally,
these compounds are very easy to synthesize (Fig. 4.7A).

Compound 10 modified cysteine in C-domain of Nep15

To determine the cysteine residue as a site of covalent interaction of Nsp15 and com-
pounds, we performed tandemmass spectrometry (MS/MS) analysis of the protein-compound
complex subjected to trypsin digestion. Tandem mass spectrometry revealed that compound
10 is covalently reacting to Cys293. Cys293 is present in the C-terminal domain of Nsp15,
next to the catalytic core of Nsp15 determining the endoribonuclease activity15. Cys293 has
been also observed in interaction with Favipiravir drug through van der walls interactions
in molecular docking37 (Fig. 4.8A). To assess the structural dynamics of Nsp15 following
the irreversible covalent binding of compound 10 to Cys293 via a thiol-Michael addition, we
conducted molecular dynamics (MD) simulations of Nsp15 in its apo form and in complex
with compound 10 (covalently bound to Cys293). Structural analysis from the MD simula-
tions revealed that the irreversible binding of compound 10 to Nsp15 significantly distorts
the active site (Fig. 4.8B). Although there is no observable change in the overall backbone of
Nsp15, the side chain fluctuations in the compound 10-bound complex are altered, indicating
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a distortion of the binding site.

4.4 Experimental

Materials and Methods

Expression and purification of Nsp15

The plasmid expressing SCoV-2 Nsp15 (6X-His-Thrombin-TEV-Nsp15 in pET-14b vector)
was a kind gift from Robin Stanley, NIH. SCoV-2 Nsp15 was expressed as described in Pillon
et al. Briefly, the plasmid was transformed into C41 (DE3) competent cells and selected on
carbenicillin LB agar plates. The next day, a colony was picked to grow a primary culture of
10 mL 2XYT media supplemented with 50 µg/mL carbenicillin. The secondary culture was
grown by diluting primary culture 1:100 in 2XYT media to an OD of 1.0 (A600). SCoV-2
Nsp15 protein was expressed with 0.2 M isopropyl -D-1- thiogalactopyranoside (IPTG) for 3
hours at 37 °C. The culture was harvested and resuspended in lysis bu↵er (50 mM Tris pH
8.0, 500 mM NaCl, 5% glycerol) supplemented with EDTA-free protease inhibitor tablets.
The cells were sonicated, and lysate was clarified at 13,000 x g for 30 minutes at 4 °C. The
supernatant was loaded on Talon HP column (Cytiva) at the speed of 1 mL/min. The non-
specific protein was removed by washing the column with lysis bu↵er supplemented with
10 mM imidazole. Nsp15 was eluted with high imidazole bu↵er (lysis bu↵er supplemented
with 250 mM Imidazole). The eluted fractions of Nsp15 were pooled, concentrated, and
dialyzed against SEC bu↵er (20 mM HEPES pH 7.3, 150 mM NaCl, 5 mM MnCl2, 5 mM
beta-mercaptoethanol (-me)). The protein was stored in -80 °C until further use.

SCoV-1 and MERS-CoV Nsp15 variants were purified as previously described. Briefly,
BL21(DE3) pLYsS cells were transformed with pet28B+ plasmids encoding for these Nsp15
variants. Starter cultures were grown overnight at 37 °C in terrific broth (TB) in the presence
of 100 µg/mL kanamycin. Larger cultures of TB-Kanamycin were inoculated with starter
culture and grown to an OD 600 nm of 0.6. Cultures were then cooled at 4 °C for 30 minutes
before induction with 1 mM IPTG at 16 °C for 20 hours. Cells were then pelleted at 6,000g
for 20 mins at 4 °C and resuspended in lysis bu↵er (20 mM Tris pH 8.0, 150 mM NaCl,
5 mM Imidazole, 0.1% Triton X-100, 1 mg/mL Lysozyme) supplemented with EDTA-free
Roche Complete Ultra protease inhibitor tablet (Sigma), 1 mM PMSF and 1 mM beta-
mercaptoethanol. The lysate was incubated on ice for 30 minutes before sonication with
a Bronson digital Sonifier at 25% amplitude (15 seconds on, 1 minute o↵) for 10 pulses.
Debris was pelleted via centrifugation at 20,000g and the clarified lysate was incubated with
Ni-NTA beads (Qiagen) at 4 °C for 4 hours with gentle rotation. The beads were washed
in 20 mM Tris pH 8.0, 300 mM NaCl, 10 mM imidazole, 0.01% Triton X-100, and 1 mM
beta-mercaptoethanol. The proteins were eluted by incubating the beads with 10-250 mM
Imidazole. Fractions were analyzed for purity via SDS-PAGE and staining with Coomassie
Brilliant Blue R-250 (BioRad). Pooled fractions were concentrated with a Pierce Protein
concentrator 10K (Thermofisher). The bu↵er was exchanged during concentration with 20
mM 30 HEPES, pH 7.5, 150 mM NaCl, 0.1 mM DTT, and 10% glycerol. Concentrated
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protein was aliquoted and stored at 80 °C until usage. Protein concentration was measured
using the DTT-resistant Pierce 660 nM Protein BCA Assay kit (Thermofisher).

Activity-based protein profiling to find cysteine binders

The cysteine-reactive compounds against Nsp15 were fished out using ABPP that used IA-
Rho to alkylate cysteine present in Nsp15. In the total reaction volume of 25 µL, 0.25 µg of
Nsp15 was incubated with 40 µM or 10 µM of the compound for 30 minutes at 37°C. In the
absence of a compound, DMSO was added as a negative control. After incubation, 0.5 µM
of IA-Rho was added and incubated for 30 minutes in the dark at room temperature. The
reaction was stopped using 10 µL of SDS loading bu↵er and 12.5 µL of the sample was loaded
on tris-glycine gel. The gel was imaged under rhodamine fluorescence. The compounds that
led to the disappearance of rhodamine-labelled Nsp15 protein bands were taken as Nsp15
cysteine binders.

Fluorescent assay to determine the activity of the Nsp15

The fluorescent-based Nsp15 activity assay was optimized in 384 well plate. The DNA-
RNA hydrid substrate (5’ FAM- dArUdAdA-TAMRA-3’) was custom-ordered from Creative
Biogene. The final reaction volume of 25 µL consisted of 12.5 µL of Nsp15 protein (5 nM)
and Nsp15 substrate (1 µM) diluted in cleavage bu↵er (20 mM HEPES pH 7.5, 100 mM
NaCl, 5 mM MnCl2) with 2% DMSO (absence and presence of compound (40 and 10 µM)).
The Nsp15 activity was monitored by measuring fluorescent intensity at given wavelengths
(excitation: 485 nm and emission: 535 nm). The data was analyzed in CDD vault analysis
servers. The dose-response assay was performed to determine the IC50s. The experiments
were run in duplicates.

mRNA degradation assay

In mRNA degradation assay, 500 ng of Nsp15 was incubated with compound (40 and 10
µM) (2% DMSO in the absence of compound) for 30 minutes in the 25 µL of the bu↵er (20
mM HEPES pH 7.5, 100 mM NaCl, 5 mM -me, 5 mM MnCl2) at room temperature. After
incubation, the Fluc mRNA (0.3 µg) (Trilink) was added to the pre-incubated Nsp15 and
allowed the degradation of mRNA for 30 minutes. The RNA loading dye was added and ran
on 1% agarose gel. The negative control (mRNA in the absence of Nsp15 and compounds)
was also included. The compounds that prevented the mRNA degradation were taken as
Nsp15 inhibitors.
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Specificity assay

Nsp15 and RNaseA Activity assay

An adapted FRET-based assay was used as previously described15 employing an RNA sub-
strate with the sequence: 5’FAM-CAACUAAACGAAC-BHQ1’3 where FAM and BHQ1 are
6-Carboxyfluorescein and Black Hole Quencher respectively. The reactions were done in
black 96-well polystyrene plates (Greiner, Bio-One) in a 60 µL volume. The reactions con-
tained 60 ng of protein, 1x reaction bu↵er (25 mM HEPES pH 7.50, 50 mM NaCl, 5 mM
MnCl2), and various concentrations of compounds all dissolved in DMSO and were prein-
cubated together in the dark for 30 minutes at RT. RNA substrate was then added to a
final concentration of 1 µM and plates were incubated at 37°C for a further 20 minutes.
Fluorescence data was collected using a Varioskan LUX plate reader using Excitation and
Emission wavelengths of 495 and 520 nm respectively. The results shown are the average of
3 biological replicates +/- SD.

SIRT1 Fluor De Lys Activity assay

SIRT1 activity was measured using the FLUOR DE LYS® SIRT1 fluorometric drug dis-
covery assay kit (Enzo Life Sciences). Recombinant SIRT1 was purified as described in the
protein purification methods above. SIRT1, FdL substrate, and NAD+ were used at final
concentrations of 200 nM, 25 µM, and 5 mM, respectively. Inhibitor compounds were prein-
cubated with SIRT1 in the absence of NAD+ or FdL Substrate for 30 minutes at 25 °C. The
reactions were then allowed to proceed for 30 minutes at 37 °C following the addition of sub-
strate. The reactions were terminated by the addition of developer reagent and incubated for
15 minutes at room temperature in the dark before being measured on a spectrophotometer
using Excitation and Emission wavelengths of 360 and 460 nm respectively on a Varioskan
LUX plate reader. The results shown are the average of 3 biological replicates +/- SD.

Cell lines and virus

A Caco-2 cell line expressing hACE2 and hTMPRSS2 (Caco2-AT) (1), a gift from Dr.
Mohsan Saeed (Boston University), was propagated in DMEM containing 10% FBS, 1%
Pen/Strep, 1×NEAA, 1 g/mL puromycin (InVivogen, ant-pr-05), and 1 g/mL blasticidin
(InVivogen, ant-bl-05). A Vero E6 line expressing hACE2 and hTMPRSS2 (Vero-AT) was
obtained through BEI Resources, NIAID, NIH, and maintained in DMEM containing 10%
FBS, 1% Pen/Strep, 1×NEAA, 1 g/mL puromycin (InVivogen, ant-pr-05).

The following SARS-CoV-2 strain/isolate was obtained through BEI Resources, NIAID,
NIH: Washington strain 1 (WA1) (NR-52281). A recombinant virus expressing catalytic-
inactive Nsp15 (Nsp15mut) was generated using an infection clone as described here (2).
These viruses were propagated once with Vero-AT cells to obtain large viral stocks and were
titrated with Vero-AT cells.
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Assessment of Nsp15 activity inhibition with live SCoV-2

The evaluation of the inhibitory e↵ect of Nsp15 inhibitors against live SARS-CoV-2 was
conducted in a certified BSL-3 lab at Oklahoma State University. Caco2-AT cells (3.0x105

cells/well) were seeded in 12-well plates a day prior to infection. The work concentrations of
the compounds were determined as follows based on a cell viability assay: P1A04, N1P21,
and P1C04 at 0.5 mM; S7, S16, S17, and S24 at 0.1 mM; S9 and S21 at 0.2 mM; and S14
at 0.05 mM. Cells in the 12-well plates were infected with the indicated viral strains at a
multiplicity of infection (MOI) of 0.1 in serum-free media for 1 hour. After incubation, the
inoculum was removed, and 1 mL of diluted compound and 2 M p-glycoprotein inhibitor
CP-100356 were added to each well. After 48 hours of incubation at 37°C, the cell culture
supernatants were removed, and the cells were collected in Qiagen RLT lysis bu↵er (Qiagen,
Hilden, Germany).

RNA extraction and Real-time PCR quantification

RNA was extracted from the Caco2-AT cells using RNeasy Mini kit (QIAGEN, 74106)
following the manufacturer’s protocol. 1 g of RNA was converted to cDNA by using RT2 HT
First Strand Kit (QIAGEN, 330411) which contains a component to eliminate genomic DNA
contamination. Quantitative PCR was performed with specific primers (Table S1) using
PowerUp SYBR Green Master mix (Fisher, A25918) on QuanStudio 6 Pro (ThermoFisher,
A43160). Cycle threshold values were normalized to 18S rRNA levels by using the 2-Ct

method. The forward and reverse primers for the human IFN- gene were CTTGGATTC-
CTACAAAGAAGCAGC and TCCTCCTTCTGGAACTGCTGCA, respectively. The for-
ward and reverse primers for the SARS-CoV-2 N gene were AAGCTGGACTTCCCTATG-
GTG and CGATTGCAGCATTGTTAGCAGG, respectively.
Mass spectrometry

1D model

Mass spectrometry was performed at the Proteomics/ Mass Spectrometry Laboratory at
the University of California, Berkeley. A nano LC column was packed in a 100-m inner
diameter glass capillary with an integrated pulled emitter tip. The column consisted of
10 cm of Polaris c18 5-m packing material (Varian). The column was loaded and condi-
tioned using a pressure bomb. The column was then coupled to an electrospray ionization
source mounted on a Thermo-Fisher LTQ XL linear ion trap mass spectrometer. An Ag-
ilent 1200 HPLC equipped with a split line to deliver a flow rate of 1 µl/min was used
for chromatography. Peptides were eluted with a 90-minute gradient from 100% bu↵er A
(5% acetonitrile/0.02% heptafluorobutyric acid (HBFA)) to 60% bu↵er B (80% acetoni-
trile/0.02% HBFA). Collision-induced dissociation and electron transfer dissociation spec-
tra were collected for each m/z. Protein identification and quantification and analysis
were done with Integrated Proteomics Pipeline-IP2 (Bruker Scientific LLC, Billerica, MA,
http://www.bruker.com)) using ProLuCID/Sequest38, 39, DTASelect240, 41, and Census42, 43.
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Spectrum raw files were extracted into ms1 and ms2 files from raw files using RawEx-
tract 1.9.9 (http://fields.scripps.edu/downloads.php) 10, and the tandem mass spectra were
searched against Nsp15.

LC/MS-MS mapping of modified peptides

Trypsin/Lys-C digested peptides were analyzed by online capillary nanoLC-MS/MS using
a 25 cm reversed-phase column fabricated in-house (75 µm inner diameter, packed with
ReproSil-Gold C18-1.9 m resin (Dr. Maisch GmbH)) that was equipped with a laser-pulled
nanoelectrospray emitter tip. Peptides were eluted at a flow rate of 300 nL/min using a linear
gradient of 2–40% bu↵er B in 140 min (bu↵er A: 0.02% HFBA and 5% acetonitrile in water;
bu↵er B: 0.02% HFBA and 80% acetonitrile in water) in a Thermo Fisher Easy-nLC1200
nanoLC system. Peptides were ionized using a FLEX ion source (Thermo Fisher) using
electrospray ionization into a Fusion Lumos Tribrid Orbitrap Mass Spectrometer (Thermo
Fisher Scientific). Data was acquired in orbi-trap mode. Instrument method parameters
were as follows: MS1 resolution, 120,000 at 200 m/z; scan range, 3501600 m/z. The top
20 most abundant ions were subjected to collision-induced dissociation with a normalized
collision energy of 35%, activation q 0.25, and precursor isolation width 2 m/z. Dynamic
exclusion was enabled with a repeat count of 1, a repeat duration of 30 seconds, and an
exclusion duration of 20 seconds. RAW files were analyzed using PEAKS (Bioinformatics
Solution Inc.) with the following parameters: semi-specific cleavage specificity at the C-
terminal site of R and K, allowing for 5 missed cleavages, precursor mass tolerance of 15
ppm, and fragment ion mass tolerance of 0.5 Daltons. Methionine oxidation was set as a
variable modification and Cysteine carbamidomethylation was set as a fixed modification.
Peptide hits were filtered using a 5% FDR. Proteins with at least 2 unique peptides were
filtered with a 5% FDR. Label-free quantitation (LFQ) was performed using the PEAKS
quantitation module and default parameters with the following exceptions: Top 2 peptides
for each protein with a min of 10XE4 abundance was used and the TIC was used for all
normalization including technical replicates.

Molecular modelling

The crystal structure of Nsp15 was obtained from the Protein Data Bank (PDB ID: 6WXC)44.
The protein structure was prepared using the Maestro Schrödinger Protein Preparation Wiz-
ard. The co-crystallized ligand was removed, water molecules located more than 5 Å away
from the protein residues were removed, missing side chains were added, and the pKa of the
ionizable groups was set to 7.4 using PROPKA45. The protein then underwent restrained
minimization and was placed inside an orthorhombic box. Water molecules (TIP3P) were
added with a 10 Å bu↵er. The simulations were performed under the NPT ensemble to main-
tain a constant temperature and pressure, set at 300 K and 1.01325 bar, respectively, for
150 nanoseconds using the OPLS3 force field46. Separately, ligand molecules were prepared
using the LigPrep module and then covalently bonded to cys293. The simulation outputs
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were analyzed using the Schrödinger Maestro suite, with graphical representations created
using ChimeraX47, 48.

Drug-likeness evaluation

A list of SMILES of Nsp15 inhibitors that have IC50 less than 5 µM were submitted to a freely
accessible web tool at SwissADME (http://www.swissadme.ch/http://www.swissadme.ch)
and run.

4.5 Conclusions

Inhibition of Nsp15 has great potential for improving the treatment of SCoV-2. Nsp15 is
a crucial endoribonuclease present in all coronaviruses that evades the immune response
from the host during viral infection. Nsp15 suppresses the production of interferons by
infected cells by cleaving the viral RNA. Down-regulating the production of interferons by
SCoV-2 infected could have synergistic e↵ects with inhibiting viral replication because it will
prevent neighboring cells from being infected with viruses. Despite its potential, developing
inhibitors against Nsp15 has been challenging due to large binding interface. HTS against
SCoV-2 Nsp15 have yielded very few inhibitors, however, they are promiscuous hits. These
hit compounds still require optimization to improve the inhibitory activity in virus-infected
cells.

Cysteine reactive acrylamide compounds have shown great success as covalent inhibitors
of proteins, especially making proteins undruggable to druggable. Here, we took this oppor-
tunity to screen never been never-explored acrylamide-based library against Nsp15. In this
report, we screened a 2640 acrylamide-based electrophile library and identified ten cysteine
reactive inhibitors against Nsp15 with IC50s in the low micromolar range (less than 5 µM).
These compounds have high reactivity towards free thiols to react with Nsp15 and are non-
toxic in mammalian cells. Acrylamide-based inhibitors are specific to Nsp15 and could be
utilized as initial hits for targeting other coronaviruses. The covalent linkage of compound
10 to Cys293 distorted the active, presence in the C-domain of Nsp15. Additionally, these
compounds show drug-like properties including low molecular weight (180-300 g/mol), logP (
less than 3), zero violations of Lipinski’s rule, and no PAINS alert. Collectively, these results
demonstrate that acrylamide fragments are a promising class of compounds for developing
Nsp15 inhibitors and their optimal physiochemical and drug-likeness properties highlight its
great potential for optimizing and developing into promising antiviral drug candidates. In
conclusion, we present acrylamide-based covalent inhibitors against Nsp15 that could act as
stepping stones for optimization to improve the inhibitory activity in virus-infected cells.
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Chapter 5

Conclusions and Future Directions

The emergence of SCoV-2 has necessitated a rapid and e↵ective response in drug discovery,
focusing on targeting viral proteins essential for the viral replication and survival. Among
these, PLpro (papain-like protease)1 and Nsp15 (non-structural protein 15)2 have garnered
significant attention due to their crucial roles in viral RNA processing and immune evasion,
respectively. PLpro is attractive target due to its dual function in processing the viral
polyprotein and modulating the immune response from host. Small molecule inhibitors of
PLpro have shown promise in preclinical studies, e↵ectively blocking the protease activity
and restoring the host immune response.3 Nsp15, an endoribonuclease, is vital for the virus to
evade the host immune response by degrading viral RNA intermediates that would otherwise
trigger antiviral defenses. Inhibition of Nsp15 has shown the potential to reduce the viral
infection. Small molecules that could disrupt the endonuclease activity of Nsp15, could act
as its inhibitor, thereby enhancing the immune response against the virus. 4

In conclusion, small molecule inhibitors targeting Nsp15 and PLpro represent a promising
avenue in the fight against COVID-19. The successful development of these inhibitors could
provide e↵ective therapeutic options to reduce viral load and improve patient outcomes.
Ongoing research and optimization e↵orts are essential to overcome the existing challenges
and ensure the rapid translation of these inhibitors from the laboratory to clinical use. The
lessons learned from this drug discovery process will also be invaluable in preparing for
future pandemics, highlighting the importance of a robust and agile approach to antiviral
drug development.

Small molecule inhibitors targeting these proteins represent promising therapeutic strate-
gies to mitigate the impact of COVID-19. However, PLpro and Nsp15 are not easy to drug
target5, 6. In the case of PLpro, the structural studies have provided insights into the binding
mechanisms of these inhibitors, guiding the design of more potent and specific compounds.
Most of the covalent inhibitors are based on the GRL0617 (non-covalent inhibitor as a parent
compound), could lead to drug resistance6. To meet the unmet need of discovering new par-
ent compound, we found a reversible covalent inhibitor (based on mercaptopyrimidine ring)
against PLpro that inhibited SCoV-2 replication.7 Whereas, in the case of Nsp15, it is a very
challenging to drug due to its complex structure and size5. Research has identified several
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potential Nsp15 inhibitors through virtual screening, biochemical assays, and structural bi-
ology techniques. These inhibitors have demonstrated e�cacy in inhibiting Nsp15 activity,
leading to reduced viral replication in vitro. However, these compounds are hydrophobic,
aromatic in nature that could bind to non-specific proteins as well. These promiscuous com-
pounds require the continued optimization of these molecules, focusing on improving their
potency, selectivity, and pharmacokinetic properties, is critical for developing a viable thera-
peutic option. In our study, we screened an acrylamide-based electrophile library to discover
covalent inhibitors against Nsp15.

The drug discovery process for Nsp15 and PLpro inhibitors has been accelerated by
advances in computational modeling, high-throughput screening, and structure-based drug
design. Virtual screening of large compound libraries, followed by biochemical validation,
has led to the identification of several lead compounds. Crystallographic studies have further
elucidated the interaction between these inhibitors and their target proteins, enabling ratio-
nal modifications to enhance e�cacy. These e↵orts highlight the importance of an integrated
approach combining computational, biochemical, and structural biology techniques in the
discovery and optimization of antiviral drugs.

Despite the progress, several challenges remain in the development of Nsp15 and PLpro
inhibitors. Ensuring the specificity of these inhibitors to avoid o↵-target e↵ects and mini-
mizing potential toxicity are critical hurdles.8 Additionally, the emergence of viral mutations
may a↵ect the binding e�cacy of these inhibitors, necessitating continuous monitoring and
adaptation of the drug candidates. Addressing these challenges requires a concerted ef-
fort from the scientific community, leveraging collaborative research and sharing of data to
expedite the drug development process.

The future of drug discovery, particularly focusing on small molecule inhibitors targeting
Nsp15 and PLpro in SCoV-29, 10, represents a promising and dynamic field within the broader
context of COVID-19 therapeutics. The lessons learned from the pandemic have accelerated
scientific innovation and collaboration, laying a robust foundation for more e�cient and
e↵ective drug development processes. This essay explores the advancements and future
directions in drug discovery for Nsp15 and PLpro inhibitors, as well as the overall landscape
of COVID-19 drug discovery.

In conclusion, the future of drug discovery for small molecule inhibitors targeting Nsp15
and PLpro, as well as broader COVID-19 therapeutics, is bright. Driven by technological
advancements, a deeper understanding of viral biology, and enhanced global collaboration,
these e↵orts will lead to more e↵ective and e�cient therapeutic solutions. The integra-
tion of AI, high-throughput screening, structural biology, and collaborative research will be
key to overcoming current challenges and realizing the full potential of these therapeutic
strategies11. These advancements will not only provide e↵ective treatments for COVID-
19 but also contribute to a broader framework for antiviral drug development, ultimately
enhancing global health security and preparedness for future pandemics.



58

5.1 References
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