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CONSPECTUS:

SARS-CoV-2 is the etiological pathogen of the COVID-19 pandemic, which led to more than

6.5 million deaths since the beginning of the outbreak in December 2019. The unprecedented
disruption of social life and public health caused by COVID-19 calls for fast-track development of
diagnostic kits, vaccines, and antiviral drugs. Small molecule antivirals are essential complements
of vaccines and can be used for the treatment of SARS-CoV-2 infections. Currently, there are
three FDA-approved antiviral drugs, remdesivir, molnupiravir, and Paxlovid. Given the moderate
clinical efficacy of remdesivir and molnupiravir, the drug-drug interaction of Paxlovid, and the
emergence of SARS-CoV-2 variants with potential drug resistant mutations, there is a pressing
need for additional antivirals to combat current and future coronavirus outbreaks.

In this account, we describe our efforts in developing covalent and non-covalent main protease
(MP0) inhibitors, and the identification of nirmatrelvir resistant mutants. We initially discovered
GC376, calpain inhibitors Il and XII, and boceprevir as dual inhibitors of MP" and host cathepsin
L from a screening of protease inhibitor library. Given the controversy of targeting cathepsin

L, we subsequently shifted the focus to designing MP' specific inhibitors. Specifically, guided

by the X-ray crystal structures of these initial hits, we designed non-covalent MP' inhibitors

such as Jun8-76-3R that are highly selective towards MP over host cathepsin L. Using the

same scaffold, we also designed covalent MP™ inhibitors with novel cysteine reactive warheads
containing di- and tri-haloacetamides, which similarly had high target specificity. In parallel to our
drug discovery efforts, we developed the cell based FlipGFP MP' assay to characterize the cellular
target engagement of our rationally designed MP' inhibitors. The FlipGFP assay was also applied
to validate the structurally disparate MP' inhibitors reported in the literature. Lastly, we introduce
recent progress in identifying naturally occurring MP™ mutants that are resistant to nirmatrelvir
from genome mining of the nsp5 sequences deposited in the GISAID database. Collectively, the
covalent and non-covalent MP™ inhibitors and the nirmatrelvir resistant hot spot residues from our
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studies provide insightful guidance for future work aimed at developing orally bioavailable MP™©
inhibitors that do not have overlapping resistance profile with nirmatrelvir.

Graphical Abstract

INTRODUCTION

SARS-CoV-2 is an enveloped, positive-sense, and single-stranded RNA virus that belongs to
the B-lineage of the coronavirus.® The B lineage also contains SARS-CoV and MERS-CoV,
both of which have caused outbreaks with significant mortalities.5 SARS-CoV-2 shares
~82% of sequence identity as SARS-CoV. However, unlike SARS-CoV, SARS-CoV-2

has evolved to be more transmissible with a large percentage of infected individuals

being asymptomatic, rendering it challenging for contact tracing and disease containment.
Nonetheless, the knowledge gained through studying SARS-CoV pathogenicity in the past
two decades paved the way for the fast-track development of SARS-CoV-2 vaccines and
antiviral drugs.

The cell attachment of SARS-CoV-2 is mediated through the interactions between viral
spike protein and the cell surface angiotensin converting enzyme-2 (ACE2) receptor (Figure
1).”-8 Subsequently, the spike protein is cleaved by the host transmembrane protease
TMPRSS2, leading to the fusion and release of viral RNA into the cytoplasm. In tissues
with low expression levels of TMPRSS2, SARS-CoV-2 enters cell through endocytosis and
the cleavage of spike protein is mediated by host proteases including cathepsin L, cathepsin
B, and calpains.8 The released viral RNA then hijacks host cell ribosome to synthesize
viral polyproteins ppla and pplab through frame shifting translation. The polyproteins are
subsequently cleaved by the viral main protease (MP'©, also called 3-chymotrypsin-like
protease (3CLP)) and papain-like protease (PLP™) to produce functional viral proteins for
the assembly of viral replication transcription complex. The newly synthesized viral RNAs
are then packed into progeny virions, which are released from the infected cells for the next
cycle of replication.

There are three FDA-approved antiviral drugs, remdesivir, molnupiravir, and Paxlovid.?
Remdesivir and molnupiravir are viral RNA-dependent RNA polymerase (RdRp) inhibitors
that were discovered from drug repurposing approach. Paxlovid is a combination of the
SARS-CoV-2 MP inhibitor nirmatrelvir and its metabolic enhancer ritonavir. SARS-CoV-2
encodes two viral cysteine proteases, the MP and PLP™, both of which are essential for

the viral replication and are high-profile drug targets. Nirmatrelvir is a rationally designed
covalent inhibitor of MP' containing a nitrile reactive warhead with a high target selectivity,
but its suboptimal pharmacokinetic (PK) properties requires the co-administration of
metabolic enhancer ritonavir.10
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Protease inhibitors have strong clinical precedence for blocking viral replication. The FDA-
approved HIV and HCV protease inhibitors are essential components in the combination
therapy cocktails.1 SARS-CoV-2 MP and PLP™ are cysteine proteases that cleave the
viral polyproteins ppla and pplab at 11 and 3 sites during viral replication (Figure 2A,
B).12 The SARS-CoV-2 MP™ shares 96% overall sequence similarity and 100% sequence
identity at the active site with the SARS-CoV MP™, MP s also highly conserved among
coronaviruses and picornaviruses, rendering it a high-profile antiviral drug target. The X-ray
crystal structure of SARS-CoV-2 MP' was solved at the beginning of the pandemic, which
greatly facilitated drug design and mechanistic studies.13 MP adopts a chymotrypsin-like
fold consisting of three domains I, Il and 111 (Figure 2C). The C-terminal domain regulates
dimerization of the enzyme. The catalytic dyad Cys145-His41 locates in a cleft between the
two N-terminal domains | and I1, and the active site composes of four subsites S1°, S1, S2,
and S4 (Figure 2D).

Among the various viral proteins, we chose to target the MP™® because of our relevant
experience in viral cysteine proteases.14-15 MP' functions as a dimer and has a high
substrate preference of glutamine at the P1 position (Figure 2B). My group has been
working on developing antivirals targeting the enterovirus D68 2A and 3C proteases, both
are viral cysteine proteases, since 2016.14 As such, we are experienced with protease
protein expression, the FRET enzymatic assay, the thermal shift binding assay, and antiviral
assays. We also have assembled an in-house protease inhibitor library that is ready for
screening. Given similarities of enterovirus 3C protease and SARS-CoV-2 MP 15 we

were convinced that targeting SARS-CoV-2 MP' is likely lead to broad-spectrum antivirals
against coronaviruses and enteroviruses.

In this account, we outline the history of our work in MP™ inhibitor screening, drug
design, assay development, and drug resistance studies. We initiated this project in January
2020 and conducted a screening of a library of protease inhibitors against SARS-CoV-2
MP 1-2 Following the hits discovered and their X-ray crystal structures, we designed both
covalent and non-covalent MP™ inhibitors with enhanced target specificity toward MP'©
over host proteases including cathepsin L.3-4 To facilitate the prioritization of compounds
for the SARS-CoV-2 antiviral assays and to validate many other reported MP™ inhibitors,
we developed the cell-based FlipGFP MP™ assay to characterize their cellular target
engagement.16-17 Recently, we have discovered naturally occurring MP™ mutants that are
resistant to nirmatrelvir.18 Overall, this body of work provides a guidance for the design of
next generation of MP' inhibitors with high target specificity, increased genetic barrier to
drug resistance, and favorable pharmacokinetic (PK) properties.

DUAL INHIBITORS OF MPRO AND HOST CATHEPSIN L
GC376, calpain inhibitors Il and XII, and boceprevir

Our initial screening of a focused library of protease inhibitors against SARS-CoV-2
MPO |ed to the discovery of GC376, boceprevir, and calpain inhibitors Il and XII with
potent enzymatic inhibition and antiviral activity (Figure 3).1 The discovery of GC376
was expected as it is known to have broad-spectrum antiviral activity against multiple
viruses including SARS-CoV, MERS-CoV, enteroviruses, and norovirus.1® GC376 is a
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veterinary drug candidate for cats infected with feline infectious peritonitis virus (FIPV),20
a coronavirus that belongs to the a-lineage. With the COVID-19 outbreak, GC376 became
an apparent drug candidate for SARS-CoV-2.21 Several groups independently predicted and
validated the antiviral activity of GC376 against SARS-CoV-2.1: 2123 |n collaboration with
Yu Chen at USF, we solved the X-ray crystal structure of MP™ with GC376. Interestingly,
the structure revealed that the C145 thiol can attack the aldehyde from either the front or the
back side, resulting in the covalent hemithioacetal in either the R or S configuration (PDB:
6WTT).1 The (S)-hemithioacetal conformation is the energetically preferred confirmation
as the hydroxyl group engages two hydrogen bonds with G143 and N142 (Figure 3A). In
collaboration with Daniel Perez at Georgia, we then tested the /n vivo antiviral efficacy

of GC376 in a K18-hACE2 mouse model for SARS-CoV-2 infection.?4 The results were
somewhat disappointing: mice in the GC376 treatment group showing slight improvement in
survival (20% compared to 0% in vehicle control) and no differences in clinical symptoms.
A follow up study by Shi et al. confirmed this finding.2> Nevertheless, GC376 treatment
group that survived viral challenging had milder tissue lesions, reduced inflammation, and
reduced viral loads especially in the brain. Collectively, these results suggest GC376 needs
further optimization to improve the /in vivo antiviral efficacy.

Calpain inhibitors 1l and XII inhibited MP© with 1Csq values of 0.97 and 0.45 pM and
SARS-CoV-2 viral replication in Vero E6 cells with ECs values of 2.07 and 0.49 uM.1 Our
follow up study solved the X-ray crystal structures of MP™ with calpain inhibitors Il and
XI11.2 The binding pose of calpain inhibitor 1 in the X-ray crystal structure is as expected:
the P1 methionine fits in the S1 pocket with the sulfur forms a hydrogen bond with the
His163 side chain imidazole; the P2 leucine fits in the S2 hydrophobic pocket; while the

P3 leucine is solvent exposed (Figure 3B). Interestingly, calpain inhibitor XII binds in a
reverted conformation with the pyridine fits in the S1 pocket (Figure 3C), not the norvaline
as one might predict from its chemical structure. The pyridine nitrogen forms a critical
hydrogen bond with the His163 side chain imidazole NH. In corroborating with this binding
mode, replacing the pyridyl with phenyl led to a significant loss of the enzymatic inhibition
(64.5 vs 0.45 uM).2

The HTS hit list also includes HCV protease inhibitors simeprevir (IC5q = 13.74 uM),
boceprevir (ICsg = 4.13 uM), narlaprevir (ICsg = 5.73 uM), and telaprevir (31% inhibition at
20 uM).1 Boceprevir inhibited SARS-CoV-2 viral replication in Vero E6 cells in the primary
CPE and secondary viral yield reduction assays with ECsq values of 1.31 and 1.95 uM,
respectively. In parallel, Fu ef a/. also reported boceprevir as a SARS-CoV-2 MP inhibitor
with an enzymatic inhibition 1Csq of 8.0 uM and an antiviral ECsg of 15.57 uM.23 They
solved the X-ray crystal structure of MP™® with boceprevir, revealing a covalent modification
of the C145 thiol by the ketoamide (PDB: 7BRP and 7C6S).

Due to the unsuccessful attempts to gain access to the BSL-3 facility at the University of
Arizona, we opted to develop surrogate antiviral assays to test the antiviral activity of our
MPT0 inhibitors. MP' is conserved among coronaviruses and MP™ inhibitors are expected
to have broad-spectrum antiviral activity. We established the cytopathic effect assay, plaque
assay, and immunofluorescence assay for human coronaviruses 229 (HCoV-229E), OC43
(HCoV-0C43), and NL63 (HCoV-NL63), and showed that GC376, calpain inhibitors Il
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and XII, and boceprevir had broad-spectrum antiviral activity against these common human
coronaviruses.26-27 In collaboration with Brett Hurst at USU, we further demonstrated that
GC376, calpain inhibitors Il and XII, and boceprevir inhibited SARS-CoV and MERS-CoV
in addition to SARS-CoV-2.26

Mechanistic studies using the enzymatic assay and SARS-CoV-2 pseudovirus assay revealed
that the antiviral activity of GC376 and calpain inhibitors Il and XII against SARS-CoV-2

in Vero cells involves not only MPT inhibition but also cathepsin L inhibition.2: 26 As stated
earlier, cathepsin L is a critical host factor for SARS-CoV-2 entry in TMPRSS2-negative cell
lines (Figure 1). Several groups also reported the antiviral activity of cathepsin L inhibitors
in inhibiting SARS-CoV-2 in cell culture and animal model.28-31 For reviews of the roles of
cathepsin L in COVID-19, please refer to recent reviews.32-33

However, with the advent of nirmatrelvir and several MP™ clinical candidates, it appears

that selective inhibitors with minimal or no effect on cathepsin L might be preferred. For
example, nirmatrelvir and the MP™ clinical candidates such as ensitrelvir (S-217622) are all
selective towards MP™ over cathepsin L.10: 34 In this context, we shifted our strategy towards
designing specific MP™ inhibitors. Nonetheless, the debate of targeting cathepsin L as a
strategy for COVID-19 treatment is ongoing. Recent studies showed that Omicron variants
prefer endosomal entry to cell-surface fusion,3>-36 implying that dual inhibitors of MP™ and
cathepsin L might be more effective in inhibiting Omicron variants. Additional studies are
needed to justify whether the therapeutic benefit might outweigh the potential side effects of
inhibiting cathepsin L.

In addition to our own work, we also contributed to the development of Pfizer’s intravenous
clinical candidate PF-07304814.37 Pfizer reached us through the referral of NIH in March
2020 and we were tasked with testing a collection of protease inhibitors in our established
FRET assay, thermal shift assay, and cytotoxicity assay.3” This work led to the advance of
PF-07304814 to clinical trials.

Covalent boceprevir- and telaprevir-derived hybrid MP© inhibitors

Although boceprevir (ICsg = 4.13 uM), narlaprevir (ICsg = 5.73 pM), and telaprevir

(31% inhibition at 20 pM) are relatively moderate SARS-CoV-2 MP™ inhibitors,! the
significance of their discovery cannot be understated. The X-ray crystal structures of
SARS-CoV-2 MPr with boceprevir, narlaprevir, and telaprevir?3: 38 laid the foundation
for the following design of more potent and selective MP' inhibitors including Pfizer’s
nirmatrelvir,10 which similarly contains a dimethylcyclopropylproline at the P2 position
as boceprevir and narlaprevir. Superimposing the X-ray crystal structures of MP"

with boceprevir, telaprevir, and GC376 revealed that the dimethylcyclopropylproline in
boceprevir and cyclopentylproline in telaprevir bind to the same S2 pocket as leucine

in GC376 (Figures 4A, D). Subsequently, we designed telaprevir-derived UAWJ9-36-1
(Figure 4B) and boceprevir-derived UAWJ9-36-3 (Figure 4E) with cyclopentylproline and
dimethylcyclopropylproline at P2 positions, respectively.18 UAWJ9-36-1 and UAWJ9-36-3
inhibited SARS-CoV-2 MP'® with ICsq values of 51 and 54 nM, comparable to GC376
(IC50=41 nM). Encouragingly, UAWJ9-36-3 had improved antiviral activity than GC376
in both the Vero E6 (EC53=0.37 vs 0.96 uM) and Caco2-hACE2 (ECg,=1.06 vs 2.90 uM)
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cells. Furthermore, UAJW9-36-1 and UAWJ9-36-3 had broad-spectrum antiviral activity
against common human coronaviruses HCoV-OC43, HCoV-NL63, and HCoV-229E by
targeting their viral MP', Target selectivity profiling revealed that UAWJ9-36-3 had
improved selectivity than GC376 against host proteases cathepsin L and calpain 1, but

not cathepsin K. The X-ray crystal structures of MP" with UAWJ9-36-1 and UAWJ9-36-3
revealed superimposable poses as telaprevir and boceprevir at the active site (Figures 4C, F),
validating our design hypothesis.

In parallel to our study, several other groups also reported the design of hybrid MP'
inhibitors with potent antiviral activity and improved target specificity.3%-40 Notably, M1-09
and MI-30 had favorable /n vivo pharmacokinetic properties and /n vivo antiviral efficacy in
a SARS-CoV-2 infection human ACE2 transgenic mouse model.*°

NON-COVALENT MPRO INHIBITORS WITH ENHANCED TARGET
SPECIFICITY

To solve the cathepsin L off target issue with GC376 and calpain inhibitors 11 and XII, we
sought to design non-covalent MP™ inhibitors. Surveying the literature revealed a promising
candidate ML188, which was originally developed for SARS-CoV MP™ 41 |nterestingly,
structural analysis showed that the pyridine ring from ML188 and calpain inhibitor XII
binds to the same position in MP™.2. 42 \We then resynthesized ML 188 and confirmed that

it is a weak inhibitor of SARS-CoV-2 MP' with an 1Csq of 10.96 uM.2 The superimposed
X-ray crystal structures of SARS-CoV-2 MP'® with GC376, ML188, and UAWJ247 suggest
that the P2 and P3 substitutions in ML188 can be extended to achieve greater active site
occupancy at the S2 and S4 subsites (Figures 5A, B). Next, a library of non-covalent MP©
inhibitors was designed (Figure 5C). The most potent compound Jun8-76-3R inhibited MP©
with an ICsq of 0.2 pM, representing a 54.8-fold increase compared to ML188. Jun8-76-3R
also inhibited SARS-CoV-2 replication in both Vero E6 and Calu-3 cells with ECs values
of 1.27 and 3.03 uM, respectively. X-ray crystal structure of MP" with Jun8-76-3R revealed
a ligand induced subpocket located between S2 and S4 where the benzyl group fits (Figures
5D, E), which is unexpected from our design perspective.3 Selectivity profiling showed that
Jun8-76-3R had an increased selectivity than the covalent inhibitor GC376 towards MP™©
over host proteases including cathepsin L (Figure 5F).

The expeditious assembly of MP' inhibitors using the one pot Ugi four-component reaction
also inspired other researchers to design MP™ inhibitors with the same scaffold.43-44

COVALENT MPRO INHIBITORS WITH NOVEL REACTIVE WARHEADS

The X-ray crystal structure of SARS-CoV-2 MP™ with the non-covalent MP' inhibitor
Jun8-76-3R revealed that the P1’ furyl substitution is close to the catalytic C145 (3.4

A) (Figure 6A), indicating that replacing furyl with a cysteine reactive group will lead

to covalent MP™ inhibitors. Guided by this design hypothesis, we first installed several
established cysteine warheads at the P1’ position including acrylamide, 2-butynamide,
and chloroacetamide. Compound Jun9-54-1 with the chloroacetamide warhead had potent
MPT inhibition with an ICsq of 0.17 pM, comparable to 23R (IC5g = 0.20 uM) (Figure
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6B). However, Jun9-54-1 was toxic to both Vero and Calu-3 cells (CCsq < 5 uM).

To mitigate the cytotoxicity, we then explored a series of di- and tri-haloacetamides as

C145 reactive warheads (Figure 6B). Dibromoacetamide Jun9-89-2R (IC5¢ = 0.08 UM,
CCsp = 8.94 uM), 2-bromo-2,2-dichloroacetamide Jun9-89-3 (IC5p = 1.20 uM, CCgp =
32.43 uM), 2-chloro-2,2-dibromoacetamide Jun9-89-4R (ICgy = 0.05 uM, CCsp = 8.41

UM), and the tribromide Jun9-88-6R (IC5¢ = 0.08 UM, CCsq = 5.48 uM) all had potent

MP@ inhibition but failed to improve the cellular cytotoxicity. Gratifyingly, compound
Jun9-62-2R with the dichloroacetamide had both potent MP' inhibition (IC5g = 0.43 uM)
and reduced cytotoxicity (Vero CCsq > 100 puM). The mechanism of action of Jun9-62-2R
was characterized by native mass spectrometry and X-ray crystallography, both revealing
the displacement of one chloro from the dichloroacetamide warhead by the C145 sulfhydryl
(Figure 6C). Jun9-62-2R had potent antiviral activity against SARS-CoV-2 in three different
cell lines, Vero E6 (ECsg = 0.90 uM), Caco2-hACE2 (ECsgy = 2.05 uM), and Calu-3 (ECsq
= 2.00 uM). Target selectivity profiling showed that Jun9-62-2R is highly selective towards
MPr and had no effect on calpain I, cathepsins B, K, L, and caspase-3 (ICsg > 20 pM)
(Figure 6D). The relatively weaker reactivity, coupled with its pharmacological compliance,
renders dichloroacetamide a promising candidate for the designing cysteine reactive covalent
inhibitors.

SARS-CoV-2 MPRO ASSAY DEVELOPMENT

In addition to the rationally design MP' inhibitors with validated mechanisms of action,
structurally disparate compounds have also been reported as MP' inhibitors including
repurposed drugs (chloroquine, lopinavir, nelfinavir, etc), natural products (shikonin,
baicalein, etc), and even promiscuous compounds (ebselen, disulfiram, carmofur, etc),

some of which also showed antiviral activity against SARS-CoV-2 in cell culture, casting
confusions on their mechanisms of action. 17 We therefore were interested in validating
these hits so medicinal chemists can focus their efforts on hits with translational potential.
MP'O js a cysteine protease and a reduced C145 is vital for its enzymatic activity.
Promiscuous compounds that either non-specifically oxidize or alkylate C145 will show

as false positives. As such, it is recommended that reducing reagents dithiothreitol (DTT), pB-
mercaptoethanol, glutathione (GSH) or tris(2-carboxyethyl)phosphine) (TCCP) are included
in the protease assay buffer.4> In addition, it is expected that the enzymatic assay results can
be used to predict the cellular antiviral activity. For this, there is a need of MP™-specific
cell-based assay to mimic SARS-CoV-2 replication in cells. The cellular MP' assay has
additional advantages of ruling out compounds that are cytotoxic, membrane impermeable,
or metabolically unstable. We therefore developed the FlipGFP MP™ assay and validated
the assay with positive control GC376 and negative control GRL0617 (Figures 7A, B).16
Next, employing the FlipGFP assay, together with the enzymatic assay and thermal shift
binding assay, we systematically validated the MP™ inhibitors reported in the literature
(Figure 7C).17. 46-47 A positive correlation was observed between the results of FlipGFP
assay and the enzymatic assay for MP' inhibitors that were identified in the presence of
reducing reagents, but not for compounds that were claimed as MP' inhibitors based on the
enzymatic assay results in the absence of reducing reagents.1” In addition, the establishment
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of the FlipGFP assay greatly facilitates our lead optimization and we routinely rely on the
FlipGFP assay results to prioritize MP™ inhibitors for the SARS-CoV-2 antiviral assay.

SARS-CoV-2 MPRO DRUG RESISTANCE STUDY

Paxlovid is currently prescribed as a monotherapy for COVID-19 patients, which is unusual
for protease-targeting antivirals. Both HIV and HCV protease inhibitors are prescribed

as combination therapy together with viral polymerases inhibitors and others.1! With the
continuous prescription of Paxlovid and the emerging of delta and Omicron variants, there is
a concern that drug resistance might evolve to evade nirmatrelvir inhibition. Studying drug
resistance is also a critical component in antiviral drug discovery to validate the mechanism
of action. Learning from our experience in studying the drug resistance mechanism of
influenza M2-S31N channel blockers, drug resistance can evolve both with and without
drug selection pressure.*8 The standard approach of evolving drug resistance is to perform
serial viral passage experiments in cell culture with escalating drug selection pressure.
However, this is not an option for us since we do not have access to the BSL-3 facility.
Instead, we turned our attention to identifying naturally occurring MP'® mutants through
genome sequence mining.18: 49 Analyzing the nsp5 gene, which encodes MP™, deposited in
the Global Initiative on Sharing Avian Influenza Data (GISAID) database revealed several
high frequency mutations including P132H, G15S, T211, L89F, and K90R, all are located
distal to the nirmatrelvir binding site. We first characterized the P132H mutation, which

is predominant in current circulating Omicron variants, and found that P132H remains
sensitive to nirmatrelvir and has comparable enzymatic parameters as wild type MPr0.49
X-ray crystal structure of P132H with GC376 is nearly identical to the WT MP™, Results
from others also independently confirmed our findings.>%-51 Next, we focused on 12 active
site residues that are located within 6 A of the nirmatrelvir binding site. We expressed,
purified, and characterized over 100 naturally occurring MP" mutants based on the GISAID
sequence analysis.18 To prioritize MP"™ mutants with clinical relevance, we focus on mutants
that have comparable enzymatic activity as the WT (catalytic efficacy kcqo/Kp, decrease

less than 10-fold) and increased drug resistance (inhibitory constant K;j increase by more
than 10-fold). This led to the identification of 20 high profile nirmatrelvir-resistant MP™
mutants located at 5 hotspot residues including S144M/F/AIG/Y, M165T, E166G, H172Q/F,
and Q192T/S/L/A/N/IPIHIVIWIC/F (Figures 8A, B). In collaboration with Yu Chen at USF,
we solved the X-ray crystal structures of six representative mutants, providing a structural
explanation for the drug resistance. In collaboration with Xufang Deng at Oklahoma State,
we generated recombinant SARS-CoV-2 viruses with nsp5-S144A, H172Y, S144M, and
H172Q mutants. Viral growth kinetics showed that SARS-CoV-2 Nsp5 mutants generally
have reduced fitness of replication in cell culture compared to WT, and the growth
attenuation is proportional to the reduction of enzymatic activity (Figures 8C, D). We

also confirmed the nirmatrelvir resistance using these recombinant viruses. Overall, our
results suggest that the five hotspot residues at the nirmatrelvir binding site can serve as
makers for the monitoring of nirmatrelvir resistance in clinic. The X-ray crystal structures
of MP" mutants are also valuable in guiding the design of next generation of inhibitors with
improved resistance profiles.
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CONCLUDING REMARKS

Cysteine proteases are typically low hanging drug targets in the preclinical development

but face significant hurdles in translational development. Despite decades of research efforts
and the numerous publications of cysteine protease inhibitors, nirmatrelvir represents the
first example of FDA-approved cysteine protease inhibitor. The challenges facing cysteine
protease inhibitors include but not limited to PK properties and target selectivity. Most of
the cysteine protease inhibitors are covalent inhibitors, which require diligent design to
achieve a fine balance between potency and selectivity. Gratifyingly, the malleability of

the SARS-CoV-2 MP™ active site renders it feasible to accommaodate structurally disparate
covalent and non-covalent inhibitors.

Our current efforts have been devoted to optimizing the PK properties of the non-covalent
inhibitor Jun8-76-3R and the covalent inhibitor Jun9-62-2R. We expect to obtain several
lead compounds with comparable antiviral potency as nirmatrelvir and favorable oral
bioavailability. In addition, leveraging the expertise gained from SARS-CoV-2 MP™ drug
design, we are working on developing inhibitors targeting other viral cysteine proteases,
including the SARS-CoV-2 PLP'® and enterovirus D68 2A and 3C proteases.

Our discovery of di- and tri-haloacetamides novel cysteine reactive warheads further expand
the toolbox in covalent drug design. It remains to be further validated whether these
warheads can be generically applied to other cysteine proteases. Furthermore, we are
working on determining the co-crystal structures of MP® with di- and tri-haloacetamide-
containing inhibitors to confirmatively delineate their mechanisms of action.

As antiviral drug resistance is inevitable, it is vital to predict MP© drug resistant mutants
before they become dominant in clinic. It is gratifying that our genome sequence mining
approach identified similar drug resistant mutants (E166A, E166V, S144A) as the serial viral
passage experiments.>2 The clinic relevance of the high profile mutations identified from our
genome mining approach need to be further characterized using recombinant SARS-CoV-2
viruses in cell culture and animal models. To avoid cross resistance, the MP' inhibitors in
development need to be tested against these nirmatrelvir resistant mutants.

We anticipate that several additional MP inhibitors will be approved in the coming years.
The techniques, assays, and expertise accumulated in MP drug design is expected to
catalyze the development of cysteine protease targeting antivirals.
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ACE2 angiotensin converting enzyme 2
BSL-3 biological safety level 3

COVID-19 coronavirus disease 2019

3CLPro 3-chymotrypsin-like protease

DTT dithiothreitol

FRET fluorescence resonance energy transfer
GSH glutathione

V. intravenous
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pLPro papain-like protease
RdRp RNA-dependent RNA polymerase
TCCP tris(2-carboxyethyl)phosphine)
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Figure 1.

SARS-CoV-2 viral entry and replication cycle. SARS-CoV-2 enters cell through two main
pathways, direct plasma membrane fusion and endocytosis, depending on the expression
level of TMPRSS2. The single-stranded positive-sense RNA is translated by host ribosome
to produce viral polyproteins ppla and pplab, which are cleaved by MP™ and PLP™ to
produce non-structural proteins (Nsps). The Nsps assemble to form replication transcription
complex, which mediates the replication of genomic and subgenomic RNAs. The viral
RNASs and proteins assemble to form progeny virions, which are released by exocytosis.

Figure was created with Biorender.com.
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Figure 2.
SARS-CoV-2 MP™ function, cleavage sites, and structure. (A) Cartoon representation of

the MP'® and PLP™ cleavage sites in viral polyproteins. (B) Sequence alignment of the

11 cleavage sites of MP', (C) X-ray crystal structure SARS-CoV-2 My, with nirmatrelvir
(PDB: 7S19). (D) X-ray crystal structure of SARS-CoV-2 MP'® C145A mutant with the
peptide substrate SAVLQSGF (PDB: 7MGS). Figure (A) was created with Biorender.com.
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Figure 3.
SARS-CoV-2 MP™ inhibitors identified from screening a protease inhibitor library. X-ray

crystal structures of SARS-CoV-2 MP with GC376 (PDB: 6WTT) (A), calpain inhibitor I
(PDB: 6XA4) (B), calpain inhibitor X1l (PDB: 6XFN) (C), and boceprevir (PDB: 6XQU)
(D). (E) Chemical structures of GC376, calpain inhibitors Il and XII, and boceprevir and
their enzymatic inhibitory activity against SARS-CoV-2 MP'® and host cathepsin L. N.T. =
not tested.
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Telaprevir- and boceprevir-derived hybrid SARS-CoV-2 MP™ inhibitors UAWJ9-36-1 and
UAWJ9-36-3. (A) Superimposed X-ray crystal structures of SARS-CoV-2 MP™ with GC376
and telaprevir (PDBs: 6WTT and 6XQS). (B) Structure-based design of UAWJ9-36-1 as

a hybrid of GC376 and telaprevir. (C) X-ray crystal structure of SARS-CoV-2 MP© with
UAWJ9-36-1 (PDB: 7LYH). (D) Superimposed X-ray crystal structures of SARS-CoV-2
MPro with GC376 and boceprevir (PDBs: BWTT and 6XQU). (E) Structure-based design

of UAWJ9-36-3 as a hybrid of GC376 and boceprevir. (F) X-ray crystal structure of SARS-
CoV-2 MP™ with UAWJ9-36-3 (PDB: 7LY]1). Figures were adapted with permission from ref

(16). Copyright 2022 American Chemical Society.
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Figure 5.
Rational design of non-covalent SARS-CoV-2 MP' inhibitor Jun8-76-3R with improved

target selectivity. (A) Superimposed X-ray crystal structures of SARS-CoV MP'9/ML188
(PDB: 3V3M) and SARS-CoV-2 MPT/UAWJ247 (PDB: 6XBH). (B) Superimposed X-ray
crystal structures of SARS-CoV MP™9/ML188 (PDB: 3V3M) and SARS-CoV-2 MP'/GC376
(PDB: 6WTT). (C) Structure-based design of ML188 analogs with P2 and P4 optimizations.
(D) X-ray crystal structure of SARS-CoV-2 MP' with Jun8-76-3R (PDB: 7KX5). (E)
Superimposed X-ray crystal structures of SARS-CoV-2 MP™/Jun8-76-3R (PDB: 7KX5) and
SARS-CoV MP9/ML188 (PDB: 3V3M). (F) Selectivity heat map of ML 188, Jun8-76-3R
and GC376 against host proteases.
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Figure 6.
Rational design of covalent SARS-CoV-2 MP™ inhibitor Jun9-62-2R with improved target

selectivity. (A) X-ray crystal structures of SARS-CoV-2 MP© with Jun8-76-3R (PDB:
7KX5). (B) Covalent SARS-CoV-2 MP' inhibitors with chloroacetamide, dihaloacetamide
and trihaloacetamide warheads. (C) X-ray crystal structure of SARS-CoV-2 MP' with
dichloracetamide Jun9-62-2R (PDB: 7RN1). (D) Selectivity heat map of Jun9-62-2R and
GC376 against host proteases.
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Figure 7.
Cellular FlipGFP SARS-CoV-2 MP™ assay. (A) Assay principle of the FlipGFP assay.

Cleavage of the linker in the $10-11 fragments leads to restoration of the GFP signal. (B)
FlipGFP assay optimization. GFP signal is only observed with a match between the protease
and the substrate. (C) List of validated and invalidated SARS-CoV-2 MP' inhibitors using
the FlipGFP assay. Figures were adapted with permission from ref (16). Copyright 2022
American Chemical Society.
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Naturally occurring SARS-CoV-2 MP'® mutants that are resistant to nirmatrelvir. (A)

Mapping of the 5 drug resistant hot spot residues to the X-ray crystal structure of SARS-
CoV-2 MPr with nirmatrelvir (PDB: 7S19). (B) The enzymatic activity and drug sensitivity
to nirmatrelvir for the 20 identified naturally occurring SARS-CoV-2 MP™ mutants. (C)
Plaque assay for the recombinant SARS-CoV-2 WT, nsp55144A and nsp5H172Y (D) Growth
curves for the recombinant SARS-CoV-2 WT, nsp55144A and nsp5H172Y,
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