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ABSTRACT

The 2003-2005 SARS epidemic and the currently ongoing COVID-19 pandemic
highlight the threat that zoonotic coronaviruses pose to humans. Both SARS-CoV-1 and
SARS-CoV-2 belong to a closely related subgroup of betacoronaviruses known as 2b that
primarily infect bats throughout southeast Asia. Coronaviruses encode a papain-like
protease (PLpro) that is critical to their success. PLpros are required for the assembly of
the viral replicase complex, without which the RNA genome cannot be replicated.
Additionally, PLpros suppress the host’s innate immune response through the reversal of
post-translational modifications by ubiquitin (Ub), and the Ub-like protein (Ubl) interferon
(IFN)-stimulated gene product 15 (ISG15). Due to the importance of PLpros, they are
common targets of drug discovery research, and some small molecules have been designed
with the ability to inhibit SARS-CoV-1 PLpro activity. The PLpros of subgroup 2b
coronaviruses are highly conserved, sharing upwards of 80 percent sequence identity. Here
we characterize the activity of the PLpros of SARS-CoV-2 as well as a subgroup 2b virus
isolated from the greater horseshoe bat, BtSCoV-Rf1.2004, against Ub and ISG15 from

various species. We then investigate the ability of naphthalene-based compounds to non-



covalently inhibit the PLpros of SARS-CoV-1, SARS-CoV-2, and BtSCoV-Rf1.2004, and
their potential for use as pan subgroup 2b coronavirus therapeutics. To this end, we
obtained the X-ray crystal structures BtSCoV-Rf1.2004 in complex with two different
series of naphthalene-based compounds for use in structure-based drug design.
Furthermore, we structurally characterize the Ubl domain of the immunoregulatory protein
oligoadenylate synthetase-like (OASL) and analyze its interactions with various
coronavirus PLpros as well as the ovarian tumor domain proteases (OTUs) of multiple
Nairoviruses. This is the first comparative investigation into the activity and inhibition of
subgroup 2b PLpros. It validates the use of naphthalene-based inhibitors against novel
subgroup 2b coronaviruses and provides insight that will be useful in optimizing these

compounds for use as therapeutics.
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CHAPTER 1
INTRODUCTION

Coronaviruses in the 21 century

As of this writing, the most recent coronavirus outbreak has claimed the lives of
over 2.7 million people and infected 125 million worldwide. This is the 3" recorded
instance in the last 20 years of a zoonotic coronavirus crossing to humans to cause severe
disease!. The earliest of these outbreaks can be traced to November 2002, although the
first cases of Severe Acute Respiratory Syndrome coronavirus 1 (SARS-CoV-1) were
reported in February 2003 in Asia*. The severe viral respiratory illness spread to twenty-
six countries, infecting over eight thousand people with approximately 10 percent mortality
before containment was reached within about 4 months>. As of 2004, no further SARS-
CoV-1 cases have been reported®. However, in 2012 the first case of Middle East
Respiratory Syndrome coronavirus (MERS-CoV) was confirmed in Saudi Arabia’. Since
2012, cases have arisen in twenty-seven countries including a significant outbreak in 2015
in the Republic of Korea®!?. Outbreaks of MERS-CoV continue to this day with the
majority of MERS-CoV cases occurring in the Middle East, primarily in Saudi Arabia.
Despite MERS-CoV having a mortality rate exceeding 35 percent, there is still a lack of
effective treatments and vaccines'!'. Subsequently, in December 2019, the first cases of
Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2), the causative agent of
the COVID-19 pandemic, were recognized in Wuhan city, Hubei province, China!? 13,

SARS-CoV-2 spread rapidly, leading to a worldwide pandemic. The mortality rate of



SARS-CoV-2 is lower than MERS-CoV and SARS-CoV-1, but the virus is highly
contagious and spread rapidly'#. This pattern of zoonotic coronaviruses crossing to humans
suggests that more outbreaks of novel coronaviruses will occur in the coming decades.
Viruses of the subfamily Orthocoronavirinae in the family Coronaviridae infect a
wide range of species including humans and can be divided into four genera: alpha, beta,
gamma, and delta. In humans, coronaviruses generally cause mild to moderate upper
respiratory tract illnesses, such as the common cold. Despite the periodic emergence of
new human coronaviruses, it can be difficult to identify when less pathogenic spillover
events happen as infections with mild symptoms largely go unreported '* !°. For instance,
some human coronaviruses (HCoV)s such as HCoV-229E and HCoV-OC43 have long
been known, while others such as HCoV-NL63 and HCoV-HKU1 were identified more
recently!®. In total, seven HCoVs have been identified so far, including two alpha and five

betacoronaviruses’> 7

. Alpha and betacoronaviruses, such as porcine epidemic diarrhea
virus (PEDV) and mouse hepatitis virus (MHV), primarily replicate in bats but infect many
diverse mammalian hosts'®. The three recent spillovers, MERS-CoV, SARS-CoV-1, and
SARS-CoV-2, all belong to the betacoronavirus genus. Specifically, SARS-CoV-1 and
SARS-CoV-2 belong to betacoronavirus subgroup 2b, a family of over 30 SARS-like
viruses'” 2°. On the other hand, gamma and deltacoronaviruses, such as avian infectious
bronchitis virus (IBV) and porcine deltacoronavirus (pACoV), primarily replicate in birds
but infect some mammalian hosts such as pigs, beluga whales, and Asian leopard cats'®.

The ability to infect a wide range of host species is likely a contributing factor to the

widespread prevalence and recurring emergence of coronaviruses.



Dual functionality of viral proteases

Coronaviruses have a non-segmented positive sense, single-stranded RNA genome,
which is surrounded by nucleocapsid proteins (N) and together they appear as a coiled
tubular helix within the viral envelope 2!-22. The viral envelope is made up of a lipid bilayer
with anchored envelope (E), membrane (M), and spike (S) structural proteins. E proteins
are only a minor component of virions but show significant sequence variation across
coronavirus groups and in particular cases, within a single group?’. They are however
responsible for virion assembly, intracellular trafficking, and morphogenesis. Meanwhile,
M proteins are the major structural protein of the envelope, providing for its overall
shape?’. M proteins are also crucial during several stages of the viral lifecycle including
the assembly, budding, envelope formation, and pathogenesis stages** 3. The S
glycoprotein is the most prominent of the three viral envelope proteins as it assembles into
trimers to form the distinctive surface spikes of coronaviruses?. As a class I fusion protein,
it is vital for viral infection as it mediates receptor attachment and membrane fusion
between the virus and host cell?*> 24, The S protein is composed of an S1 and S2 subunit,
where the S1 subunit forms the head of the spike and contains the receptor-binding domains
(S1-NTD and S1-CTD) and the S2 subunit anchors the spike to the viral envelope and
enables fusion upon protease activation®. As infection of a cell is triggered by an S protein
binding to a complementary host cell surface receptor or sugar, S1 proteins demonstrate
substantial sequence diversity as they are responsible for host cell specificity?’. Several
HCoV receptors have been identified, including angiotensin-converting enzyme 2 (ACE2)
for SARS-CoV-1, SARS-CoV-2, and HCoV-NL63, dipeptidyl peptidase 4 (DPP4) for

MERS-CoV, and human aminopeptidase N (APN) for HCoV-229E?"%, After receptor



binding, a protease enzyme cleaves and activates the S protein allowing the virus to enter
the host cell where the virus particle is uncoated and the viral genome is released before
being transcribed by host machinery into two polyproteins, ppla and pplab?* 2. The
polyproteins encode up to 16 nonstructural protein (NSP)s, which must be processed by
viral proteases into their functional units to form the viral replicase complex?¢. The
replicase complex is responsible for transcribing the viral RNA genome before translation
of the virus’ N protein and S, E, and M structural proteins'®>. These components are
ultimately converted into complete virions inside the endoplasmic reticulum (ER)-Golgi
intermediate compartment*’. Mature virions are then transported to the cell surface in
vesicles and released to infect further host cells.

The processing of the polyproteins into functional units by two viral cysteine
proteases is essential for successful viral replication. The first of which is the 3-
chymotrypsin like protease (3CLpro), also known as the main protease (Mpro). It is located
on NSP5 and is responsible for cleaving NSPs 4-16°!. The other is the papain-like protease
(PLpro), known as PLPs in viruses that encode two, which is located on NSP332. PLpros
cleave NSPs 1-3 at ELNGG, RLKGG, and SLKGG motifs respectively*2. PLpros target
Gly-Gly motifs within the viral polyprotein which bind at the active site, also known as the
P1 site, and a site of interaction one residue upstream of the C-terminal glycine known as
the P2. PLpro active sites typically contain a Cys-His-Asp catalytic triad along with an
oxyanion hole, which for subgroup 2b PLpros contains a tryptophan?? (Figure 1.1). Residue
interaction sites adjacent to the active site are named PX to represent that they interact with
an amino acid X number of residues upstream of the cleavage site. The P3/P4 pocket is

adjacent to the active site and also contains the flexible BL2 loop, which can adopt open



and closed conformations to accommodate substrate peptide chains. The P1-P5 sites

recognize and bind the XLXGG cleavage sites found between NSPs 1-3.

—
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Figure 1.1. Critical sites of interaction between PLpros and protein substrates. Cartoon
representation of SARS-CoV-1 PLpro (grey) bound to K48 linked di-Ub (orange) with
interacting residues shown in stick form. Active site (blue), oxyanion hole tryptophan
(teal), P2 site (purple), P3 site (green), and P4 site (red) are denoted with colored sticks and
surfaces. The BL2 loop (yellow) is shown in an open conformation to accommodate the
LRLRGG peptide chain. The surface of L163 and N110 are hidden to show the active site.



In addition to cleaving the viral polyprotein, PLpros serve a secondary,
immunosuppressive role by reversing post-translational modifications by Ub and the Ubl
interferon (IFN) stimulated gene product 15 (ISG15)** 3. The protease cleavage sites
between NSPs 1-3 that PLpros target are similar enough to the conserved LRLRGG motifs
at which Ubls are conjugated to targets that PLpros have adapted to process both. PLpros
are approximately 315 residues long and are comprised of (from N-terminal to C-terminal)
a ubiquitin (Ub)-like protein (Ubl) domain, thumb domain, palm domain, and zinc finger
domain. The purpose of the Ubl domain remains unclear and some PLpros have been
shown to function without one*. The thumb, palm, and zinc finger domains each contain
part of the Ub interacting motif (UIM), which is the site of interaction between PLpros and
their Ubl substrates®’. The UIM, also known as the proximal Ub or S1 binding pocket, is
located on the zinc finger and palm domains and binds to the Ubl domain being cleaved.
The distal Ub or S2 binding pocket is located on the thumb domain and binds the Ubl
domain immediately upstream of the Ubl being cleaved. Binding poly-Ub or ISG15 at these
pockets causes the C-terminal Ubl to be oriented in a way that its C-terminus is within the
active site, located within the palm domain. Because of this, the surface residues within
these pockets are critical determinants of Ubl substrate specificity?’.

Proteases capable of cleaving Ub and ISG15 are known as deubiquitinases (DUB)s
and delSGylases, and do not cleave all Ubls equally. Many viral proteases are adapted to
specifically cleave Ubls involved in the pathways most detrimental to their virus’ ability to
replicate. This typically manifests in preferences in poly-Ub chain linkage type or species
of ISG15. Commonly, viral proteases display preferences towards ISG15s from their

natural host species, along with off-target activity towards ISG15s of closely related



species. Owing to the wide range of species coronaviruses infect, and therefore the
diversity in immune responses they have to circumvent, PLpros can vary considerably in
both their substrate preferences and kinetic properties. PLpros of betacoronaviruses, in
particular, tend to have a strong preference for ISG15 over Ub, and several have low
enough DUB efficiency that they can be saturated by mono-Ub at baseline cellular
concentrations®. The effects of this trait are compounded in PLpros from subgroup 2b
viruses which have a distinct di-distributive cleavage pattern, which drastically reduces
their ability to process Ub chains comprised of less than three Ub monomers®.
PLpro functionality has been shown to be vital to the success of coronaviruses®>: -
42 While the specific immunosuppressive function that deISGylase activity serves for
coronaviruses is still unknown** 44, a recent study demonstrated that when the PLP2 of the
subgroup 2a MHV had its DUB activity ablated through mutation, viral titers were
markedly reduced®. The reduced pathogenicity was attributed, at least in part, to the host
IFN response being triggered faster than it was by wild-type MHV. Despite the remaining
uncertainties about the mechanisms of PLpro immunosuppression, its dual functionality
makes it a highly sought-after target for the development of anti-coronavirus therapeutics*?:

46, 47

Inhibiting PLpros as a means of treating coronavirus infections

Several strategies have been investigated to treat and prevent coronavirus infections
including vaccines and small molecule inhibitors of their viral proteases, the 3CLpro and
PLpro. In response to the emergence of a novel virus, priority is often placed on the
development of a vaccine to immunize recipients and reduce viral spread through herd

immunity. While vaccines are a crucial part of responding to the outbreak of novel



pathogens, even under ideal conditions the development and large-scale distribution of a
safe and effective vaccine can take over a year, as has been the case with the COVID-19
pandemic. Furthermore, populations that are often most susceptible to infectious diseases
such as the elderly, newborns, or the immunocompromised often cannot receive vaccines
depending on the platform used*®. Vaccines are also specifically tailored to particular
antigens and only confer immunity to the pathogen for which they were designed. RNA
viruses are particularly prone to mutation, increasing the likelihood that a vaccine-resistant
strain could emerge. Due to these factors, it is important to also develop small-molecule
antiviral therapeutics that target highly conserved viral features. If there had been greater
investment in this endeavor after the 2003 SARS epidemic, we may have been able to
mitigate much of the damage from the 2019 COVID-19 pandemic.

Due to its role in the cleavage of NSPs 4-16, the 3CLpro has often been a target for
small molecule inhibitor development*> 3°. Immediately following the emergence of
SARS-CoV-2 there was a flood of high throughput, small molecule molecular docking
papers published focusing on many known coronavirus enzymes, with the 3CLpro being
among the most common. A considerable number of high throughput screening (HTS)
assays were performed as well, identifying compounds such as Quercetin, which is
expected to non-covalently bind at the active site®'. However, this compound, like many
others, would require further optimization before it could be used as a therapeutic. There
have also been attempts made to use compounds with efficacy towards other related viral
proteases such as AG-7088 which has already been shown to inhibit rhinovirus 3C

protease®2. Many of these methods are being used on both the 3CLpro and PLpro of SARS-



CoV-2, and with enough interest and investment could deliver a drug or combination of
drugs that will be effective at treating COVID-19.

As the PLpro plays a vital role in viral replication, it is also often targeted during
coronavirus drug development®-3¢. One method employed was the covalent modification
of the catalytic cysteine by electrophilic warheads. This method is effective at inhibiting
PLpro activity but faces two key shortcomings in applicability as a therapeutic. Primarily,
covalently binding inactivators are often less specific than competitive inhibitors, resulting
in more off-target effects®’. Secondly, as these electrophilic warheads are covalent
modifiers, the effects are irreversible, which can lead to higher toxicity>’. As a result, non-
covalent competitive inhibitors are often a preferable alternative as they tend to have
greater specificity and lower toxicity than covalent modifiers. Additionally, they can target
conserved regions, which allows them to be effective against multiple closely related
viruses. Furthermore, small molecules are often cheaper and faster to produce than
vaccines. Moreover, scaling up the production and distribution of an approved antiviral
therapeutic with proven efficacy against a novel virus can occur more rapidly than with a
vaccine.

One such group of compounds are the naphthalene-based SARS-CoV-1 PLpro
inhibitors. Originally identified in 2008, series I naphthalene inhibitors are comprised of a
naphthyl group connected to an arene group by an amide bond®®. The lead compound of
the 2008 study, GRL0617, was shown to inhibit SARS-CoV-1 PLpro activity at high
nanomolar concentrations and suppress SARS-CoV replication at low micromolar
concentrations with negligible cytotoxicity>®. The inhibitors bind to the active site adjacent,

P3/P4 pocket of SARS-CoV-1 PLpro that binds the XLX residues of the polyprotein or



Ubls immediately upstream of the Gly-Gly cleavage site. Later studies have introduced a
second series of naphthalene-based inhibitors that utilize piperidine-based backbones in
place of amide bonds*®. Series II compounds bind to the same pocket as those of series 1,
however, their extended backbones cause their eastern arene group to wrap around the BL.2
loop rather than interact at the P3 site. By blocking peptide chains from binding to the P3
and P4 sites series [ and I compounds inhibit both polyprotein cleavage as well as DUB
and delSGylase activity.

The antiviral innate immune response

Ub and Ubls play a critical role within the antiviral innate immune response. The
response is comprised of several signaling cascades that result in the upregulation of IFNs,
cytokines, chemokines, and ISGs which induce an antiviral state’*-%!. The innate immune
response is first triggered when pattern recognition receptors (PRR)s detect pathogen-
associated molecular patterns (PAMP)s within the cytosol®?. PAMPs can include double-
or single-stranded RNA (dsRNA/ssRNA) as well as viral proteins, which are recognized
by different classes of PRRs. Three key PRRs are the toll-like receptors (TLR)s,
oligoadenylate synthetases (OAS)s, and retinoic acid-inducible gene I (RIG-I)-like

receptors (RLR)s (Figure 1.2).
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Figure 1.2. Ubiquitin in antiviral innate immune response pathways. Overview of the
MyD88dependant TLR7 pathway, cGAS/STING pathway, OAS/RNase L pathway, and
RIG-I pathway.

TLRs are expressed in immune cells and can generally be grouped into cell surface
TLRs and endosomal TLRs%%, TLRs recognize a wide variety of PAMPs with those on
the cell surface primarily recognizing microbial membrane components such as proteins
and lipids, while those found in the endosome typically respond to nucleic acids®* ¢, TLR7
in particular recognizes viral ssSRNA and leads to increased production of type-I [IFNs, IFN-
a, and IFN-B, as well as proinflammatory cytokines through the NF-kB pathway®’. TLR7
initiates a signaling cascade through myeloid differentiation primary response gene 88
(MyD88) which forms a complex with interleukin-I receptor kinase 4 (IRAK4) called a

Myddosome and activates IRAK 1%, Autophosphorylation causes IRAK1 to dissociate

11



from MyD88 and bind to the E3 ligase tumor necrosis factor (TNF) receptor-associated
factor 6 (TRAF6)*-7!. Together with the E2 Ub conjugating enzymes Ubc13 and Uevl1A,
TRAF6 promotes K63 linked polyubiquitination of itself and TGF-B-activated kinase 1
(TAK1)?. TAK1 forms a complex with TAK1-binding proteins 1, 2, and 3 (TAB1/2/3),
and then activates the IKK complex pathways. The IkB kinase (IKK) complex is comprised
of IKKa, IKKP, and IKKy (also known as NEMO) and activates NF-«B by
phosphorylating the NF-kB inhibitory protein IxkBa, causing it to be degraded’7®.
Activated NF-kB translocates to the nucleus and induces the production of
proinflammatory cytokines, such as TNFa."’.

OASs are a family of nucleotidyltransferase (NTase) enzymes that respond to the
presence of dSRNA 7 OAS proteins are comprised of 1 or more OAS domains, each
containing an NTase active site as well as a dSRNA binding site®’. Upon binding to viral
RNA, the oligomerized OAS enzyme catalyzes the synthesis of 2’-5’-linked oligoadenylate
(2-5A). 2-5A in turn activates the latent endoribonuclease, RNase L, which degrades
cellular and viral RNA3'-#3, In addition to preventing the translation of viral proteins, the
cleaved dsRNA then goes on to activate RLRs such as RIG-I and melanoma differentiation-
associated protein 5 (MDAS5)34. Another NTase enzyme, cyclic GMP-AMP (cGAMP)
synthetase (cGAS), responds to DNA in the cytosol is an upstream activator of NF-kB and
IFN regulatory factor 3 (IRF3). ¢cGAS is activated when bound to DNA and begins
synthesis of cGAMP, which oligomerize with stimulator of IFN genes (STING) at the
ER®. Oligomerized STING translocates to the Golgi to interact with TANK-binding kinase
1 (TBK1), which in turn phosphorylates IRF3%. Similar to TAK1, STING also activates

an IKK, resulting in degradation of IxBow and NF-kB translocation®. In addition to the
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OAS/RNase L and cGAS/STING pathways, a unique member of the OAS family is capable
of activating the RLR pathway as well. OAS-like protein (OASL) contains two C-terminal
Ubl domains in addition to a single N-terminal OAS domain®’. Much is still unknown about
OASL, and its function varies between species, but in humans, the OASL Ubl domains
interact with RIG-I to activate the RLR signaling cascade, which is the pathway K63 poly-
Ub is involved in as well 8.

In response to binding short dSRNA, RLRs such as RIG-I and MDAS undergo a
conformational change that allows their caspase activation and recruitment domains
(CARD)s to be K63 ubiquitinated. Polyubiquitination of RLRs induces an interaction with
the mitochondrial antiviral signaling (MAVS) protein®® 8. MAVS activates TRAF3, which
recruits TBK 1and IKKe, ultimately activating IRF3 and NF-kB through the same signaling
cascade as cGAS®°. The PRR/PAMP system is a robust method of detecting many different
pathogens or endogenous disease states to upregulate the production of type-I IFNs,
proinflammatory response molecules, and ISGs. All of the pathways discussed so far rely
heavily on posttranslational modification by Ub and Ubls. This versatility and ubiquity
make Ubls invaluable to our ability to mount effective antiviral defenses, and therefore
make them common targets of viral immunosuppressive mechanisms.

Ub structure enables signaling diversity

Despite its simple structure, Ub is capable of regulating so many vital immune
pathways due to its ability to form poly-Ub chains. Ub is one of the most abundant proteins
within the cell, with concentrations ranging from 10-23 uM?3. It is also one of the most
highly conserved proteins, with no variation between mammals and greater than 90 percent

conservation across all plants, animals, and fungi’. Ub is a 76 amino acid protein
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comprised of a single B-grasp domain ending in an LRLRGG motif. B-grasps contain three
N-terminal and two C-terminal B-sheets wrapped around a central a-helix, resulting in a
somewhat spherical fold”?. The N-terminal methionine (M1) along with seven lysines (K6,
K11, K27,K29, K33, K48, and K63) are solvent-exposed and can be covalently bonded to
the C-terminal glycine of another Ub%2. Because of this Ub can form homotypic,
heterotypic, or branched poly-Ub chains, as well as post-translationally modified chains
and Ub-Ubl mixed chains®>. Mono-Ub along with the various poly-Ub chains are
recognized as unique signals within the body, allowing Ub to mediate many different
pathways®3.

Each chain type is recognized differently within the body and corresponds to
specific signals. The two most common targets of viral DUBs, K48 and K63 linkages, are
also the best studied. The main function of K48 poly-Ub is marking proteins for
proteasomal degradation®®. This includes maintenance of homeostasis through the
elimination of misfolded proteins but also has antiviral effects. The proteasomal
degradation of IkBo mentioned previously that allows for NF-kB translocation is signaled
for by K48 polyubiquitination of IkBa®®. Additionally, viral proteins can be degraded when
marked with K48 poly-Ub, leading to reduced viral replication®® °7. K63 linked poly-Ub,
similar to M1 poly-Ub, is involved with the regulation of NF- kB signaling. As was
mentioned previously, the RLR signaling cascade is also initiated following K63 poly-
ubiquitination. The prevalence of viral DUBs that target K48 and K63 poly-Ub suggests
these two linkage types are particularly detrimental to viral success.

The wide range of functions Ub serves via post-translational modification are made

possible by a group of proteins called activating (E1), conjugating (E2), and ligating (E3)
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enzymes’®. These enzymes work in consort to covalently bond the C-terminal glycine to a
primary amine, either through a peptide bond at the N-terminus of a protein or via an iso-
peptide bond to a lysine side chain®®. This occurs in a three-step reaction in which the E1
forms a thioester linkage with Ub, after which it is transferred to the active site cysteine of
the E2, before finally being bound to the target by the E3°%. This mechanism can be
downregulated by endogenous DUBs that reverse ubiquitination to suppress various
signals®. E3 ligases are typically associated with specific linkage types and therefore
specific pathways, such as Ubc13 and Uev1A%: 1% n addition to Ub, some E3 ligases such
as TRIM25 and HERC5 have been associated with other Ubls!'®!"> 192, One such Ubl that
plays a significant part in the interplay between viruses and the host’s innate immune

system is ISG15.
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Abstract
Interferon (IFN)-stimulated gene product 15 (ISG15) is a ubiquitin-like protein
critical for the control of microbial infections. ISG15 appears to serve a wide variety of
functions, which regulate multiple cellular responses contributing to the development of
an antiviral state. ISG15 is a versatile molecule directly modulating both host and virus
protein function which regulate many signaling pathways, including its own synthesis.
Here we review the various roles ISG15 plays in the antiviral immune response, and

examine the mechanisms by which viruses attempt to mitigate or exploit ISG15 activity.
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Introduction

One of the first lines of defense against viral pathogens is the innate immune
response restricting virus replication early after infection. Immune cells such as neutrophils
and macrophages, as well as inflammatory cytokines such as interferons (IFNs) are critical
elements of the innate immunity. One highly upregulated IFN-stimulated gene product
(ISG) protein in the initial stages of the innate response to viral infection is ISG15. Human
ISG15 is a 15kDa Ubiquitin (Ub)-like (Ubl) protein that structurally resembles two [3-grasp
Ub domains connected by a linker sequence(Narasimhan et al., 2005). ISG15 can act as
both an effector and a signaling molecule in various phases of the innate immune response.
ISG15 was first discovered in 1979 with references to a 15-kDa protein induced by IFN
treatment(Farrell et al., 1979). ISG15’s Ubl structure was first discovered in 1987 when it
cross-reacted with anti-Ub antibodies(Haas et al., 1987). It was quickly suspected of
serving an immunological function due to ISG15 being one of the most highly upregulated
genes during viral infections(Der et al., 1998; Gonzalez-Sanz et al., 2016; Meraro et al.,
2002).

Similar to Ub and other Ubls, ISG15 is able to regulate a wide range of cellular
pathways tied to host immune responses. ISG15 can be post-translationally linked to a wide
array of target proteins, both cellular and viral(Huang et al., 2014; Loeb and Haas, 1992;
Okumura et al., 2007; Zhang et al., 2019; Zhao et al., 2016). The ISG15 conjugation
mechanism mirrors that of ubiquitination as it requires three enzymes; the E1 activating
enzyme (UbelL), E2 conjugating enzyme (UbcHS), and an E3 ligase enzyme (HERCS,
EFP, or TRIM25)(Zhang and Zhang, 2011). These enzymes work together to covalently

bond the C-terminal glycine of the ISG15 LRLRGG motif to a lysine of the target
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protein(Berndsen and Wolberger, 2014; Wong et al., 2006). This process is initiated when
ISG15 is converted from its 17kDa precursor form by currently unidentified cellular
proteases into its 15kDa mature form. ISGylation is principally reversed by one host
protease, ubiquitin-specific protease 18 (USP18)(Potter et al., 1999). Beyond acting
through conjunction with other proteins, ISG15 has also been found to have numerous
immunological roles in its free form, both intra- and extracellularly(Baldanta et al., 2017;
Campbell and Lenschow, 2013; Napolitano et al., 2018; Recht et al., 1991; Swaim et al.,
2017; Yeung et al., 2018).

In this review we describe the specific roles ISG15 plays in the antiviral immune
response. ISG15 can vary considerably between species in sequence, structure and
function(Deaton et al., 2016). ISG15 has been shown to be a vital part of the immune
response in mice. The absence of ISG15 in knockout mice and mouse cell lines results in
a significant reduction in the ability to mount a viable defense against a variety of viral
infections(Lenschow et al., 2007; Speer et al., 2016). In contrast, human patients lacking
ISG15 do not appear to be more susceptible to viral infection, but are more susceptible to
some bacterial infections(Bogunovic et al., 2012). Various viruses have developed
methods to counteract the antiviral effects of ISG15, including the reversal of ISGylation,
sequestering of ISGylated proteins, and interfering with ISG15 synthesis(Daczkowski et
al., 2017b; Gargan et al., 2018; Zhao et al., 2016).

Induction and regulation of ISG15 signaling

As the name implies, ISG15 is an IFN-stimulated gene, and its expression is
therefore upregulated upon IFN stimulation (FIG. 2.1). Type I IFN is induced when

Pathogens-Associated Molecular Patterns (PAMPs), including double-stranded viral RNA
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(dsRNA), are detected in the cytoplasm by retinoic acid-inducible gene 1 protein (RIG-I)
or other RIG-I-like receptors (RLRs) such as melanoma differentiation-associated protein
5 (MDAYS). Upon binding to dSRNA RLRs undergo a conformational change that allows
ubiquitination of their caspase recruitment domains (CARDs). The ubiquitinated CARDs
are recruited to the mitochondria by mitochondrial antiviral-signaling protein (MAVS)
where they initiate a signaling cascade leading to the downstream nuclear translocation of
interferon regulatory factor 3 (IRF3) and NF-«kB. These transcription factors are important
activators of the type I IFN promoters, resulting in increased production of IFN-a and IFN-
B(Kalvakolanu and Borden, 1996; Meraro et al., 2002). IRF3 can directly activate the
transcription of several ISGs including ISG15(Grandvaux et al., 2002). Type I IFNs are
secreted and subsequently bind the IFN-o/p receptor (IFNAR) on the cell membranes of
the infected cell and neighboring cells. Activated IFNAR signals for Janus kinase 1 (JAK1)
to phosphorylate signal transducer and activator of transcription (STAT) proteins, which
form a complex with IRF9 called IFN-stimulated gene factor 3 (ISGF3). ISGF3 binds the
IFN-sensitive response element (ISRE) within ISG promoters, increasing transcription and
expression of hundreds of ISGs, including ISG15 and its conjugating enzymes UbelL,
UbcHS, EFP, TRIM25, and HERCS, as well as USP18 (FIG. 2.1)(Zhang and Zhang, 2011).

IFN-mediated upregulation of ISGs results in an antiviral state, thus reducing viral spread.
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Figure 2.1. (1) Upon infection viral RNA or DNA is released into the cytoplasm where it
is detected by RIG-I or other RLRs. After binding to the nucleic acid, the RLR will undergo
a conformational change, exposing the CARDs. (2) The exposed CARDs can be
ubiquitinated or ISGylated. Ubiquitinated CARDs activate MAVS, which leads to
downstream activation of IRF3. Activated IRF3 increases transcription at the ISREs for
IFNa and IFNP. ISGylation of RIG-I inhibits this pathway by marking RIG-I for
proteasomal degradation. (3) Type 1 IFNs bind extracellularly to IFNAR, activating JAK1.
(4) Activated JAK1 phosphorylates STAT1 and STAT2, which bind to IRF9 to form
ISGF3. ISGF3 binds to the ISREs of many ISGs including ISG15, UbelL, UbcHS, and
HERCS. (5) prolSGL15 is processed by an unknown protease into functional free ISG15.
(6)USP18 can inhibit activation of the JAK/STAT pathway by binding competitively with
IFNAR2 preventing JAKI1 activation. (7) ISGIS5 stabilizes the interaction between
IFNAR2 and USP18 by inhibiting SKP2 mediated Ub conjugation. This prevents
proteasomal degradation of USP18, effectively down regulating production of ISG15.
ISGylation of RIG-I CARDs downregulates MAVS activation and IFN production.
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ISGylation of cellular proteins interferes with viral replication

ISG15 can hinder viral replication by interfering with the endogenous translation
and exocytosis machinery that viruses hijack in order to replicate. Eukaryotic initiation
factor 4E (eIF4E) facilitates translation initiation. eIF4E homologous protein (4EHP) binds
to the cap of both cellular and viral mRNAs preventing translation by competing with
elF4E. ISGylation of 4EHP enhances this inhibitory effect on translation, likely due to a
stabilization of the 4EHP-cap interaction. It has been proposed that ISG15 may selectively
conjugate 4EHP-capped viral mRNAs as a mechanism of selective inhibition of viral RNA
translation(Okumura et al., 2007). Potential targets include flaviviruses such as Dengue,
West Nile, yellow fever, Kunjin, and Japanese encephalitis viruses, which contain capped
positive sense RNA.

Furthermore, ISG15 has been described to interfere with the budding of virus-like
particles (VLPs) by inhibiting endogenous enzymes required for this process. Ebola relies
on ubiquitination of its VP40 matrix protein by E3 ligase Nedd4 to facilitate virion egress.
ISGylation of Nedd4 prevents VP40 ubiquitination and inhibits budding(Malakhova and
Zhang, 2008; Okumura et al., 2008; Pincetic et al., 2010; Seo and Leis, 2012). Budding of
Avian Sarcoma Leukosis virus (ASLV) and human immunodeficiency virus (HIV)-1
requires recruitment of ESCRT-III complex proteins such as Vps4 and LIPS5. ISGylation
of the ESCTRT-III protein CHMPS, which regulates LIPS, prevents oligomerization of
Vps4 and LIPS, halting the budding process(Pincetic et al., 2010).

ISGylation of viral proteins

One of the best-studied ways ISG15 affects viral replication is through conjugation

to viral proteins. ISGylation can hinder protein function, mark proteins for degradation,
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affect protein localization, and prevent the formation of protein complexes(Nakashima et
al., 2015; Tang et al., 2010; Villarroya-Beltri et al., 2016; Zhang et al., 2019; Zhao et al.,
2016). Unlike Ub and other Ubl proteins, ISG15 has a conjugation preference towards
newly synthesized proteins(Durfee et al., 2010). The proposed model suggests that HERC5
associates with the 60S ribosomal subunit, which contains the exit tunnel, and allows for
preferential ISGylation of newly synthesized proteins. However, only a small percentage
of newly synthesized proteins is ISGylated. What drives certain proteins to become
ISGylated over others during translation is currently unknown. However, many proteins
produced during viral infection are viral proteins and ISGs, potentially allowing ISG15 to
maximize its impact on viral replication.
ISGylation interferes with viral protein function

One of the first identified viral targets of ISG15 is the NS1 protein of Influenza A
virus (IAV)(Tang et al., 2010). IAV NSI can inhibit the production of type I IFNs, thereby
preventing activation of ISGs including protein kinase R (PKR) and oligoadenylate
synthetase (OAS), which results in increased translation of viral RNA(Bergmann et al.,
2000; de la Luna et al., 1995; Min and Krug, 2006; Zhang et al., 2015). In addition,
ISGylation inhibits the ability of NS1 to bind, among other things, dSRNA and PKR,
reducing viral suppression of the pathways in which these factors are involved(Tang et al.,
2010). ISGylated NS1 is also prevented from associating with importin-a, which mediates
the translocation of NSI into the nucleus(Zhao et al., 2010). ISGylation of NS1 also
impacts its ability to form homodimers, which is required for many NS1 functions. The
Coxsackie B3 virus 2A protease inhibits host translation by inhibiting the same elF4E

pathway as 4EHP. By cleaving elF4G - the binding partner of eIF4E - Coxsackie B3 virus

23



2A shuts off host translation. ISGylation of the 2A protease restores cellular translation by
inhibiting cleavage of eI[F4G(Rahnefeld et al., 2014). Another viral ISGylation target is the
pUL26 protein from Human cytomegalovirus (HCMV). Active pUL26 suppresses NF-«kB
signaling, but ISG15 conjugation inhibits this activity and results in decreased HCMV
replication(Kim et al., 2016).
ISG 15 interferes with oligomerization of viral proteins

Many viral proteins rely on forming oligomers or complexes to perform their
functions. ISGylation of these viral proteins as an antiviral strategy is particularly effective.
Conjugated ISG15 causes a steric hindrance, preventing further oligomerization once an
ISGylated protein is incorporated. Therefore, ISGylation of a relatively small percentage
of viral proteins can achieve a dominant inhibitory effect(Durfee et al., 2010; Zhao et al.,
2016). A well-studied example of this is the nucleoprotein (NP) of Influenza B virus (IBV).
NP is a component of the IBV ribonucleoprotein (RNP), and is critical for synthesizing
viral RNA(Zhao et al., 2016). Because the incorporation of a single ISGylated NP into an
RNP oligomer results in the entire oligomer being non-functional, ISGylated NPs have
been observed to have a dominant effect over unmodified NPs. ISGylation of IBV NP
results in reduced viral RNA synthesis and ultimately reduced viral replication(Zhao et al.,
2016). Similarly, ISGylation of 10-30 percent of human papillomavirus (HPV) L1 capsid
proteins results in a 70 percent decrease in infectivity(Durfee et al., 2010).
ISGylation can potentially target proteins for degradation

It has been suggested that ISG15 may serve a similar or redundant role to Ub in the
autophagosomal and proteasomal degradation pathways. When stimulated by type I IFN,

both free ISG15 and ISGylated proteins localize with histone deacetylase 6 (HDAC6) and
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Ub-binding protein p62(Nakashima et al., 2015). HDAC6 controls autophagosome
maturation in the process of clearing ubiquitinated protein aggregates, and p62 acts as a
major chaperone protein(Lee et al., 2010; Nakashima et al., 2015). p62 is also critical to
the proteasomal degradation pathway(Liu et al., 2016). In the presence of the proteasome
inhibitor MG132 p62-linked autophagy increases, as does co-localization between p62,
HDACG6, and ISG15(Nakashima et al., 2015). The autophagy and proteasomal degradation
pathways are utilized to degrade ISGylated and ubiquitinated proteins. They are effective
at lowering levels of viral proteins as well as misfolded endogenous proteins. Infection by
HIV-1 induces accumulation of misfolded tumor suppressor p53, an antiviral factor that is
suspected to inhibit HIV-1 long terminal repeat promoter activity(Cooper et al., 2013;
GENINTI et al., 2001; Osei Kuffour et al., 2019). ISG15 conjugation to the misfolded p53
by HERCS5 and TRIM2S5 leads to p53 degradation, and in the absence of ISG15 misfolded
p53 accumulates and enhances HIV-1 replication(Huang et al., 2014; Osei Kuffour et al.,
2019; Park et al., 2016). One example of ISGylation leading to p62-mediated degradation
is found in the negative regulation of RIG-I signaling. LRRC25 binds to ISGylated RIG-I
and promotes association with p62(Du et al., 2018). ISG15 has also been linked to
increased basal and infection-induced autophagy during Listeria monocytogenes infection
by modifying mTOR, WIPI2, AMBRA1, and RAB7(Zhang et al., 2019). Despite both Ub
and ISG15 being associated with protein degradation, ISG15-Ub mixed chains are not
degradation signals. Furthermore, ISG15 can conjugate to Lys-29 of Ub, and ISGylation

of cellular ubiquitinated proteins appears to slow turnover(Fan et al., 2015).
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Free ISG15 negatively regulates type I IFN signaling in humans

Despite the fact that ISG15 is generally considered an antiviral protein, ISG15 has
also been described to negatively regulate type I IFN signaling, at various places in this
pathway. Type I IFN signaling is critical for antiviral innate immune responses, but
excessive IFN signaling can result in autoinflammatory pathogenesis(Tokarz et al., 2004;
Zhang et al., 2015). To mitigate this the human JAK/STAT pathway is regulated through
a negative feedback loop, in which ISG15 and USP18 play an important role. STAT2
recruits USP18 to IFNAR2. USP18 binds competitively at the [FNAR2-JAK1 binding site,
displacing JAK1. In humans ISGI5 binds to USP1S8, inhibiting SKP2-mediated
ubiquitination, which would result in proteasomal degradation of USP18(Vuillier et al.,
2019). By preventing USP18 degradation ISG15 stabilizes the interaction between
IFNAR2 and USP18 (FIG. 2.1). Bound USP18 interferes with receptor dimerization and
JAK activation, preventing the formation of ISGF3(Arimoto et al., 2017). This ultimately
results in decreased expression of ISGs and moderating the IFN response. The role of
ISGI5 in this negative feedback regulation system appears to be specific to humans. In
mice USP18 is a negative regulator of the JAK/STAT pathway but is not ISGylated to
prevent degradation(Speer et al., 2016). This may account for part of the difference in
ISG15 function between species(Speer et al., 2016). In addition, ISG15 acts as a negative
regulator of RIG-I activation. As opposed to increasing MAVS and IRF3 activation as seen
with ubiquitination, ISGylation of RIG-I CARDs results in decreased activation of these

proteins and decreased production of type I IFNs(Kim et al., 2008).
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ISG15 as an extracellular signaling molecule

In addition to contributing to intracellular immune responses, ISG15 also plays an
important role in the extracellular immune response. ISG15 can initiate the production and
secretion of a wide variety of antiviral and anti-bacterial factors such as type III IFNss,
reactive oxygen species (ROS), and nitric oxide (NO), as well as act as an extracellular
cytokine itself (FIG. 2.2). Type III IFNs are proinflammatory, but also upregulate ISG15
production in a similar manner to type I IFNs. The mechanism of ISG15 secretion or release
is still uncertain, but it does not involve a hydrophobic leader protein and is not inhibited
by blocking classical secretion mediated by the Endoplasmic Reticulum-Golgi
pathway(D'Cunha et al., 1996). There is speculation that it could involve exosomal
trafficking, or apoptosis(Campbell and Lenschow, 2013; Dos Santos and Mansur, 2017;
Perng and Lenschow, 2018; Sun et al., 2016). Extracellular free ISG15 binds to lymphocyte
function-associated antigen 1 (LFA-1), a surface receptor on dendritic cells (DCs), natural
killer (NK) cells, T cells, and macrophages(Baldanta et al., 2017; Napolitano et al., 2018;
Recht et al., 1991; Swaim et al., 2017; Yeung et al., 2018). Depending on the cell type this
can trigger proliferation and maturation. Upon co-stimulation with IL-12, ISG15 binding
to LFA-1 can initiate production of IFN-y and IL-10 (FIG. 2.2)(Baldanta et al., 2017;
Napolitano et al., 2018; Padovan et al., 2002; Recht et al., 1991; Swaim et al., 2017; Yeung

etal., 2018).
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Figure 2.2. Extracellular ISG15 directly affects pathogenesis or activates various immune
cell types. (1) It inhibits the virus replication at the earliest stages, potentially by preventing
entry into the cell. (2) It is an effective chemoattractant for neutrophils. It binds to the LFA-
1 receptor on dendritic cells, NK cells, and T cells. This receptor is present in macrophages
but has yet to be confirmed as the mechanism by which ISG15 activates macrophages. (3)
In dendritic cells it initiates maturation and IFN-y production. (4) In macrophages it causes
polarization to the M1 phenotype, resulting in production of reactive oxygen species and
nitric oxide. It also increased autophagy and mitophagy of infected cells and organelles.
(5) In T cells and NK cells upon co-stimulation with IL-12 it stimulates production of IFN-
v. (6) In NK cells it also stimulates production of IL-10, which inhibits IFN-y production
in T cells. (7) Exosomal trafficking is one of the proposed methods by which ISG15 may
be secreted from a cell but that mechanism is still unclear.
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ISG15 induces an antiviral state in immune cells

ISG15 is a potent activator and recruiter of immune cells. In the presence of ISG15
macrophages increase in polarization towards the proinflammatory and antiviral M1
phenotype. M1 macrophages display higher production of antiviral factors such as ROS
and NO(FIG. 2.2). In addition, ISG15-stimulated macrophages display increased
autophagy and mitophagy of infected cells and organelles (Baldanta et al., 2017). The
mechanism of by which ISG15 induces M1 polarization in macrophages is currently
unknown, but the expression of LFA-1 receptors by macrophages suggest it may be
through a similar mechanism to NK cells.

NK cells respond to ISG15 binding LFA-1 by proliferating and increasing
production of IFN-y and IL-10(Swaim et al., 2017). Increased production of the pro-
inflammatory cytokine IFN-y is a common effect of activation by ISG15, occurring in NK
cells, DCs, and T cells(Napolitano et al., 2018; Recht et al., 1991; Swaim et al., 2017).
Increased production of IL-10 in response to ISG15 signaling appears to be negative
feedback inhibition to prevent damage from an overactive inflammation response. IL-10
inhibits T cell activation and downregulates proinflammatory cytokine production(Couper
et al., 2008). In CD8+ T cells ISG15 binding increases activation(Yeung et al., 2018). Both
CD4+ and CD8+ T cells increase IFN-y production in the presence of free ISG15 but only
after being primed with IL-2(Recht et al., 1991).

ISG1I5 causes CD8a+ DCs to increase production of IL-1f and IFN-y as
well(Napolitano et al., 2018). Additionally, the presence of free ISG15 induces dendritic
cell phenotypic maturation. Incubation with ISG15 in growth media induced production of

E-cadherin, CD15, and CD86 by dendritic cells. Expression of these genes is typically
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associated with a mature phenotype, and CD86 acts as a co-stimulatory signal to activate
T cells. The presence of anti-ISG15 antibodies in the media nullified these effects(Padovan
etal., 2002).

Aside from binding to the LFA-1 receptor, free ISG15 can act as a chemoattractant
for neutrophils(Owhashi et al., 2003). Because ISG15 is highly concentrated at sites of
infection and apoptotic cells it is effective in recruiting neutrophils to areas of need. When
left unchecked this elevated proinflammatory state can cause damage. Therefore, the [FN
regulatory activity of USP18 is critically important to maintain signaling levels under
normal conditions and restoring homeostasis after an infection. By inhibiting the
JAK/STAT pathway and suppressing the downstream effects of type I IFN signaling
USP18 effectively reduces auto-inflammatory pathogenesis. The absence of USP18 in
humans has been observed to result in severe interferonopathy(Gruber et al., 2020; Zhang
etal., 2015).

Interference with viral cell entry

In addition to activating immune cells and extracellular pathways, ISG15 can
interfere with viral infection at its earliest stages. ISG15 interferes with Norovirus entry or
uncoating. ISG15 is a known inhibitor of Norovirus replication and this inhibition occurs
upstream of virus transcription(Rodriguez et al., 2014). It has been proposed that ISG15
reduces Zika virus (ZIKV) infection by preventing viral entry as well. The presence of free
extracellular ISG15 reduces intracellular viral titers during ZIKV infection (Singh et al.,

2019).

30



Viral countermeasures to ISG15 signaling

Various viruses have developed strategies to circumvent ISG15 interference. Most
strategies to suppress ISG15 signaling principally appear to fall along two lines, viral
protease mediated delSGylating and sequestering ISGylated proteins. However, some
viruses have additional mechanisms that allow them to suppress ISG15 antiviral activities.
Viral delSGylases

The initial suggestion that viruses could be encoding proteases with deubiquitinase
function (DUBs) to counter innate immune responses came from structural similarities
between papain-like proteases (PLP) from coronaviruses to host USPs such as
HAUSP(Barretto et al., 2005; Sulea et al., 2005). Shortly thereafter, these proteases were
among the first to be found to be multifunctional in their ability to reverse ubiquitination,
as well as ISGylation(Lindner et al., 2005). Prominent examples of coronaviruses that
encode PLPs possessing de[SGylase activity include Severe Acute Respiratory Syndrome
coronavirus (SARS-CoV) and Middle East Respiratory Syndrome coronavirus (MERS-
CoV), as well as the lesser-known mouse hepatitis virus (MHV)(Mielech et al., 2015;
Mielech et al., 2014; Ratia et al.,, 2014). However, the full breath of PLPs from
coronaviruses that can robustly process ISG15 is currently unknown and has been
somewhat impeded by the revelation that viral PLPs are specific for certain host’s
ISG15(Daczkowski et al., 2017a). In contrast to the highly conserved Ub, ISG15 displays
significantly more sequence variation between host species(Dzimianski et al., 2019a).
Sequence variation within the C-terminal f-grasp Ubl domain, or differences that impact
the domain-domain interactions within ISG15 have been observed to impact the ability of

coronavirus PLPs to engage with ISG15(Daczkowski et al., 2017a; Langley et al., 2019).
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This phenomenon has been suggested to occur because PLPs are likely specifically adapted
to cleave the ISG15 of their predominate host reservoirs, but lack deISGylase activity in
other species(Langley et al., 2019). As unclear about how many coronaviruses encode for
PLPs that have delSGylase activity, so is the exact role and impact viral deISGylase
activity plays in modulating host immune function. The combination of both deISGylase
and DUB activity in coronaviruses have been observed to contribute to the suppression of
the innate immune response by acting in part on IFN-f and NF-«B signaling
pathways(Bailey-Elkin et al., 2014; Clementz et al., 2010; Mielech et al., 2014; Ratia et
al., 2014). Yet the individual contribution and role of viral deISGylase activity remains
unclear. However, the recent development of several new molecular tools in the form of
altered MERS-CoV PLPs that lack DUB, delSGylase, or both activities may help elucidate
the exact role of ISG15 during CoV infection(Clasman et al., 2019; Daczkowski et al.,
2017Db).

While the exact contribution of PLP deISGylase activity on immune suppression
remains unknown, this is not entirely the case with the other well-studied family of viral
deISGylases, viral ovarian tumor (OTU) domain proteases. Viral deISGylases belonging
to the OTU superfamily are encoded by multiple viral families, including Nairoviruses,
arteriviruses and tenuiviruses(Bester et al., 2018; Frias-Staheli et al., 2007; Zhang et al.,
2007). Like PLPs, OTUs in general have shown potential to possess the ability to reverse
ISGylation in addition to a DUB role(Frias-Staheli et al., 2007). The Erve Nairovirus even
possesses an OTU domain containing delSGylase activity, but lacking DUB activity,

underscoring the importance of viral deISGylase function for particular viruses(Deaton et

32



al., 2016). Similar to viral PLPs, viral OTUs have shown to be specific for ISG15 from
certain species, including those they productively infect(Dzimianski et al., 2019b).

Specific mutations within the OTU domain from the Crimean-Congo hemorrhagic
fever (CCHFV) Nairovirus that silenced DUB activity, or both DUB and deISGylase
activities allowed narrowing down the mechanism by which viral OTU delSGylase
function manipulates host immunity. This has suggested a distinct function for viral
delSGylase activity for Nairoviruses. Whereas DUB activity was shown to downregulate
type I IFN signaling, OTU delSGylase activity appeared to stabilize CCHFV L-protein
levels at a later stage in infection(Scholte et al., 2017).
Sequestering proteins

Another countermeasure viruses employ against ISG15 signaling is the production
of proteins that sequester ISG15 and ISGylated proteins. The Vaccinia virus E3 protein
sequesters free ISG15(Guerra et al., 2008; Smith et al., 2013). By reducing unconjugated
ISG15 Vaccinia E3 prevents interference with viral proteins or propagation of antiviral
signals. NS1B from IBV on the other hand sequesters ISGylated proteins in a species
dependent manner, particularly ISGylated viral proteins(Zhao et al., 2016). This species
dependent behavior has been observed to influence the replication of IBV in humans over
their mouse and other animal counterparts(Jiang and Wang, 2019; Sridharan et al., 2010).
As previously stated, ISGylation of viral proteins that need to form complexes to function
is a particularly effective method of viral suppression due to the relatively small percentage
of proteins that need to be ISGylated to elicit an antiviral effect. By sequestering ISGylated
components of these complexes IBV drastically reduces the efficacy of that method of viral

suppression (FIG. 2.3). For both of these viruses expression of their respective sequestering
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proteins appears to be critical to preventing viral clearance(Guerra et al., 2008; Zhao et al.,

2016).

1
STAT1 Degradation
Sequestering STATz\ STAT1

|

Production of prolSG15
UbcH8

and E1, E2, and E3 enzymes b
UbelL Sequestering ISG15
HERC5/
6 Autophagy TRIM25/

EFP

) %P  Processing by
Sequestering . ...0. Endogenous DUBs 2
ISGylated proteins
Disruption of \(
Complexes
‘ 5 ‘ubeu F— uben
Processing\l \ 3 -lr

=]
by Viral DUBs 3
‘chHB pULS0 ‘
UbeL1 Degradation

HERcs/ 4 UbcH8

TRIM25/ UbcH8

EFP * HERCS

D s HERC5
Herc5 Inactivation
Cytoplasm Extracellular Matrix

Figure 2.3. Viral countermeasures to ISG15 production and activity. (1) The Vif protein
from HIV-1 degrades STATI and IE1 from HCMYV sequesters STAT2, both of which are
critical to upregulating ISG15 synthesis. (2) Vaccinia virus E3 protein sequesters free
ISG1S5, preventing it from conjugating to targets or acting as a signaling protein. (3) pUL50
of HCMYV binds to and causes proteasomal degradation of UbelL, an essential E1 activator
protein that facilitates ISGylation. (4) KSHV and HCMV both produce proteins that
interfere with the HERCS5 E3 ligase. Both reduce ISG15 conjugation to target proteins. (5)
Viral DUBs and delSGylases such as OTUs and PLPs cleave the conjugation between
ISG15 and target proteins, returning ISGylated proteins to their normal state. (6) NS1B
from IBV sequesters ISGylated proteins, preventing them from being incorporated into
oligomers.
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Inhibition of ISG15 production and conjugation

Some other less common methods viruses employ to counteract ISG15 activity
include inhibition of ISG15 conjugation to targets and interfering with the ISG15 synthesis
and conjugation pathways (FIG. 2.3). Kaposi’s sarcoma-associated herpesvirus (KSHV)
and HCMYV both encode proteins that interfere with the HERCS E3 ligase(Jacobs et al.,
2015; Kimetal., 2016). HCMYV also encodes pULS50, a protein that binds to UbelL leading
to proteasomal degradation, resulting in reduced ISG15 activation(Lee et al., 2018). In
addition, HCMV also produces an immediate-early protein 1(IE1) that reduces overall
ISG15 production(Bianco and Mohr, 2017; Kim et al., 2016). It does so by sequestering
STAT?2, preventing formation of the ISGF3 complex and inhibiting ISRE activation(Huh
et al., 2008; Krauss et al., 2009; Paulus et al., 2006). This reduces not only the amount of
ISGI5 available, but also the amount of ISG15 conjugating enzymes (UbelL, UbcHS,
HERCS). HIV-1 is capable of degrading components of the JAK/STAT pathway to reduce
the effectiveness of type 1 IFN signaling(Gargan et al., 2018). The HIV-1 protein Vif
inhibits IFN-a signaling by degrading STAT1 and STAT3. By reducing STAT1 HIV-1
effectively reduces the amount of ISG15 produced to fight infection.

Conclusions

ISGI15 is a functionally versatile Ubl protein that affects many aspects of the
antiviral immune response. It is important as both a signaling molecule and effector protein.
Intracellularly, ISG15 interferes with many viral processes directly, and is involved in
many antiviral-signaling pathways. Extracellularly, ISG15 can directly interact with
viruses to prevent infection, as well as activate various immune cells to promote viral

clearance. ISG15 can also promote the production of many extracellular antiviral
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cytokines. Aligning with ISG15 being one of the most highly upregulated proteins during
viral pathogenesis, not surprising the information known to date on ISG15 highlights it as
having central role in myriad of host immune mechanisms. Mechanisms that viruses from
diverse families seek to stymie in different ways to favor virulence.

Surprisingly, what is known about ISG15 and its immunological role is likely still
in its infancy. While some mechanisms such as the interplay between ISG15 and IBV are
well understood, others such as how ISGylation targets are determined and which viruses
have evolved to target ISG15 activity over Ub activity remain unclear. Despite ISG15’s
importance as an extracellular signaling molecule the process by which ISG15 is secreted
is still largely unknown. Additionally, how 4EHP and ISG15 work synergistically to
downregulate viral mRNAs over host mRNAs translation is limited. This limited
knowledge also extends to what degree species to species variation within ISG15s
contribute to protection from viruses spilling over into another host. Already ISG15
species-species variation appears to impact the effectiveness of immune evasion
mechanisms of IBV, Nairoviruses, and coronaviruses. Then there are the species-to-species
variations in how hosts utilize ISG15 as a regulator when it comes to USP18. How all of
these species-species differences translate to disease outcomes is not well understood. So
as much as many things are known about ISG15’s roles, there seems to be as much yet to
be revealed. Taking into account that numerous host and viral pathways that have been
already been identified that could lend themselves to therapeutic intervention, the benefit

of filling in the knowledge gaps regarding ISG15 should not be underestimated.
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative
agent for COVID-19, is a novel human betacoronavirus that is rapidly spreading
worldwide. The outbreak currently includes over 3.7 million cases and 260,000 fatalities.
As a betacoronavirus, SARS-CoV-2 encodes for a papain-like protease (PLpro) that is
likely responsible for cleavage of the CoV viral poly-peptide. The PLpro is also responsible
for suppression of host innate immune responses by virtue of its ability to reverse host
ubiquitination and ISGylation events. Here, the biochemical activity of SARS-CoV-2
PLpro against ubiquitin and ISG15 substrates is evaluated revealing that the protease has a
marked reduction in its ability to process K48 linked Ub substrates compared to its
counterpart in SARS-CoV. Additionally, its substrate activity more closely mirrors that of
the PLpro from the Middle East respiratory syndrome coronavirus and prefers ISG15s from
certain species including humans. Additionally, naphthalene based PLpro inhibitors are
shown to be effective at halting SARS-CoV-2 PLpro activity as well as SARS-CoV-2

replication.
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Introduction

COVID-19 disease is caused by SARS-CoV-2, which was identified in Wuhan,
China!-2, SARS-CoV-2 is classified as a betacoronavirus from the same species as the
severe acute respiratory syndrome coronavirus (SARS-CoV), which was responsible
for a pandemic in 2002-2003" 3. SARS-CoV-2 has rapidly spread worldwide to over
184 countries with at least 3.6 million cases and >260,000, fatalities according to the
latest World Health Organization situation report as of May 6, 2020. The rapid spread
of SARS-CoV-2 and its ability to cause death disproportionately in older individuals,
or individuals with underlying conditions, has created an urgent need for antiviral
therapeutics and vaccines for use against the virus®.

Upon entry into the cell, SARS-CoV-2 and other betacoronaviruses initially
translate two polypeptides ppla and pplab that encode up to 16 nonstructural proteins
(Nspl to Nspl6). Included within this polypeptide are proteins necessary to form the
viruses replicase complex. Once formed, this complex then transcribes the viruses
RNA genome before translation of the viruses nucleocapsid protein and structural
proteins S, E, and M. Lastly, these components are formed into mature virions within
the endoplasmic reticulum—Golgi intermediate compartment®. One of the essential
steps for successful viral replication is the formation of the viral replicase complex
through the cleavage of the ppla and pplab polypeptides by two viral proteases®’. One
of the main proteases from CoV, the 3C-like protease, is known for its ability to cleave
Nsp4-Nspl6. In addition to the 3C-like protease, CoVs can also encode for up to two
papain-like proteases (PLPs) of which one cleaves Nsp1-3. For example, CoVs such
as the mouse hepatitis virus (MHV) and other human coronaviruses include NL63,

0OC43, HKU1, and 229E encode for a PLP1 and PLP2%. The genome of SARS-CoV-2
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mirrors that of the Middle East respiratory syndrome CoV (MERS-CoV) and SARS-
CoV by coding for a single PLpro®.

Beyond the role of PLpros to cleave the viral polypeptide, PLpros, and their
PLP2 counterparts in some CoVs, have also been observed to suppress host innate
immune responses through the reversal of post-translational modification of proteins
by ubiquitin (Ub) and interferon-stimulated gene product 15 (ISG15)”-°. Up to eight
different linkage forms of ubiquitination, as well as ISGylation, events have been
observed to regulate facets of the innate immune defense, which a virus must outpace

10-12

before the infection is cleared by the adaptive immune system'°'“. Specifically,

modification of host proteins by Ub and ISG15 has been shown to facilitate the NFkB
inflammation and IFN-I responses'3. Also, ubiquitination and ISGylation can upregulate
the production of cytokines, chemokines, and other IFN-stimulated gene products with
antiviral properties during infection'*!4. Apart from the modification of host proteins
by Ub and ISG15, degradation or sequestration of viral proteins via ISGylation has
also been found to play a role in host immunity!>-!”. For PLpros and their PLP2
equivalents, their direct overall impact on CoV pathogenesis has been previously
shown to be substantial” 13-4 18 Although the exact role of the deISGylating activity
of these proteases remains unclear'-?°, a recent study using an altered MHV PLP2 with
ablated deubiquitinase functionality was shown to attenuate pathogenesis in mice. At
least part of this reduced pathogenesis for the virus encoding for the altered MHV
PLP2 was linked to the IFN response being triggered earlier than under infection by
wild-type MHV?2!.

Although the role of these proteases in suppressing the innate immune response

is clear, their Ub and ISG15 substrate specificities can vary widely’. Differences in
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substrate specificity for these proteases also extend to the eight different linkage forms
of polyubiquitin (poly-Ub)’-22. PLpros and PLP2s have also been shown to be sensitive
to these species-species variations within ISG15 with their preference including
ISG15s from species that they productively infect’. This has given rise to the
suggestion that viral deubiquitinases and delSGylases may differ in effectiveness
toward certain innate immune pathways’> !5 2324, Recent studies have shown that
specificity among PLpros for Ub and ISG15 substrates can be altered with as little as
a single amino acid change® '°2°, For instance, the ablation in the deubiquitinating
activity of MHV PLP2 that leads to a significant change in pathogenesis came through
a change of aspartate to alanine at a single location?!. Overall, the pplab from SARS-
CoV-2 Wuhan-Hu-1 isolate (accession number MN908947.3) has an 80% amino acid
identity with SARS-CoV-1 (accession number POC6US) when determined by NCBI p-
blast. Focusing on PLpro the two viruses share an 83% sequence identity (Figure 3.1).
This raises the prospect that SARS-CoV-2 PLpro may not possess the same

deubiquitinating and deISGylating activities as its SARS-CoV counterpart.
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Figure 3.1. Sequence alignment of PLPs from coronaviruses. The PLpro or PLP from
SARS-CoV-2 (accession number MN908947.3), SARS-CoV-1 (accession number
POC6US), MERS-CoV (accession number AFS88944), HCoV-OC43 (accession number
AMKS59674), HCoV-229E (accession number APT69896), and HCoV-HKUT (accession
number ARB07606). The secondary structure shown is the predicted by DSSP for SARS-
CoV PLpro (5E6J). Similarity and alignment calculations were performed using ClustalW.
Residue positions that are fully conserved are marked in purple, with those being highly
conserved are marked in cyan. Residues that form the catalytic triad are marked with black
stars, while residues forming the zinc finger motif are marked with blue stars. The BL2
loop is boxed in gold. Sites of amino acid difference between PLpros of SARS-CoV-1 and
SARS-CoV-2 are boxed in red.
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The dual viral polypeptide cleavage and immune suppression roles of PLpros
have previously made them a sought-after target for small molecule antiviral
development?>-27, In 2008, the first classes of non-covalent drug-like inhibitors, now
known as naphthalene PLpro inhibitors, were discovered. Certain members of this
class of PLpro inhibitors exhibited nanomolar inhibition against SARS-CoV PLpro
and could stymie viral replication in the low micromolar range? 28. These and other
SARS-CoV PLpro based naphthalene inhibitors are promising for their potency and

high selectivity for SARS-CoV PLpro over host proteases® 2627

. They also
demonstrated no cellular toxicity in Vero E6 cells or A549 cells, with some analogs
considered to be metabolically stable® 2527, However, they showed no appreciable
ability to inhibit PLpros from other circulating CoVs* 25?7, With the SARS-CoV
outbreak effectively contained in 2003 with no reemergence, the interest in these
potential CoV therapeutics had waned. Given the urgent need for SARS-CoV-2
therapies, whether these naphthalene PLpro inhibitors can now serve as a jumping-off
point for SARS-CoV-2 antiviral development is an open question.

Here, we show the first biochemical characterization of the deubiquitinating
and delSGylating activities of the SARS-CoV-2 PLpro using 7-amino-4-methyl
coumarin (AMC) conjugated Ub and ISG15. These studies reveal marked differences
in SARS-CoV-2 PLpro’s kinetic values for these substrates compared to its SARS-
CoV-1 counterpart, and explore the protease’s ability to cleave the eight different poly-
Ub linkages. The preference of SARS-CoV-2 PLpro for certain species’ ISG15s is also

examined. Lastly, we show that naphthalene PLpro inhibitors designed for SARS-CoV

can inhibit SARS-CoV-2 PLpro as well as impede SARS-CoV-2 replication.
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Results

Differences between the PLpro from SARS-CoV and SARS-CoV-2 within the UIM

To explore the potential impact of the 54 differences between the PLpros of
SARS-CoV and SARS-CoV2 on enzymatic activity, a homology model was
constructed of SARS-CoV-2 PLpro encoded by the severe acute respiratory
syndrome coronavirus 2 isolate Wuhan-Hu-1 (accession number MN908947.3;
Figure 3.1). The PDB entry SE6J of SARS-PLpro bound to K-48 di-Ub was chosen
as a template to provide the best representation of a SARS-CoV-2 PLpro in a holo

2% From the surface

open conformation receptive to substrate binding'®
perspective of the SARS-CoV-2 PLpro homology model, 40 of the 54 difference
sites were spread out relatively equally over the fingers, palm, thumb and UbL
domain of the protease (Figure 3.2, S3.1). On closer examination of the SARS-
CoV-2 PLpro’s ubiquitin interacting motif (UIM) that is known to accommodate
both Ub and ISG135, six sites were found to differ in amino acids from those found
in its SARS-CoV counterpart. Specifically, the differences on the SARS-CoV-2
surface within the UIM were S170(T), Y171(H), Y216(L), Q195(K), T225(V) and
K232(Q) where the equivalent SARS-CoV residues are marked in parenthesis.
Intriguingly, one of these sites in SARS-CoV-2 PLpro, K232, is equivalent to
Q233 in SARS-CoV PLpro. Previously, a mutation Q233E notably diminished the
deubiquitinase activity of that PLpro in favor of more robust deISGylase activity?®.

This further suggests that the enzymatic activities of SARS-CoV-2 PLpro may

indeed differ from those of the SARS-CoV PLpro.
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Figure 3.2. Surface rending of a SARS-CoV-2 PLpro homology model highlighting its
differences with SARS-CoV-1 PLpro. The SARS-CoV-2 PLpro is shown in grey, with the
proximal ubiquitin binding site in teal and the distal ubiquitin binding site in orange. Amino
acid sites were PLpro differs between SARS-CoV-2 and SARS-CoV are colored in yellow.

Deubiquitinase and DelSGylase activity of SARS-CoV-2 PLpro

To ascertain whether the amino acid differences between SARS-CoV-2
PLpro and its SARS-CoV-1 counterpart translate into differences in enzyme
kinetics, SARS-CoV-2 PLpro Kum and keac values for Ub-AMC and ISG15-AMC as well as
the last five consensus amino acids between them (RLRGG; Peptide-AMC) were
determined (Table 3.1, Figure S3.2). The enzymatic efficiency of SARS-CoV-2 PLpro for
Ub-AMC was 1.3 £ 0.1 uM'min"! with Km and kea values 7.9 = 1.4 and 10.1 + 0.6
respectively. For the ISG15-AMC substrate, the enzymatic efficiency of SARS-CoV-2
PLpro was 10.3 = 0.5 uM'min"! with Ky and keat values 3.9 + 0.5 and 40.0 + 1.8. SARS-

CoV-2 PLpro’s enzymatic efficiency towards peptide-AMC is 0.0051 pM 'min"! when
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assessed using first-order kinetics. Compared to published kinetic values of PLpros, or its
PLP2 equivalent, from MHV, SARS-CoV, and MERS-CoV, the PLpro of SARS-CoV-2
surprisingly mirrors closely that of PLpro from MERS-CoV. Both have low enzymatic
efficiency towards the peptide substrate and are 2500-3500 times more efficient towards
the ISG15 substrate. This is in contrast to SARS-CoV-1 PLpro that is only ~100 times
more efficient towards ISG15 substrates. SARS-CoV-2 is ~10 times more efficient as an
delSGylase than as a deubiquitinase. However, SARS-CoV-1 PLpro is still a more robust
deISGylase with 3 times better enzymatic efficiency towards ISG15-AMC than SARS-
CoV-2. As a deubiquitinase, SARS-CoV-2 appears to have the highest substrate affinity
among PLpros with the lowest turnover, which is orthogonal to its SARS-CoV-1

counterpart.
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Table 3.1. Kinetic analysis of SARS-CoV-2 PLpro with PEP-AMC, Ub-AMC, and ISG15-
AMC.

Substrate

Peptide-AMC Ub-AMC ISG15-AMC
SARS-CoV-2 PLpro
kea/Kor (WM 'min) — 0.0051¢ 1.320.1 10.3%0.5
Kea (min-) 10.0+0.8 40.0+1.8
Ko (UM 7.9+1.4 3.940.5
SARS-CoV-1 PLpro®
kea/Ko (WM-min) 0.3 1.520.3 28.9+5.3
Kear (min-) 75.948.1 43640
Ko (UM™) 50.6+7.4 15.142.4
MERS-CoV PLpro?
kea/Ko (WM min) — 0.003¢ 1.320.2 9.9+1.6
Kea (min-) 18.841.2 32.6+1.8
Ko (UM 14.3£2.0 3.340.5
MHYV PLP¢
Kea/Kon (UM min)  0.0016¢ 38.346.3 2.3+0.1¢
Keat (min™) 49.8+2.9
Ko (M) 13402

“For non-saturating substrates, kapp is calculated to approximate kc./Kn

b The kinetic parameters of SARS-CoV PLpro (pplab ; 1-315) and MERS-CoV PLpro
(pplab 1484-1802; 3-322) are from Baez-Santos ef al.>®

¢The kinetic parameters of MHV PLP are from Chen, Y. et al.*

Poly-Ub linkage preferences for SARS-CoV-2 PLpro

In some cases, like the viral ovarian domain proteases encoded by
Nairoviruses, viral deubiquitinases have demonstrated different levels of activity
towards the more natural ubiquitin chains than for monomeric Ub-AMC?°-3!, To

examine if this is the case for SARS-CoV-2 PLpro, its ability to cleave the eight
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different linkage types of poly-Ub, K6, K11, K27, K33, K48, K63, and linear was
assessed. Similar to previous studies with MHV PLP2, 20 nM of SARS-CoV-2
PLpro was incubated with 10 uM of each di-Ub linkage*?. No cleavage of any di-Ub
moiety by SARS-CoV-2 PLpro was detected after 60 min (Figure S3.2). Even use of 10
fold of the enzyme over 120 minutes failed to result in a detectable di-Ub cleavage event
(data not shown). The same was observed for tetrameric K63 linked polyubiquitin. Of the
polymeric ubiquitin chains tested, only tetrameric K48 polymeric ubiquitin chains

appeared to be cleaved by the protease (Figure 3.3).

----—_ - Ub,

Ub;

K48-Ub,

L e — e o G Ub,
— — O — Ub1

Time(min) 0 25 5 10 20 40 80 180

SEeEEEee U

K63-Ub,

Time(min) 0 25 5 10 20 40 80 180
Figure 3.3. SARS-CoV-2 PLpro preferences for K63 and K48 Uby linkages. Gel cleavage
assay of unlabeled K48 and K63 linked tetra-Ub, visualized by Coomassie Blue staining.

At 37°C, 13.7 uM of each Ub moiety was incubated with 23 nM SARS-CoV-2 PLpro for
at least 180 minutes with samples taken at time points indicated.

SARS-CoV-2 PLpro exhibits ISG15 species preferences
While Ub is almost completely conserved among animals, sequence similarity

for ISG15s within the Mammalia class alone can dip below 60%33. Only at the genus
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level do ISG15s from different species appear to have a higher level of similarity??
(Figure 3.4a). As this species-species variance in ISG15 has been shown to impact the
delSGylase activity of viral delSGylases including PLpros, whether SARS-CoV
PLpro followed this phenomenon was explored. Taking advantage of the ability of viral
deISGylases to cleave the precursor of ISG15 (proISG15) into mature ISG15 #3436 the
ability of SARS-CoV-2 PLpro to cleave the prolSG15s from human, vesper bat, pig,
mouse, camel, sheep, cow, Egyptian fruit bat, hedgehog, northern tree shrew, and fish were
examined. As with other viral deISGylases, SARS-CoV-2 showed a range of ability to
successfully engage and process these ISG15 substrates from different species (Figure
3.4b). Among the 11, the protease appears to prefer ISG15s from sheep and the Vesper bat.
This is followed by moderate activity for ISG15s from human, pig, camel, and mouse.
Weak SARS-CoV-2 PLpro delSGylase activity was observed for the Egyptian fruit bat,
hedgehog, and northern tree shrew. No protease activity was observed for the fish pro-
ISG15 substrate. Overall, like other viral deISGylases® 37, SARS-CoV-2 PLpro appears to
be species-specific for certain subsets of ISG15s including at least one ISG15 from species

they are known to infect.
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Figure 3.4. The activity of SARS-CoV-2 PLpro for prolSGI15 from multiple species. (a)
Sequence alignment of ISG15s from human (Homo sapiens, accession number:
AAHO09507.1), vesper bat (Myotis davidii, accession number: ELK23605.1), pig (Sus
scrofa; Accession ACB87600.1), mouse (Mus musculus, accession number:
AAB02697.1), dromedary camel (Camelus dromedarius, accession number:
XP _010997700.1), sheep (Ovis aries, accession number: AF152103.1), cow (Bos taurus;
NP _776791.1), Egyptian fruit bat (Rousettus aegyptiacus; XP_015999857.1), hedgehog
(Erinaceus europaeus; XP _007525810.2), northern tree shrew (Tupaia belangeri,
accession number: AFH66859.1), and jackknife fish (Oplegnathus fasciatus, accession
number: BAJ16365.1). Sequence ruler is based on human ISG15. Similarity and alignment
calculations were performed using ClustalW. Residue positions that are fully conserved
are marked in yellow, with those being highly conserved are marked in green. Human
ISG15 similarity to other ISG15s indicated to the right of the alignment. Red boxes indicate
ISGI15 amino acid sites known to directly interact with PLpro from SARS-CoV-1 and
MERS-CoV? 120 Blue boxes indicate amino acid sites that have been implicated in
impacting the ISG15 interdomain orientation that can play a role in ISG15-SARS-CoV-1
PLpro engagement®>. (b) SARS-CoV-2 PLpro was evaluated for cleavage of prolSG15s
from species in (a), At 37°C, 10 uM of each ISG15 was incubated with 20 nM SARS-CoV-
2 PLpro for at least one hour with samples taken at time points indicated. Summary of
prolSG15 cleavage assays for different CoV PLPs presented as a heat map. Colors range
from dark red (no cleavage) to green (relatively robust cleavage).
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Inhibition of SARS-CoV-2 PLpro by SARS-CoV PLpro inhibitors

Although SARS-CoV-2 PLpro and SARS-CoV PLpro differ by 54 residues,
those lining the active site and nearby P3 and P4 sites are identical (Figure 3.5a). This
includes residues in the BL2 loop that were previously shown to be key in binding
naphthalene based PLpro inhibitors® 7. To examine whether previously developed SARS-
CoV PLpro naphthalene based inhibitors might be effective at inhibiting the SARS-
CoV-2, five compounds that either had been previously shown to be efficacious or
were close analogs, were chosen for testing (Figure 3.5b)°. Emulating Ratia et al., who
detailed the potency of these four compounds against SARS-CoV-1, we utilized the
peptide-AMC substrate concentration of 50 uM?. The most potent of these four proved
to be GRL-0617 with an ICso of 2.4 uM, followed by compound 6 with a low
micromolar ICso of 5.0 uM towards SARS-CoV-2. These activities were relatively in
line with the 600 nM and 2.6 uM ICso values for GRL-0617 and compound 6
respectively reported against SARS-CoV PLpro’. The original high-throughput screen
lead compounds, 77247723 and 6577871%¢, that had 20 uM and 59 uM ICs values
against SARS-CoV PLpro presented a similar trend of results with SARS-CoV-2
PLpro. A fifth compound (9247873) was also tested but no inhibitory effect was

observed at 200 uM.
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Figure 3.5. SARS-CoV-2 PLpro model with GRL-0617 as well as enzymatic and antiviral
data for PLpro inhibitors against SARS-CoV-2 PLpro and SARS-CoV-2 a) Comparison of
the P3, P4 substrate binding site of SARS-CoV-2 PLpro homology model and SARS-CoV
counterpart (PDB 3E9S). b) ICso and ECso values related to the inhibition of SARS-CoV-
2 PLpro and SARS-CoV-2 replication by SARS-CoV PLpro inhibitors. (¢) SARS-CoV-2
plaque reduction assay data for GRL-0617 and compound 6. SARS-CoV-2 was incubated
with the compounds and assessed 66 hours post-infection to determine if the compounds
neutralized the virus infection. Plaques were quantified by visual inspection and compared
to non-treated virus control.

Antiviral Activity of SARS-CoV-2 PLpro inhibition

To examine whether the non-covalent naphthalene-based SARS-CoV-2 PLpro
inhibitors also possessed antiviral activity for SARS-CoV-2, GRL-0617 and compound 6
were selected for examination against the virus. Plaque reduction assays were

performed using Vero E6 cells and the SARS-CoV-2 USA-WA1/2020 isolate to
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determine efficacy of inhibiting SARS-CoV-2 PLpro. SARS-CoV-2 USA-WA1/2020
isolate was readily available and like other SARS-CoV-2 isolates, its PLpro was fully
conserved with the Wuhan-Hu-1 isolate. Excitingly, GRL-0617 and compound 6
exhibited ECso values of 27.6 uM and 21.0 uM respectively (Figure 3.5¢). In line with
previous studies® ?7, no cytotoxicity was observed when treating the GRL-0617 and
compound 6 at the concentrations utilized in this study.
Discussion

Deubiquitinating activities of SARS-CoV-2 PLpro

The recent revelation that MHV PLP2 deubiquitinase activity is tied to the
pathogenesis of this coronavirus by its downregulation of the IFN response mirrors in
many ways what was previously observed in the Crimean Congo hemorrhagic fever
virus (CCHFV)'> 2!, When the CCHFV encoded protease that possessed both
deubiquitinase and delSGylase functionality had its deubiquitinase functionality
ablated, a more robust IFN response was observed than with the wild-type virus'>.

Comparison of SARS-CoV-2 PLpro kinetic parameters to these other two
proteases taken from other studies®? *® highlights that SARS-CoV-2 PLpro appears to
perform enzymatically more like MERS-CoV PLpro than its SARS-CoV counterpart
(Table 3.1). Like MERS-CoV PLpro, SARS-CoV-2 PLpro can be readily saturated
with Ub-AMC but turns the substrate over substantially more slowly. Although the
catalytic efficiency of SARS-CoV-2 PLpro and MERS-CoV PLpro is similar to that
of SARS-PLpro for Ub-AMC, their kinetic parameters reveal that they are more
susceptible to product inhibition by Ub than their SARS-CoV PLpro equivalent. Given

that cellular pools of free ubiquitin in mammalian cells have been found to range from

10-23 uM?°, the overall performance of MERS-CoV and SARS-CoV-2 towards
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monomeric ubiquitinated substrates in a cellular context could be more divergent than that
of SARS-CoV PLpro. In other words, while the PLpro of MERS-CoV and SARS-CoV-2
is at, or near saturating conditions, the PLpro from SARS-CoV-1 is not even at its Kum
concentration. The more complex environment of polyubiquitin chain cleavage seems to
attest to this difference between the PLpros from MERS-CoV and SARS-CoV-2 versus
that of SARS-CoV PLpro. Like MERS-CoV PLpro, SARS-CoV-2 PLpro cleaves K48-
linked tetra-Ub substantially slower than SARS-CoV PLpro in previous studies®®.
However, SARS-CoV-2 PLpro is not entirely similar to MERS-CoV in its deubiquitinase
activity. Unlike the MERS-CoV protease, SARS-CoV-2 PLpro is similar to its SARS-CoV
counterpart in that it shows no appreciable activity for K63 linked polyubiquitin chains®®.

Given the 83% identity of the SARS-CoV and SARS-CoV-2 at the amino acid
level, the appearance of such different deubiquitinating enzymatic profiles between the
PLpros encoded by these viruses further highlights that even proteins from viruses within
the same species can perform in notably divergent ways. It also highlights some potentially
interesting insights from an evolutionary point of view. Among the seven amino acid
differences within the UIM, the natural appearance of lysine at SARS-CoV-2 PLpro amino
acid site 232 was particularly surprising. The mutation of this equivalent site in SARS-
CoV PLpro to glutamate creates an electrostatic repulsion with ubiquitin that diminished
that protease’s deubiquitinase activities. In SARS-CoV-2, nature appears to have selected
for lysine at this position that should logically, and appears to have, increased the protease’s
affinity for Ub at the expense of overall deubiquitinating functionality. Coronavirus
PLpro’s activities towards K48-linked ubiquitin have been suggested to counter NF-kB

translocation to the nucleus with activity toward K63-linked ubiquitin stymieing others?’.
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With viral deubiquitinase activity being a factor in pathogenesis, nature selecting for a viral
deubiquitinase with weaker K48 cleavage capability, relatively little K63 cleavage activity,
and slower activity towards mono-Ub than its SARS-CoV-1 counterpart at concentrations
resembling cellular concentrations may seem counter-intuitive at first. However, increased
lethality of the host is not necessarily the primary driver of viral evolution as this can lead
to the virus eradicating itself. If nature values successful viral propagation more as a driver,
having a weaker viral deubiquitinase may be a better fit. Whether or not this is the case
with SARS-CoV-2, which has been able to evade quarantine efforts because of the more
often than not initial mild disease symptoms it causes, is an open question. A question
whose answer might include virulence factors like PLpros.

SARS-CoV-2 PLpro delSGylating activities

As has been found with other PLpros and PLP2s from prominent coronaviruses,
SARS-CoV-2 PLpro has a pronounced preference for ISG15 over Ub%. Despite the
recent insight into the role of these coronavirus protease deubiquitinations, the exact
role of viral deISGylase in coronaviruses is a mystery. However, the relatively
consistent dominant presence of this type of protease activity among PLpros and
PLP2s, as well as its demonstrated viral evasion role in other viruses,'> highlights how
important coronavirus delSGylase activity maybe for the virus.

Species-species variations in ISG15 have been shown to impact viral
replication of influenza B highlighting the role ISG15 can have on the zoonotic range
of influenza B#’-#!. Although it is not known in detail how PLpro deISGylation activity
plays a role in coronavirus infection, this activity has been observed to be sensitive to
species-species variances within ISG15% 33, For instance, PLP2 from MHV can readily

process mouse ISG15 substrates but not human ISG15 ones®. In the case of MER-CoV
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PLpro, camel ISG15 is among those species ISG15s toward which it has the most
activity. The PLpro from SARS-CoV-2 also exhibits this species-specificity
phenomenon for its deISGylase activity (Figure 3.4). It also keeps with the trend set
by other viral deISGylases in that it can engage ISG15s from at least the species the
virus is known to productively infect: humans?® 37,

The vesper bat ISG15 was one of the fastest cleaved substrates by SARS-CoV-
2; this bat circulates within the Hubei province, lending credence to SARS-CoV-2
originating from bats. However, Egyptian fruit bat ISG15 was cleaved very slowly and
did not appear to be a suitable substrate. This is not necessarily surprising as bat
ISG15s can have as low as 60% sequence identity and coronaviruses have been seen
as being specific to certain bat species®* 4>43. Whether the vesper bat’s presence in the
general region from which SARS-CoV-2 originates, or if by happenstance vesper bat
ISG15 has similarity at amino acid positions to those of host species for SARS-CoV-
2, has a role in the preference requires further investigation® 20-37- 44,

When compared with SARS-CoV PLpro, the SARS-CoV-2 protease had
similar species preferences, particularly in regards to humans, vespers bats, and mice.
However, it had slightly higher activity towards sheep, and less towards camel®.
SARS-CoV PLpro also had no activity for fish ISG15 in contrast to its counterparts in
MER-CoV, MHV, and SARS-CoV. Although without experimentation all 54 amino
acid sites where the two viruses differ could be responsible for this divergence in
species-specific deISGylase activity, the 7 divergent sites located within the two
viruses’ known PLpro-ISG15 interfaces likely hold the most promise. Recently,

selective removal of general deISGylase activities from the PLpros of MERS-CoV and

SARS-CoV has illuminated the path to molecular tools that can reveal the role of
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1920 This new

PLpro delSGylase activity has on coronavirus pathogenesis®
information that species-specificity of SARS-CoV-2 PLpro is not fully conserved with
that of its SARS-CoV-1 counterpart may provide a new tool for unraveling the role of
viral deISGylation in coronavirus replication among different hosts. Specifically, a
SARS-CoV-2 encoding for a PLpro that has been modified to selectively ablate the
delSGylase activities of one species in favor of another.
Use of CoV PLpro inhibitors as a starting point for SARS-CoV-2 therapeutics

Protease inhibitors have a long history of being used as a basis for antiviral therapy,
the most salient examples being HIV and Hepatitis C*. Within coronaviruses themselves,
main protease inhibitors have been shown to reverse the progression of fatal coronavirus
infection?®. With no therapeutics or vaccines available for the treatment of those infected
by SARS-CoV-2, there is an overwhelming need to identify lead compounds that are
effective against proposed viral drug targets with SARS-CoV-2. The low micromolar
efficacy of GRL-0617 and compound 6 toward SARS-CoV-2 PLpro and the virus itself
suggests that previously designed SARS-CoV PLpro inhibitors would be a good place to
start. These two compounds, as well as the two scaffolds of the five compounds tested,
represent known non-covalent inhibitor classes of compounds. Additionally, these

3.27 and

compounds have been shown to have low cellular toxicity in multiple cell lines
some have displayed the potential to be metabolically stable?’. Future experiments will
need to be performed in additional cell lines as will experiments to tease out some of the

pharmacological nuances with the compounds. For now, these scaffolds, or others similarly

targeting PLpro, highlight a viable path to antiviral development and potential use.
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Conclusions

The biochemical characterization of the deubiquitinating and delSGylating
activities of SARS-CoV-2 revealed that it more closely resembles that of its counterpart in
MERS-CoV than in SARS-CoV. This includes a marked reduction in deubiquitinating
activities to include that of cleaving K48-linked tetra-Ub. As with other coronaviruses
PLpros and PLP2s, the deISGylating activity of SAR-CoV-2 PLpro appeared the more
dominant of its various proteolytic functions. This activity also appeared to be species-
specific only cleaving ISG15 substrates from select species including humans. Although
the 54 differences between the PLpros from SARS-CoV and SAR-CoV-2 impacted the
proteases functionality, they did not appreciably affect the activity of naphthalene based
PLpro inhibitors designed for SARS-CoV efficacy against SARS-CoV-2 from a drug
discovery perspective. This revelation offers a potential rapid development path to
generating PLpro targeted therapeutics for use against SARS-CoV-2.

Methods

Chemicals and reagents

5-Amino-2-methyl-N-[(R)-1-(1-naphthyl)ethyl]benzamide = (GRL-0617)  was
purchased from Raystar, CN, 5-(acetylamino)-2-methyl-N-[(1R)-1-(1-
napthanlenyl)ethyl]-benzamide (compound 6) was purchased from MedChem Express, 2-
methyl-N-[ 1-(2-naphthyl)ethyl]benzamide (7724772) was purchased from Chembridge,
N-(4-methoxybenzyl)-1-(1-naphthylmethyl)-4-piperidinecarboxamide oxalate (6577871)
was  purchased  from  Chembridge, 1-benzyl-N-(3,4,5-trimethoxybenzyl)-4-
piperidinecarboxamide (9247873) from Chembridge, Z-RLRGG-7-amino-4-methyl-
courmarin (Peptide-AMC) was purchased from Bachem, ubiquitin-7-amino-4-

methylcourmarin (Ub-AMC) was purchased from Boston Biochem, human ISG15-7-
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amino-4-methylcourmarin (ISG15-AMC) was purchased from Boston Biochem, Lys6,
Lys11, Lys29, Lys33, Lys48, Lys63, and linear linked di-Ub were obtained from Boston
Biochem, DL-dithiothroitol (DTT) was purchased from GoldBio, Isopropyl-beta-D-
thiogalactopyranoside (IPTG) was purchased from GoldBio, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) was purchased from Fisher BioReagents,
Imidazole was purchased from Acros Organics, tris(hydroxymethyl)aminomethane (Tris)
was purchased from Fisher Scientific, Sodium Chloride (NaCl) was purchased from Fisher
Chemical, Bovine Serum Albumin (BSA) was purchased from Sigma Life Science.
Homology modeling of SARS-CoV-2 PLpro

SARS-CoV-2 PLpro homology models were generated using the MODELLER
software suite, version 9.19%’. For all models, the PLpro from SARS-CoV-2 (accession
number MN908947.3) was used as the unknown. The homology model of SARS-CoV-2
PLpro in its holo open form used PDB entry SE6] as a template, while PDB entry 3E9S
was used as a template for the SARS-CoV-2 PLpro homology model used in the docking
of GRL-0617. The X-ray structure of 6W9C is now available.
Construction, Expression and Purification of viral deubiquitinases

The ubiquitin-like domain (UbL) and the catalytic core of SARS-CoV-2 PLpro
(orflab 1564-1876; 1-315) were cloned into pET-15b by Genscript and transformed into
T7 express E. coli. Cells were cultured in 4.5 L LB Broth containing 100 pg/mL Ampicillin
at 37°C until OD600 reached 0.6. Once reached, expression was induced by the addition
of 0.5 mM Isopropyl - D-thiogalactopyranoside (IPTG) and the culture was incubated at
18°C overnight. The culture was centrifuged at 12,000 x g for 10 minutes and the pellet

was collected and stored in -80°C freezer. The cell pellet was dissolved into lysis buffer

68



(500 mM NacCl and 50 mM Tris-HCI [pH = 7.0]) and then sonicated in Fisher Scientific
series 150 on ice at 50% power with 5-second pulses for 6 minutes. The lysate was
centrifuged at 26,000 x g for 45 min to remove all insoluble products. The supernatant was
then filtered and placed onto Ni-nitrilotriacetic agarose resin (Qiagen). The resin was
washed using five column volumes of lysis buffer containing 10 mM Imidazole. The
protein was eluted using 5 column volumes of lysis buffer containing 300 mM Imidazole.
Thrombin was added to the elution to remove the 6X His-tag and the combined solution
was dialyzed in size exclusion buffer (100 mM NaCl, 5 mM HEPES and 2 mM
dithiothreitol (DTT) [pH = 7.4]) and run over Size Exclusion Superdex 200 column (GE
Healthcare, Pittsburgh PA). Purity was confirmed by gel electrophoresis. The Oman strain
of Crimean Congo Hemorrhagic Fever viral ovarian tumor domain protease (1-169) used
as a di-Ub control was expressed and purified as previously described!>.
SARS-CoV-2 PLpro deubiquitinase and delSGylating assays

All assays were run using Corning Costar half-volume 96 well plates containing
AMC buffer (100 mM NaCl, 50 mM HEPES [pH = 7.5], 0.01 mg/mL bovine serum
albumin (BSA), and 5 mM DTT) to a final volume of 50 uL performed in triplicate.
CLAIROstar plate reader (BMG Lab Tech, inc.) was used to measure the fluorescence of
the AMC cleavage and the data was analyzed using MARS (BMG Lab Tech, inc.). The
AMC fluorescence was observed from the cleavage of Ub-AMC and ISG15-AMC obtained
from Boston Biochem, MA. ISG15-AMC concentrations of substrate ranged from 1 uM to
15 uM and Ub-AMC ranged from 0.5 pM to 30 uM. Protease concentrations used for the
Ub-AMC and ISG15-AMC assays were 5 nM and 0.5 nM respectively. To calculate Kum

and Vmax values, the initial rates were fitted to the Michalis-Menten equation, v =
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Vimax/(1+(Km/[S])), using the Enzyme Kinetics (v. 1.3) module of SigmaPlot (v. 10.0, SPSS
Inc.). Vimax was translated into Kear using keat = Vmax/[E].
SARS-CoV-2 PLpro poly-Ub cleavage assays

Lys6, Lysl1, Lys29, Lys33, Lys48, Lys63, and linear linked di-Ub obtain from
Boston Biochem were incubated at 10 uM with 20 nM SARS-CoV-2 PLpro. Reactions
were performed in AMC buffer at a volume of 75 pL and a temperature of 37°C. 10 uL
samples were taken at the indicated time points and heat-shocked at 98°C for five minutes.
Lys48 and Lys63 linked tetra-Ub obtained from Boston Biochem were incubated at 13.65
uM with 23nM SARS-CoV-2 PLpro. Reactions were performed in AMC buffer at a
volume of 80 pL and a temperature of 37°C. 10 pL samples were taken at the indicated
time points and heat-shocked at 98°C for five minutes. SDS-PAGE analysis was performed
using Mini-PROTEAN® TGX™ and coomassie blue.
Protease activity assay with prolSG15 substrates

At 37°C, 20 nM SARS-CoV-2 PLpro was run against 10 uM of each ISGIS.
Reaction mixtures were 100 uL in PLpro buffer (100 mM NaCl, 5 mM HEPES [pH = 7.4]).
10 uL samples were taken at the indicated time points and the reaction quenched in 2x
Laemmli sample buffer followed by boiling at 98°C for five minutes. SDS-PAGE analysis
was performed using Mini-PROTEAN® TGX Stain-Free™.
SARS-CoV-2 PLpro inhibition ICsg value determination

ICso assays were performed using similar methods to Peptide-AMC, Ub-AMC and
ISG15-AMC cleavage experiments and those described previously?. SARS-CoV-2 PLpro
was run at 100 nM against 50 uM Peptide-AMC in 98% AMC buffer 2% DMSO. Reactions

were performed in duplicate with inhibitor concentrations ranging from 1.25 pM to 20 uM,
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or 100 uM depending on compound tested. ICso calculations were performed using Prism§
from GraphPad. For 7724772, compound 6, and GRL-0617, maximum inhibition of 100%
was reached. For 6577871, maximum inhibition of 61% was reached.
SARS-CoV-2 antiviral activity assays

SARS-CoV-2 (2019-nCoV/USA-WA1/2020; accession number MN985325.1)
was received from BEI resources and propagated in Vero clone E6, Vero E6, CRL-1586.
Infections were done at a multiplicity of infection (MOI) of 0.1 in serum-free in Dulbecco's
minimal essential medium (DMEM) for 1h after which the virus-containing media was
decanted and replaced with DMEM supplemented with 10% heat-inactivated fetal bovine
serum®. The virus was propagated for 72 hours before it was harvested and the titer
determined by plaque assay on Vero E6 cells®. The viral plaques were counted and the
titer was determined as PFU/ml. The Vero cells were plated at 3 X 10° cells/well in 12-
well plates and incubated overnight at 37°C. The following day the GRL-0617 and
compound 6 were prepared into the following concentrations/well in a separate plate;
15 uM, 30 uM, 45 uM, 65 uM and 80 uM. The cells were washed once with PBS 1X
and then infected with 8,000 PFU/well with the GRL-0617 and compound 6 and
incubated for 66 hours at 37°C at 5% COas. The cells were then fixed and stained with
crystal violet to determine plaque numbers. These were all done in triplicate and the
calculations were performed using Prism8 from GraphPad. Cytotoxicity assessment of
compound 6 and GRL-0617 was performed using Lonza Toxilight bioassay. Vero E6
cells were seeded at 10,000 cells per well and incubated overnight at 37C. The plates
were washed with 1X PBS and then the compounds were added at the specific
concentrations and incubated for 72 hours. The bioassay was completed following the

instructions of the assay and direct luminometer light output (RLUSs) are measured.
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CHAPTER 4
DEVELOPING NON-COVALENT PROTEASE INHIBITORS FOR THE

TREATMENT OF SARS AND SARS-LIKE CORONAVIRUSES?
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Abstract

Over the last 20 years, both severe acute respiratory syndrome coronavirus 1
(SARS-CoV-1) and SARS-CoV-2 spread from animal hosts to humans causing
outbreaks of severe disease. Both viruses originate from a subgroup of
betacoronaviruses known as subgroup 2b. The emergence of two dangerous human
pathogens from this subgroup along with previous studies illustrating the potential of
other subgroup 2b members to cross over to humans has underscored the need for
antiviral development against them. Coronaviruses suppress their host’s innate
immune response in part through the reversal of ubiquitination and ISGylation with
their papain-like protease (PLpro). To identify unique or overarching subgroup 2b
structural features or enzymatic tendencies, the PLpro from a subgroup 2b bat
coronavirus, BtSCoV-Rf1.2004 was biochemically and structurally evaluated. This
revealed PLpros from subgroup 2b coronaviruses tend to have narrow substrate
specificity for K48 polyubiquitin and ISG15 originating from certain species. The
PLpro of BtSCoV-Rf1.2004 was utilized as a tool alongside those of SARS-CoV-1
and SARS-CoV-2 to design 28 novel non-covalent drug-like pan subgroup 2b PLpro
inhibitors, which included determining the effects of using previously unexplored core
linkers within these compounds. Two crystal structures of BtSCoV-Rf1.2004 PLpro
bound to these inhibitors aided in recognizing shared structural features among subgroup
2b proteases and compound design. By screening these three subgroup 2b PLpros
against this novel set of inhibitors and performing cytotoxicity studies, new directions
for pan-coronavirus subgroup 2b antiviral development through PLpro inhibition can

be envisioned.
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Introduction

In the last two decades, betacoronaviruses have spilled over from animals to cause
disease outbreaks in humans on multiple occasions with often deleterious outcomes'.
Coronaviruses can be divided into four branches, and betacoronaviruses can be further
broken down into four subgroups, 2a-2d. In 2015, a study highlighted subgroup 2b
contained not only the 2003 pandemic causing SARS-CoV-1 but a cluster of 15 SARS-like
coronaviruses?. Many of these SARS-like viruses are prevalent among Chinese horseshoe
bats but also have been shown to infect a range of diverse hosts?. Additionally, these viruses
were found to be similar enough that after replacing the spike protein of SARS-CoV-1 with
that of another subgroup 2b virus from bats it was still capable of productively infecting
primary human airway cells. They even could reach in vitro titers equivalent to epidemic
strains of SARS-CoV-1%. Since then, this subgroup has been found to include over 30
human and zoonotic viruses. This list now includes SARS-CoV-2 that caused a worldwide
pandemic with over 122 million cases and 2.7 million deaths®. As was foreshadowed in
2015, the emergence of SARS-CoV-2 further stresses that SARS-CoV-2 and SARS-CoV-
1 are not likely to be the last coronaviruses to cross over to humans. The 2003 and 2019
pandemics highlight the urgent need to develop effective coronavirus therapeutics that can

thwart current and future coronavirus subgroup 2b health threats.

As evidenced by the COVID-19 pandemic, the development and large-scale
distribution of an effective vaccine targeting coronavirus spike proteins is possible but can
take up to a year to field. Additionally, the two-shot regimens take more than 30 days to

build full immunity and cannot be utilized by individuals with certain immune conditions,
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reducing their ability to quickly contain outbreaks®. Moreover, some of the most vulnerable
populations such as the elderly, newborns, and the immunocompromised are typically
unable to receive vaccines’. The spike protein has also shown a propensity for mutation,
further stressing the need for alternative therapeutic strategies®. Hence, there is a strong
need to add to the public’s arsenal of small molecules that can serve as therapeutics for

SARS-CoV-2 as well as the next subgroup 2b coronavirus outbreak.

As with other ssSRNA(+) coronaviruses, betacoronaviruses upon infection translate
two polypeptides ppla and pplab, which are cleaved into 16 nonstructural proteins (Nspl
to Nspl6). Nspl-16 form the virus’s membrane-bound replicase complex, which is
necessary to transcribe the viral RNA genome prior to translation’. CoVs encode two
proteases that process the polyproteins into their functional units'®. The 3C-like protease,
also known as the main protease, cleaves Nsp4-Nspl6. The papain-like protease (PLpro)

cleaves Nsp1-3'!: 12

. The genomes of coronaviruses can contain up to two PLPs. However,
the genomes of subgroup 2b viruses mirror that of Middle East respiratory syndrome

(MERS) CoV, a subgroup 2c¢ virus by encoding only one PLpro!°.

In addition to serving a critical function in cleaving the viral polypeptide, PLpros
as well as papain-like protease 2 (PLP2) in two papain-like proteases, have demonstrated
immunosuppressive effects on host organisms by reversing post-translational modification
by ubiquitin (Ub) and interferon-stimulated gene product 15 (ISG15)!> 13, Several forms
of ubiquitination and ISGylation have been shown to regulate various aspects of the innate

immune system!#16

. Post-translational modification with Ub and ISG15 has a profound
impact on host type-I IFN and NF-«kB inflammatory responses, as well as upregulating the

production of cytokines, chemokines, and other ISGs'” 3. Additionally, some Ub-like
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protein (Ubl) modifiers have been shown to facilitate inhibition, sequestration, or

19-22

proteasomal degradation of marked proteins'”. By reversing these modifications viral

encoded PLpros can allow critical viral proteins to remain intact, active, and suppress an
anti-viral immune state until the virus is able to replicate. To determine if there are
identifiable trends in enzymatic activity within subgroup 2b PLpros, we examined the
PLpro from BtSCoV-Rf1.2004 for comparison. BtSCoV-Rf1.2004 is a subgroup 2b virus
isolated from greater horseshoe bats and of the currently identified 2b viruses it is the most

distantly related to SARS-CoV-1, other than SARS-CoV-2 (Figure 4.1)*.

Figure 4.1. Sequence alignment of PLPs from SARS family coronaviruses. The PLpro or
PLP from BtSCoV-Rf1.2004 (accession number ABD75321.1), SARS-CoV-2 (accession
number MN908947.3), SARS-CoV-1 (accession number POC6US), SZ16 (accession
number AY304488.1), HKU3.2 (accession number AAZ41328.1), Rm1.2004 (accession
number ABD75330.1), MERS-CoV (accession number AFS88944), and NL63 (accession
number POC6UG6.1). The secondary structure shown is predicted by DSSP for BtSCoV-
Rf1.2004 PLpro. Similarity and alignment calculations were performed using ClustalW.
Residue positions that are fully conserved are marked in blue, with those being highly
conserved marked in purple. Residues that form the catalytic triad are marked with black
stars, while residues forming the zinc finger motif are marked with blue stars. Residues
forming interactions between the Ubl domain and thumb domain of PLpros are marked in
orange. The BL2 loop is boxed in green.
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The dual activity of PLpro, aiding viral replication and suppressing the innate
immune system, makes it a highly sought-after drug target?*-2°, Its conserved nature among
subgroup 2b coronaviruses also presents an opportunity to develop inhibitors that have
broad specificity for future subgroup 2b viral threats. Several approaches have been taken
to inhibit SARS-CoV-1 PLpro, including covalent modification of the catalytic cysteine by
electrophilic warheads, as well as competitive inhibition by several non-covalently binding
compounds?’. This includes two sets of non-covalent drug-like naphthalene-containing

compounds that bind to a pocket adjacent to the active site?®. Excitingly, these naphthalene-
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based scaffolds originally identified to inhibit SARS-CoV-1 PLpro have been discovered
to possess similar efficacy against SARS-CoV-2%. This subsequently has drawn
significant attention to the potential of these scaffolds to serve as a basis for therapeutic
development for SARS-CoV-22% 3031 These inhibitors typically consist of a naphthyl
group and an arene group with various backbones linking them. Thus far, the effective
inhibitors can be categorized into two sets: series I compounds such as GRL0617 (Figure
4.2A), which typically utilize an amide backbone, and series II compounds such as
6577871, which commonly have a piperidine scaffold (Figure 4.2B)?"-2-32, Both categories
have proven effective in inhibiting PLpros from SARS-CoV-1 and SARS-CoV-2 but are
not fully optimized in backbone structure or arene ring decoration. Additionally, it remains

unknown whether these inhibitors would be effective against a wider array of coronavirus

subgroup 2b PLpros.
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Figure 4.2. PLpro interactions with series I and II naphthalene-based inhibitors. Western
naphthyl groups are highlighted in yellow, eastern arene groups are highlighted in teal, and
core linker groups are highlighted in pink. (A) Key hydrophobic and hydrogen bonding
interactions of series I inhibitor GRL0617; (B) Key hydrophobic and hydrogen bonding
interactions of the series II initial hit 6577871.
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Here, we evaluated the enzymatic activity of the PLpro of BtSCoV-Rf1.2004 to
reveal shared substrate preferences among subgroup 2b coronavirus PLpros. Two
structures of BtSCoV-Rf12004 PLpro were solved in complex with non-covalent drug-like
naphthalene inhibitors. From a global structural perspective, this new information revealed
signature structural motifs that separate subgroup 2b PLpros from those of other
coronaviruses. Additionally, these structures, in combination with structural activity
relationship data obtained with a library composed of compounds with unexplored
chemical cores, illustrate the potential of developing a novel inhibitor with pan subgroup
2b potency. Evaluation of these compounds’ cytotoxicity against multiple cell lines further
accentuates the potential of non-covalent drug-like naphthalene scaffolds for future

therapeutic development against subgroup 2b members.
Results
PLpros are Highly Conserved among SARS-like Coronaviruses

Prior to SARS-CoV-2, subgroup 2b consisted of fifteen SARS-like viruses
originating from several species of old-world bats, primarily Horseshoe bats>*. Sequence
analysis of these viruses along with that of SARS-CoV-2 revealed that each encoded one
of six unique PLpro sequences (Figure 4.1). The recent SARS-CoV-2 strains originating
from the United Kingdom and Brazil bring the total to eight, having A146D and K233Q
PLpro mutations, respectively. As of this writing, the SARS-CoV-2 strain originating from
South Africa has not been reported to have mutations within the PLpro®3. Both the genomes
and PLpros of subgroup 2b viruses share sequence identity greater than 80 percent. PLpros
and PLP2 have been shown to vary in terms of substrate preference and activity. To gain a

better understanding of subgroup 2b substrate preferences, a third subgroup 2b PLpro
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originating from BtSCoV-Rf1.2004 was selected to identify subgroup 2b DUB and
deISGylase activity, as well as to assist in subgroup 2b broad-spectrum inhibitor
development. BtSCoV-Rf1.2004 was isolated from the greater horseshoe bat (R.
ferrumequinum) in Yichang, China, just 320 km from the location of the initial outbreak
of the SARS-CoV-2 pandemic?. BtSCoV-Rf1.2004 was chosen because at 93.9%
conservation it is the most distantly related subgroup 2b virus from SARS-CoV-1, other
than SARS-CoV-2. Highlighting how conserved PLpro is among subgroup 2b viruses,
despite the distant relation of BtSCoV-Rf1.2004 to SARS-CoV-1 and SARS-CoV-2, the
PLpro of BtSCoV-Rf1.2004 retains 97.8% and 82.2% sequence homology, respectively.
Initial examination of key functional areas, particularly the active site, naphthalene
inhibitor binding pocket, and the Ub interacting motif (UIM) reveal that these areas are
highly conserved among subgroup 2b PLpros (Figure 4.1). Despite three major emergent
strains now observed, only two mutations within SARS-CoV-2 PLpro have been observed.
Only one, K233Q of the Brazilian strain, is located in a functionally relevant location.
However, this mutation can be viewed as conservative in nature as it converts the lysine

residue to the subgroup 2b consensus glutamine residue.
Deubiquitinase and DelSGylase Activity of BtSCoV-Rf1.2004 PLpro

To identify differences in enzyme kinetics between BtSCoV-Rf1.2004 PLpro
and those of other subgroup 2b viruses, the kinetic parameters of BtSCoV-Rf1.2004
PLpro for various substrates were determined. The kinetic values for PLpro substrates
Ub-AMC and human ISG15-AMC, as well as the last five consensus amino acids
between them (RLRGG; peptide-AMC), were determined by monitoring the release
of the fluorogenic reporter group 7-amino-4-methylcoumarin (AMC) moiety (Table

4.1). The catalytic efficiency of BtSCoV-Rf1.2004 PLpro for peptide-AMC is
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0.1£0.007 uM 'min~!, which is within the range of other subgroup 2b PLpros. The
efficiency of BtSCoV-Rf1.2004 PLpro for Ub-AMC is 1.0+£0.0uM 'min~! with Kum
and kcac values of 14.3+0.9 and 13.9+0.4, respectively. Similar to other subgroup 2b
viruses, BtSCoV-Rf1.2004 PLpro demonstrated a clear preference for ISG15 over Ub.
BtSCoV-Rf1.2004 PLpro was not able to be saturated with ISG15-AMC at the
concentrations used, however using first-order enzyme kinetics the catalytic efficiency
was determined to be 56.6+5.3uM 'min~!. The difficulty in saturating the PLpro
appears to be due to its robust deISGylase activity, which is twice as efficient as any
other SARS-CoV PLpro. Despite not being able to calculate a maximum turnover
number, a rate of 595 min! was observed. The calculated maximum turnover number
for ISG15-AMC by SARS-CoV-1 is 436 min™!, making BtSCoV-Rf1.2004 PLpro the

most robust deISGylase among coronavirus PLpros evaluated so far?®: 34 33,
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Table 4.1. Kinetic analysis of BtSCoV-Rf1.2004 PLpro with PEP-AMC, Ub-AMC, and
ISG15-AMC

Substrate

RLRGG-AMC  Ub-AMC ISG15-AMC
BtSCoV-Rf1.2004 PLpro
Keat K (UM 'min-T) 0.1+0.0072 1.0+£0.0 56.6 + 5.3%
Koy (min) 13.9+0.4
K, (uM) 143109
SARS-2 PLpro®
KooK, (MM-'min) 0.00512 1.3+0.1 10.3+05
Keat (min-') 10.0+0.8 40.0+1.8
K, (UM-1) 79+14 39+05
SARS PLpro¢
KoK (MM-'min-t) 0.32 15+03 28.9+53
Keat (Min-') 75.9+8.1 436 + 40
Ko, (M) 50.6+7.4 15.1+2.4
MERS PLpro¢
Keat!Km (UM 'min-) 0.0032 1.3+0.2 9.9+1.6
Keat (Min') 18.8+1.2 326+1.8
K., (UM1) 143+20 33+0.5
MHV PLP2+d
KoK, (MM-'min-1) 0.00162 383+63 23%0.1°
K g (Min-t) 49.8+2.9
K, (uM-1) 1.3+0.2

Poly-Ub Linkage Preferences for SARS-CoV PLpro

PLpros have often shown a greater ability to process poly-Ub chains than those of
mono-Ub conjugates®®. To determine if this is the case with BtSCoV-Rf1.2004, PLpro
cleavage activity was tested against the eight different linkage types of di-Ub M1, K6, K11,
K27, K29, K33, K48, and K63. Utilizing similar experimental conditions to those used to
evaluate other PLpros?® 3¢, 10 uM of each di-Ub was incubated with 20 nM PLpro from
BtSCoV-Rf1.2004. Divergent from PLpros and related PLP2s originating out of

subgroup 2a and 2c, BtSCoV-Rf1.2004 demonstrated little ability to cleave di-Ub of any
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linkage type. Only a small amount of K48 was cleaved after 60 minutes by BtSCoV-
Rf1.2004 PLpro (Figure 4.3A). This is similar to what was seen in assays using other
SARS-CoV PLpros, which showed little to no activity toward di-Ub?* 6. However, when
tested against tetra-Ub chains BtSCoV-Rf1.2004 PLpro demonstrated significantly higher
DUB activity (Figure 4.3B). The K48 linked tetra-Ub was entirely converted to di-Ub in
less than five minutes and well-defined bands of tri and di-Ub appear in the K63 tetra-Ub

cleavage experiment after approximately forty minutes.
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Figure 4.3. Activity of BtSCoV-Rf1.2004 PLpro for different linkages of poly-Ub. A) At
37°C 10uM each of M1, K6, K11, K27, K29, K33, K48, and K63 linked di-Ub were
incubated with 20nM BtSCoV-Rf1.2004 PLpro. Samples were taken from the reaction
tube at indicated time points. B) Under similar reaction conditions 13.65uM each of K48
and K63 linked tetra-Ub was incubated with 23nM PLpro for 3 hours with samples taken
at given time points.
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Species Specific DelSGylase Activity of BtSCoV-Rf1.2004 PLpro

DelSGylases have been shown to be selective for ISG15s from species which they
have been found to productively infect!'® 2> 37-3% Unlike Ub that is almost completely
conserved between species, ISG15 can vary with sequence similarity as low as 60% within
class Mammalia®’. In vivo ISG15 is translated as a pro-form that consists of the mature
ISG15 with several amino acids following the LRLRGG cleavage site (proISG15). Given
BtSCoV-Rf1.2004 PLpro’s similarity with other subgroup 2b PLpros in substrate
preference for ISG15 over mono-Ub, molecular weight shift experiments using prolSG15s
from various species were used to assess ISG15 species preference among a collection of
fourteen species'® 2% 37, The experimental parameters that were employed were consistent
with previous studies focusing on other PLpros incubating 20 nM PLpro with 10 pM

proISG15 originating from the various species (Figure 4.4)'%2°,

Figure 4.4. Activity of BtSCoV-Rf1.2004 PLpro for prolSG15 from multiple species.
BtSCoV-Rf1.2004 PLpro was evaluated for the cleavage of proISG15s from the following
species: human (Homo sapiens; AAH09507.1), cow (Bos taurus; NP_776791.1), vesper
bat (Myotis davidii; ELK23605.1), Egyptian fruit bat (Rousettus aegyptiacus;
XP _015999857.1), pig (Sus scrofa; ACB87600.1), hedgehog (Erinaceus europaeus;
XP_007525810.2), mouse (Mus musculus; AAB02697.1), dromedary camel (Camelus
dromedarius; XP_010997700.1), sheep (Ovis aries; AF152103.1), northern tree shrew
(Tupaia belangeri; AFH66859.1), greater horseshoe bat (Rhinolophus ferrumequinum;
XP_032969719.1), Chinese rufous horseshoe bat (Rhinolophus sinicus; XP_019567580.1),
rabbit (Oryctolagus cuniculus; XP_017195918), and jackknife fish (Oplegnathus
fasciatus; BAJ16365.1). At 37°C, 10uM of each ISG15 was incubated with 20nM of
BtSCoV-Rf1.2004 PLpro for at least 1hr with samples taken at the time points indicated.
The summary of the proISG15 cleavage assays for BtSCoV-Rf1.2004 PLpro is presented
as a heat map. Colors range from dark red (no cleavage) to green (relatively robust
cleavage).
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In line with previous findings of other PLpros preferring ISG15s from species that
serve as reservoirs for their parent virus, BtSCoV-Rf1.2004 PLpro distinctly possesses the
highest activity towards ISG15s encoded by the greater horseshoe bat and the Chinese
rufous horseshoe bat. Horseshoe bats are known reservoirs for subgroup 2b viruses and are
present throughout much of Southeast Asia, sub-Saharan Africa, and Southern Europe?.
BtSCoV-Rf1.2004 PLpro also has varying levels of proficiency for cleaving vesper bat,
sheep, and northern tree shrew prolSG15s with more moderate activity toward human,
cow, camel, and mouse. Relatively weak activity towards pig, hedgehog, and Egyptian fruit
bat was observed with no detectable activity against rabbit or fish ISG15. The cleavage
rate of several important ISG15s such as human, mouse, and vesper bat by BtSCoV-
Rf1.2004 PLpro closely matched what was seen with SARS-CoV-1 and SARS-CoV-2!%

2%, While some species’ ISG15s are cleaved more slowly than long-chain K48-Ub, those
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of BtSCoV-Rf1.2004’s natural hosts R. ferrumequinum and R. sinicus appear to be the

preferred substrates.

X-ray crystal structure of betacoronavirus subgroup 2b BtSCoV-Rf1.2004 PLpro

To evaluate any differences between subgroup 2b PLpros an X-ray crystal structure
of the BtSCoV-Rf1.2004 PLpro was obtained and compared to structures of SARS-CoV-
1 and SARS-CoV-2 PLpros. The structure was determined to a resolution of 3.16A in space
group P2:2:2 (Table S4.1). A homology model of BtSCoV-Rf1.2004 PLpro based on a
SARS-CoV-1 PLpro (PDB 3E9S) catalytic core was used as a search model. Upon finding
two monomers of the catalytic core in the asymmetric unit, the Ubl domain for the
monomers was subsequently located using the Ubl of 3E9S as a search model.

Globally, the BtSCoV-Rf1.2004 PLpro resembles other subgroup 2b PLpros in
secondary and tertiary structure (Figure 4.5A/B). It consists of a catalytic core made up of
a palm, thumb, and zinc finger domain. The core was found in a holo, open conformation?2.
Additionally, the PLpros contain an N-terminal Ubl domain. The Ubl domain of BtSCoV-
Rf1.2004 is shifted approximately 90 degrees from previously seen elongated forms'® and
is tucked against the catalytic domain when compared to the typical extended conformation
(Figure S4.1). Until now this tucked conformation had only been seen in SARS-CoV-1
PLpro in complex with mouse ISG15 (PDB 5TL7). When in this conformation a seam of
electrostatic interactions is formed between residues on the Ubl domain and a-helix 3 of
the thumb domain. These interactions appear to stabilize the association of the two

domains.
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Figure 4.5. Tertiary structure of subgroup 2b PLpros compared to subgroups 2a and 2¢ A)
Cartoon representation of BtSCoV-Rf1.2004 PLpro (Green) secondary structure with helix
and sheet labels corresponding to Figure 4.2 DSSP calculations B) Overlaid cartoon
representations of BtSCoV-Rf1.2004 PLpro (Green), SARS-CoV-1 PLpro (PDB 3E9S)
(Pink), and SARS-CoV-2 PLpro (PDB 7JIR) (Blue). The four PLpro domains are labeled
and color coded: Fingers (Purple), Palm (Orange), Thumb (Yellow), Ubl (Cyan). C)
Overlaid cartoon representations of BtSCoV-Rf1.2004 PLpro (Green), MERS-CoV PLpro
(PDB 5W8T)(Yellow), and MHV PLP (SWFI)(Grey) with their Ubl domains represented
by ribbons.
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When compared with the PLP of the subgroup 2a MHV (PDB 5WFI) and the PLpro
of subgroup 2¢ MERS-CoV (PDB 5W8T), it appears that most secondary structures are
conserved, however, there is variation in the overall tertiary structure between the PLpros
of coronavirus subgroups (Figure 4.5C). The finger domains vary the most between
subgroups, with not only loops shifting, but B-sheets orienting differently. This is most
pronounced in the MERS-CoV PLpro, where the finger domain is shifted approximately 6
A away from the P3/P4 pocket relative to MHV and BtSCoV-Rf1.2004. This variance
seems to go beyond the open and closed conformations of the finger domain induced by
substrate binding previously observed*®4!.

Interactions between GRL0617 and the P3-P4 pocket of BtSCoV-Rf1.2004 PLpro

When examining the BL2 loop F, - F. density was readily observed for GRL0617
in both monomers (Figure 4.6A). Within the pocket GRL0617 is oriented similarly in all
subgroup 2b PLpros, forming hydrogen bonds with D165 and Q270, as well as
hydrophobic interactions with P248 and P249 (Figure 4.6B/C). However, between the
monomers of BtSCoV-Rf1.2004, there are differences in the positions of the Q270 side
chain, the eastern arene ring, and most notably the western naphthyl group (Figure 4.7C).
The differences appear to be due to a crystal contact present on the B chain that is absent
on the A chain in which V226 of the B chain zinc finger forms a hydrophobic interaction

with the western naphthyl group of B chain GRL0617 (Figure 4.7A/B).
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Figure 4.6. Inhibitor binding pocket of three subgroup 2b viruses. A) A F,-F. electron
density map is shown contoured at 1 (green mesh). With GRL0617 shown in purple and
BtSCoV-Rfl PLpro shown in green. B) GRL0617 (purple) bound to BtSCoV-Rfl PLpro
(green cartoon) overlaid with SARS-CoV-2 (white surface and cartoon) showing a possible
path to active site for future inhibitors. The surfaces of the P2 site, P3 site, P4 site, and BL2
loop are shown in red, cyan, yellow, and blue respectively. C) Stereoview overlay of
GRL0617 bound to three different SARS-CoV PLpros: BtSCoV-Rfl1 (green and purple),
SARS-CoV-1 (pink and orange), and SARS-CoV-2 (blue and yellow).
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Figure 4.7. Crystal contacts affecting PLpro conformation A) Overlaid cartoon
representations of BtSCoV-Rf1.2004 PLpro chain A (green) and chain B (blue). B) Zinc
finger loops of the two domains differ due to a crystal contact being made by chain B. C)
GRL0617 of chain B is shifted in the binding pocket due to a crystal contact with chain B
V226.

Crystal contacts on the BL2 loops of SARS-CoV-1 and SARS-CoV-2 PLpros
influence the positioning of the loops and GRL0617 in these structures as well. The
absence of a BL2 loop contact on the A chain of BtSCoV-Rf1.2004 PLpro likely places
GRL0617 in its most natural orientation within the pocket. The chain B V226 contact is
also responsible for a shift in the zinc finger loop (Figure 4.7). The zinc finger loop appears
to be the most variable region within the catalytic core of the PLpro (Figure 4.5B). SARS-
CoV-1 and SARS-CoV-2 PLpro structures form different crystal contacts at similar sites
to those of BtSCoV-Rf1.2004 chain B that cause shifts in the zinc finger and BL2 loops.
This suggests the influence of crystal should be considered when using these structures in

a structure-based drug design approach.
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Beyond the crystal lattice induced changes to the BL2 loop among the subgroup 2b
PLpro structures, the only other notable difference is a rotamer in residue L163, which in
SARS-CoV-1 and BtSCoV-Rf1.2004 is angled towards the 2-methyl group of GRL0617,
but in SARS-CoV-2 angled away from the pocket (Figure 4.6B). This altered conformation
is seen in structures of SARS-CoV-1 PLpro bound to human and mouse ISG15, along with
a shifted BL2 loop to accommodate the C-terminal GG cleavage motif of Ubl substrates
(PDB 5TL6 and 5TL7). These changes provide insight into the flexibility of the BL2 loop
when accommodating BL2 inhibitors as well as how the influence of crystal contacts on
the BL2 loop in some structures may need to be accounted for when using these structures

for drug discovery purposes.
Inhibition of SARS-CoV Family PLpros with Novel Inhibitors

With GRL0617 being readily accommodated within the BtSCoV-Rf1.2004 PLpro
P3/P4 site, the practicality of targeting PLpro broadly appears feasible. As a result, 31
compounds were synthesized based on series I and series I compounds designed for the
inhibition of SARS-CoV-1 PLpro. While variation in PLpro sequences exists among
subgroup 2b viruses, the residues lining the active site and the adjacent P3 and P4 sites are
fully conserved (Figure 4.1). These residues bind RLRGG residues of Ubl substrates to
facilitate cleavage!'®. They have also been shown to be critical in binding naphthalene-based
compounds that successfully inhibit PLpro cleavage activity in SARS-CoV-1 and SARS-
CoV-2*2, Preliminary studies show that inhibitors designed to bind at this site in SARS-
CoV-1 exhibit similar ICsp and ECso values when tested against SARS-CoV-2%° (Table

42).
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Table 4.2. ICso values of series I and II compounds when tested against PLpros of SARS-
CoV-2, SARS-CoV-1, and BtSCoV-Rf1.2004 PLpros.

Compound ICso (uM) | Compound ICso (uM) | Compound ICso
(M)
e 24+02 9 27336 A 1.1+0.1
Ry e 14400 Y™ [114£05 Negae 1.0£ 0.0
12£0.0 e 15817 | ™ o= ™ 84108
()34
e 235+ 1.7 R 54+02 i 1.8+0.1
Y 14506 | L7 ¥ 107207 SV [Tet00
12472 262+ 1.4 i T 75+0.5 2.4 +0.1
8 ) 411£32 ? . [19.6%30 A 28.6+2.0
A 36823 \(u@%"“@; 15.2+ 1.3 ijl“C 9.1+1.1
26.2+1.4 g 21.0£31 [ e . ™ 225+1.7

The naphthalene-based inhibitors can be categorized into two series by their
backbone structure. The series I and II hits share a common binding site for their western
hydrophobic moieties. The two series differ in the eastern arene moieties, which occupy
proximal but different binding pockets, and by the central core — a simple amide unit in
series I and a piperidine ring in series II (Figure 4.2). This suggested that there exists
considerable scope for innovation in the central core, in terms of both the spacing it
provides between the eastern and western arenes and the basic structure employed. With
this in mind, we set out to explore alternative central cores based on piperidine analogs
such as azetidines, and spiroazetidines*?, and other bicyclic systems that would allow for
variation of the separation between the eastern and western arene while retaining the basic
geometry of a 4-substituted piperidine ring.

The X-ray crystallographically-derived essential interactions between the series I
compound GRL0617 and the SARS-CoV-1 PLpro (PDB 3E9S) are summarized in Figure
4.2A. Early X-ray structures of a series Il inhibitor 1 with SARS-CoV-1 PLpro (PDB
3MIJ5) revealed the occupancy of the same hydrophobic pocket by the naphthalene ring but

showed the piperidine ring in an unlikely high-energy twist-boat conformation with no
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interaction of either the basic ring nitrogen or the adjacent amide NH with D165.%* A
subsequent reevaluation of this X-ray structure, however, represented the piperidine ring
in a more standard chair conformation with an H-bond from the basic piperidine nitrogen
to D165.* Adopting the latter structure as the more likely, the strong parallels between the
interactions of the western halves of the series I and II compounds with the protein are
evident and form a solid base on which to engineer next generation compounds for the
inhibition of subgroup 2b PLpros, including SARS-CoV-2. The aromatic rings of the
eastern halves of the series I and II compounds occupy different sites because of the
differing dimensions of their central portions. In series I, the backbone amide of Q270 H-
bonds to the amide carbonyl of the inhibitor, whereas in series II the hydrocarbon part of
the Q270 side chain forms one face of hydrophobic pocket encapsulating the eastern arene,
which is completed by the side chain of M209 and other residues. Y269 interacts with the
amino group in the eastern arene of the series I compound, but with the amide carbonyl of
the series II compound.

We began with a brief exploration of the hydrophobic eastern part of the binding
domain by the synthesis of analogs of series I compounds in which the naphthalene unit
was exchanged for a cyclohexyl or 1-adamantanyl moiety. We first prepared an authentic
sample of GRL0617 coupling R-1-(1-naphthyl)ethylamine 2 with 2-methyl-5-nitrobenzoic
acid followed by hydrogenolytic reduction of the intermediate nitroarene 5. Carbodiimide
coupling of R-1-cyclohexylethylamine 3 with 2-methyl-5-nitrobenzoic acid then gave the
amide 6, which was reduced with hydrogen over palladium on charcoal to afford 8.
Similarly, (£)-1-(1-adamantanyl)ethylamine 4 was condensed with 2-methyl-5-

nitrobenzoic acid to give 7, hydrogenolysis of which afforded 9. 2-Methylbenzoic acid also
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was coupled R-1-(1-naphthyl)ethylamine 2 and (+)-1-(1-adamantanyl)ethylamine 4 to give
an authentic sample of (+)-7724772* and 10. A further analog, 11 of GRLO0617 in which
the 5-amino-2-methylbenzamide moiety was replaced by a nicotinamide group was also

prepared at this time through carbodiimide coupling (Scheme 4.1).

Scheme 4.1. Synthesis of Compounds GRL0617, 8, 9, 7724772, 10 and 11.
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Focusing on series I, we next investigated the influence of absolute configuration
at the stereogenic center in the amide portion of GRL0617 by replacing the R-configured
CHMe by an NMe moiety in the form of the hydrazide 22 (Scheme 4.2). For good measure
we also accessed the regioisomer 23 by analogous means. The substitution of the R-
configured CHMe by an NMe moiety in both 22 and 23 draws on analogy with our recent
work with trisubstituted hydroxylamines,*® 4’ according to which we consider the N-methyl
hydrazide moiety as an isostere of either enantiomer of the parent compound owing to the
pyramidal yet rapidly inverting nature of the hydrazide nitrogen atom. The 1- and 2-
naphthylhydrazines 12 and 13 required for these syntheses were accessed by a literature

method.*®

Scheme 4.2. Preparation of the Regioisomeric Hydrazides 22 and 23.
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Remaining with series I, we also prepared thioamides 24 and 25 by treatment of the
parents with Lawesson’s reagent, and reduced the amide in GRL0617 by silylation and
subsequent treatment with lithium aluminum hydride,* to the corresponding amine 26.
Finally, in this series, we prepared the inverted amide 28 by condensation of 1-
naphthylacetyl chloride with 2-methyl-5-nitroaniline giving 27, followed by

hydrogenolysis (Scheme 4.3).

Scheme 4.3. Preparation of 24, 25, 26, 27, and 28.
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Turning to the series I compounds, reductive amination of 1-acetonaphthone
isopropyl piperidine-4-carboxylate’® by condensation in the presence of titanium

tetraisopropoxide followed by sodium cyanoborohydride reduction gave the racemic amine
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29.5! Saponification then afforded the corresponding acid 30, which was condensed with
(2-methoxy-4-pyridyl)methylamine and 3,4-methylenedioxybenzylamine to give 31 and 2,
respectively (Scheme 4.4). An analog of 31 in which the 4-piperidine carboxamide moiety
was replaced by a 3-azetidinecarboxamide was prepared by related approach in which N-
(tert-butyloxycabonyl)azetidine-3-carboxylic acid>?> was condensed with (2-methoxy-4-
pyridyl)methylamine to give the amide 32, followed by removal of the carbamate and

ultimate reductive amination with 1-acetonaphthone giving 34 (Scheme 4.4).

Scheme 4.4. Preparation of 1, 29, 31, and 34.
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We next turned to the preparation of series Il analogs in which the central piperidine
ring was replaced by a spiroazetidine moiety. To this end diisopropyl 3,3-
di(hydroxymethyl)cyclobutane-1,1-dicarboxylate> was activated with triflic anhydride in
the presence of Hunig’s base before addition of 1-(1R-naphthyl)ethylamine 2 and heating
to 70°C to afford the spiroazetidine 35. Saponification then gave the dicarboxylic acid 36,
which was coupled to an assortment of benzylic amines with carbonyl diimidazole in THF
at reflux>* to afford 37, 38, 39, 40, 41, and 42. Heating of the dicarboxylic acid 36 with
carbonyl diimidazole in a mixture of methanol and THF at reflux afforded the ester 43,
which was reduced with lithium aluminum hydride to afford alcohol 44. Oxidation of this
alcohol with the Dess-Martin periodinane then gave an aldehyde, which was coupled to 2-
methyoxy-4-pyridylmethylamine under standard reductive amination conditions affording
the diamine 45. Finally, we returned to the N-methyl hydrazide concept and prepared an
analog 47, of 37 in which the chiral CHMe unit was replaced by the NMe moiety, using a

minor variation on the general route to the spiroazetidines (Scheme 4.5).%% ¢
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Scheme 4.5. Preparation of Spiroazetidine Derivatives 37-42, 45, and 47.
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Returning to the theme of inverted amides and hybrid structures encompassing
aspects of both the series I and II compounds, we first prepared 51 based on the azetidine
core by standard means. In a similar vein, starting with the pentaerythritol derivative 2-
phenyl-1,3-dioxane-5,5-diylbis(methylene) dimethanesulfonate 52 we prepared the

spirodiazetidine 55, and coupled it to nicotinic acid affording 56 (Scheme 4.6).

Scheme 4.6. Preparation of Azetidine 51 and Spirodiazetidine 56.
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To further probe the structural requirements in the central portion of the binding
pocket we turned to a brief exploration of squaramides®” ® and oxalamides®!. To this end
diethyl squarate was heated with 2-methyl-5-nitroaniline in ethanol with microwave
irradiation to give 57 as a yellow solid, albeit only in 18% yield. Subsequent heating of 57
with 1R-(1-naphthyl)methylamine, again in ethanol with microwave heating afforded 58
in 79% yield, which was subjected to hydrogenolysis over palladium on charcoal to afford
the desired 59 in 43% yield (Scheme 4.8). Stirring of the half-squaramide 57 with 1-(1-
naphthyl)methylhydrazine 18 in ethanol at 20°C afforded the hydrazide 60 in 30%, and
was followed by hydrogenolysis, which gave 61 in 85% yield (Scheme 4.7). An
unsymmetrical oxalamide 62 was prepared in 60% yield by briefly stirring 2-methyl-5-
nitroaniline with an excess of oxalyl chloride and potassium carbonate in dichloromethane
at room temperature, followed by concentration to dryness and subsequent exposure to 1R-
(1-naphthyl)ethylamine. Hydrogenolysis then gave the target compound 63 in 53% isolated

yield (Scheme 4.7).
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Scheme 4.7. Preparation of Squaramides 59 and 61 and Oxalamide 63.
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To complete our investigation of the structural requirements of the central portion
of the binding pocket, taking note of the broad utility of oxadiazoles as molecular
scaffolds,%> we prepared the oxazdiazole 69. The synthesis began with acylation of 1-
acenaphthone hydrazone 64 with 2-methyl-5-nitrobenzoyl chloride to give the acyl

hydrazone 65, which was reduced to the corresponding acyl hydrazide 66 with sodium
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cyanoborohydride. Hydrogenolysis of this substance over palladium on carbon gave
hydrazide 67, itself suitable for screening, whereas cyclodehydration to the oxadiazolone
68 was achieved with triphosgene, leaving only hydrogenolysis of the nitro group to

complete the synthesis of 69 (Scheme 4.8).

Scheme 4.8. Synthesis of Hydrazide 67 and Oxadiazolone 69.
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All compounds were assayed for their ability to inhibit SARS-CoV-2, SARS-CoV-
1, and BtSCoV-Rf1.2004 PLpros, with an initial survey determining percentage inhibition

at a fixed concentration of S0uM (Table 4.3).
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Table 4.3. Naphthalene-based inhibitor efficacy against subgroup 2b PLpros. Percentage
inhibition of SARS-CoV-2, SARS-CoV-1, and BtSCoV-Rf1.2004 PLpros ability to cleave
peptide-AMC when incubated with series I (A) and II (B) compounds at S0uM. *Due to
solubility limitations the inhibition of subgroup 2b PLpros by 50uM 8 could not be
accurately assessed.
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Structure of BtSCoV-Rf1.2004 PLpro — 37 Complex

There is little data on how series II compounds interact with subgroup 2b PLpros,
and furthermore no structure of compounds with spiroazetidine backbones. SAR data
indicate that the use of either piperidine or spiroazetidine backbones will affect the potency
of series II inhibitors. Perhaps more importantly, it shows that the optimal decoration of
the eastern arene ring differs depending on which backbone is used. To further explore
these differences, we crystallized BtSCoV-Rf1.2004 PLpro in complex with 37. Utilizing
X-ray diffraction its structure was determined to a resolution of 2.89A in space group P6422
(Table S4.1). The BtSCoV-Rf1.2004 PLpro-GRL0617 complex structure was used as a
search model for phasing the catalytic core. Upon finding a single monomer in the
asymmetric unit, the Ubl domain was added. As with the GRL0617 co-crystal structure,

the Ubl domain of this structure was in a tucked conformation (Figure S4.1).

Within the active site, Fo-F¢ density fitting 37 is readily observed within the P3/P4
binding pocket (Figure 4.8A). In this pocket 37 forms five hydrogen bonds with the protein.
The amide scaffold forms hydrogen bonds with the main chains of L163, Y269, and Q270,
while spiroazetidine nitrogen forms bonds with the side chains of D165 and Y274.
Additionally, strong hydrophobic interactions are formed between the western naphthyl
group and P248 and P249 as is typical of naphthalene-based PLpro inhibitors. However,
when compared with a structure of SARS-CoV-1 PLpro in complex with 1 (PDB 3M1J5)
we see that the naphthyl group of 37 is situated approximately 0.9A further away from the
two prolines (Figure 4.8B). The difference in naphthyl group location could be due to a
shift of the BL2 loop caused by the bulky 1,3-dioxolane ring. The eastern arene groups of

both 37 and 1 cause a shift in the BL2 loop that is similar to the conformation it adopts to
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accommodate Ubl substrates. However, this shift is more pronounced in the 1 co-crystal

structure, even causing Q270 to flip away from the arene rings to avoid a steric clash.

I/ g L163

o

Figure 4.8. BtSCoV-Rfl PLpro in complex with 37 A) An Fo-F. electron density map is
shown contoured at 1o (green mesh). With 37 shown in blue and BtSCoV-Rfl PLpro
shown in raspberry. B) Overlay of 1 (teal) bound to SARS-CoV-2 PLpro (yellow).
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In vitro cytotoxicity, serum binding, and stability of protease inhibitors

We determined the toxicity of these inhibitors by assessing their ability to decrease
the reductive capability of numerous cells using the MTT assay (Table 4.4) and
determining CCso values. We compared these values to those for GRL0617, 1, and 31, all
of which have been previously shown to have CCsos greater than 100 uM in Vero E6 cells,
with the latter two tested in HEK293 cells as well?” 32, To confirm this trend in
immunologically relevant human cell lines all three compounds, along with 37 and 38 were
assessed for CCso in multiple cells, including human renal proximal tubule cells (RPTEC),
Beas-2B, A549, and Sh-SHS5Y cells. None of the other compounds were able to decrease
MTT staining below 50% in A549 of Sh-SYS5Y cells at concentrations as high as 100 pM.
Focusing on RPTEC and BEAS-2b cells, 37 displayed the highest CCso values in
comparison to 1, 38, and 41. The CCso reported in these cells is folds higher than the 1Cso
reported for inhibition of PLpro degradation, as determined above. In general, amongst the
newly-prepared compounds, alteration of the eastern moiety appeared to alter the CCso, as
compared to the west moiety or the central rings. The addition of the central ring decreased
the CCso as compared to GRL0617, as shown by comparison to other of the new series of
compounds. The effect of these compounds on MTT staining was validated using cell
morphology, which demonstrated morphological characteristics of cell death in

combination with reduced cell number (Supplemental Information).
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Table 4.4: CCs values of PLpro Inhibitors in Human cell lines after 48 hr.

RPTEC BEAS-2B A549 SH-SY5Y
GRL0617 240.7 uM 2443 uM 427.6 uM 278 uM
37 56.07 uM 80.54 uM >100 uM >100 uM
38 21.84 uM 17.48 uM
31 35.58 uM 62.23 uM
1 41.5 uM 59.08 uM
Discussion

Effects of Variation in Betacoronavirus PLpros on DUB activity

The PLpros of subgroup 2b viruses are highly conserved in primary, secondary,
and tertiary structures, particularly at important function sites. The residues lining the
active site, BL2 loop, P3 site, and P4 site are identical among all seven subgroup 2b PLpros
but vary considerably in other betacoronaviruses. This results in both series I and II
naphthalene-based compounds having similar inhibitory properties in all subgroup 2b
PLpros but having negligible inhibition towards other betacoronaviruses?* %. Furthermore,
the UIM, which is known to accommodate both Ub and ISG15 binding, is fully conserved
between BtSCoV-Rf1.2004 and SARS-CoV-1. SARS-CoV-2 PLpro has six differences at
the UIM, T171(S), H172(Y), K196(Q), L217(F), V226(T), and Q233(K). Of the six points
of difference in SARS-CoV-2, five are identical across the other subgroup 2b PLpros. The
high conservation of Q233 across subgroup 2b is noteworthy because experiments have
shown inserting a Q233(E) mutation in SARS-CoV-1 PLpro notably diminished DUB
activity but increased deISGylase activity. Additionally, SARS-CoV-2 has a lysine residue
at site 233 and has reduced DUB activity compared to SARS-CoV-1 and BtSCoV-

Rf1.2004.
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The lone difference within the UIM of BtSCoV-Rf1.2004 is L188, which is a valine
in SARS-CoV-1 (Figure 4.9). This change may result in the BtSCoV-Rf1.2004 finger
domain having stronger interactions with the hydrophobic pocket of Ub, particularly F45
when compared to SARS. Additionally, the increased proximity of L188 to 1223 and V226
on the Zn finger loop seems to cause the loop to adopt a slightly more closed conformation
around the Ub, increasing the proximity of the hydrophobic PLpro surface. A stronger
interaction at the proximal Ub binding site would explain the lower K, BtSCoV-Rf1.2004
PLpro has toward mono-Ub. When BtSCoV-Rf1.2004 PLpro DUB activity is examined
through cleavage of various poly-Ub substrates it is apparent that its activity towards long-
chain poly-Ub is more similar to SARS-CoV-1. Like other subgroup 2b viruses it follows
a distinct di-distributive cleavage pattern, in that it struggles to process mono-Ub-AMC
and any linkage type of di-Ub, but readily cleaves K48 linked poly-Ub chains of three or

more (Figure 4.3).

b e

Figure 4.9. Hydrophobic interactions between Ub and PLpro finger domains. Close up
view of the hydrophobic residues within the finger domain portion of the proximal Ub
binding pocket of BtSCoV-Rf1.2004 PLpro (green) and SARS-CoV-1 PLpro (pink).
BtSCoV-Rf1.2004 PLpro is overlaid with a structure (PDB 5E6J) of SARS-CoV-1 bound
to K48 linked di-Ub (orange).
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Conversely, MHV PLP and MERS-CoV PLpro share secondary structure topology
with subgroup 2b PLpros but vary widely in sequence homology. These residue
differences, particularly in areas such as the UIM, are responsible for differences in kinetics
and substrate preferences. Both have mono-distributive DUB activity, in that they can
cleave any length poly-Ub chain and do not have as strong a preference for K48 linked
poly-Ub as subgroup 2b PLpros. The trend in conservation extends to the residues
stabilizing the interaction between the Ubl and thumb domain as well and may provide
insight into the nature of mono vs di-distributive DUB activity. These residues are highly
conserved among subgroup 2b PLpros but are not found in other betacoronaviruses, which
points to the possibility that the tucked conformation is a distinct feature of subgroup 2b
PLpros. It is unclear if this affects PLpro activity, but the correlation between di-
distributive DUB activity and the ability to adopt tucked Ubl conformations warrants
further study.

A significant trait that BtSCoV-Rf1.2004 PLpro differs from SARS-CoV-1 onis a
reduced Km to mono-Ub. Like MERS-CoV and SARS-CoV-2 PLpros, BtSCoV-Rf1.2004
PLpro can be readily saturated with mono-Ub at concentrations equivalent to those found
in mammalian cells, which range from 10 to 23 uM. The ability to be saturated at cellular
Ub concentrations and relative inability to process mono-Ub make BtSCoV-Rf1.2004
susceptible to product inhibition similar to SARS-CoV-2 and MERS-CoV. Meanwhile, at

physiological concentrations, SARS-CoV-1 PLpro would not even be at its K.
Trends in Subgroup 2b PLpro DelSGylating Activities.

Despite Ubls being inherently similar substrates, viral proteases, including

coronavirus PLpros, display a fairly high degree of substrate specificity. Differences in
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poly-Ub chain linkage can affect how they fit within the UIM, and ISG15 mutations
between species can affect interactions at critical specificity sites. Typically, viral proteases
will be adapted to rapidly process substrates involved in pathways detrimental to their
survival and may retain off-target activity towards highly similar substrates. While all
betacoronaviruses prefer the ISG15 of their natural host over Ub, host species, and
therefore substrate preferences vary widely between viruses. Similar to what has been seen
in SARS-CoV-1 and SARS-CoV-2, the deISGylase activity of BtSCoV-Rf1.2004 PLpro
exceeds its DUB activity, except in the case of long-chain K48-Ub. The consistently robust
deISGylase activity displayed by subgroup 2b PLpros relative to their modest DUB activity
suggests that ISG15 regulated immune pathways may be more detrimental to viral
replication than pathways regulated by Ub. Despite this, the specific utility deISGylase
activity serves coronaviruses is unknown. Because deISGylase activity appears critical to
coronavirus replication, species-specific deISGylase activity can be a factor in determining
what species a virus can productively infect. Interspecies variation in ISG15 has been
shown to limit the zoonotic range of influenza B% . The similarity in species specificity
between subgroup 2b viruses indicates that these viruses probably infect many of the same
host species. Humans, palm civets, pangolins, minks, and several bats have all been
identified as host species for subgroup 2b viruses, and some have been shown to host
multiple 2b viruses®> % > . The largely conserved species preferences of subgroup 2b
viruses may also enable them to productively infect new species that already serve as

reservoirs for other 2b viruses with relatively few mutations.

BtSCoV-Rf1.2004 PLpro may be able to serve as a useful tool in determining

residues that affect interspecies differences between SARS-CoV-1 and SARS-CoV-2. The
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deISGylase activities of these PLpros differ against ISG15s from sheep, camel, northern
tree shrew, and jackknife fish. The PLpro of BtSCoV-Rf1.2004 matches the activity of
SARS-CoV-2 against sheep, camel, and jackknife fish, but matches that of SARS-CoV-1
against northern tree shrew. While mammalian respiratory viruses would not naturally
infect fish, SARS-CoV-1, MERS-CoV, and MHV PLpros all demonstrate some off-target
activity towards jackknife fish ISG15. SARS-CoV-2 was the first betacoronavirus to show
no appreciable activity towards fish ISG15, but the lack of activity demonstrated by
BtSCoV-Rf1.2004 PLpro, which is more closely related to SARS-CoV-1, could help

discern which differences are responsible.

The ability of BtSCoV-Rf1.2004 PLpro to quickly processes horseshoe bat and
vesper bat ISG15s, while having little activity towards Egyptian fruit bats is not unusual.
This was observed in SARS-CoV-2 as well and is likely due to the diversity within the
order Chiroptera. Bats make up over 20% of all mammal species and ISG15 can share as
little as 60% sequence identity between bats from different families, which is no greater

than the similarity expected between any two mammalian ISG15s.

Naphthalene-based inhibitors as lead compounds for coronavirus subgroup 2b therapeutic

development

Initial evaluation of each novel compound at 50 uM revealed that most compounds
have equivalent levels of inhibition against all three subgroup 2b PLpros regardless of
inhibitor efficacy. This trend was further supported by ICso testing of top compounds,
which determined that ICso values for each inhibitor for all three PLpros were usually
within one to two-fold, and always within one order of magnitude. In addition to previously

examined compounds, several of the newly designed compounds demonstrated low uM
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ICso values and show promise as potential lead compounds. Of the compounds tested in
this study GRL0617, 1, 31, and 37 were the most potent inhibitors. In all four cases ICso
values are below 10 uM and CCso values are more than five times the ICso in RPTEC and
BEAS-2B cells and greater than 100 uM in A549 and SH-SYS5Y cells. Within series II the
eastern arene ring was the most critical factor affecting CCso compared to the western
naphthyl group or backbone ring system. Alteration of the 1,3-dioxolane ring of 1 and 38
to a 2-methoxy-4-pyridine ring yielded larger therapeutic windows, but only when paired
with a spiroazetidine backbone to orient the group properly within the pocket. These two
modifications result in 37 having the highest CCso when compared to other series II
compounds tested. These compounds can be useful probes in studies of PLpro activity, and
with further optimization have potential as lead candidates in the development of

therapeutics for the treatment of subgroup 2b viruses.
Conclusions

The ability of all three 2b PLpros to productively cleave ISG15 from humans as
well as several important livestock species further highlights the need to monitor these
viruses closely and to develop effective therapeutics to mitigate the damage in the event of
future spillover. Most naphthalene-based compounds inhibit all three subgroup 2b PLpros
at similar levels, indicating that P3/P4 binding drugs will be useful for the treatment of
future subgroup 2b coronavirus outbreaks as well as the current COVID-19 pandemic.
Structural data indicate that these compounds could be furtherer optimized to bind these
pockets, enhancing potency and specificity. Current naphthalene-based PLpro inhibitors
are effective at treating both SARS-CoV-1 and SARS-CoV-2 in vitro and have been found

not to have cytotoxic effects. While significant in vivo testing is still required before these
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compounds could be used therapeutically, they are promising lead compounds for treating
immunocompromised patients that can’t receive vaccines or 2b viruses that induce short-

lived immunity.

Experimental Section

Chemicals and Reagents.

5-Amino-2-methyl-N-[(R)-1-(1-naphthyl)ethyl]benzamide = (GRLO0617) was
purchased from Raystar, CN; 5-(acetylamino)-2-methyl-N-[(1R)-1-(1-
napthanlenyl)ethyl]-benzamide (compound 6) was purchased from MedChem Express; Z-
RLRGG-7-amino-4-methyl-courmarin (peptide-AMC) was purchased from Bachem;
Ubiquitin—7-amino-4-methylcourmarin (Ub-AMC) was purchased from Boston Biochem;
human ISG15—7-amino-4-methylcourmarin (ISG15-AMC) was purchased from Boston
Biochem; Lys6, Lysll, Lys29, Lys33, Lys48, Lys63, and linear linked di-Ub were
obtained from Boston Biochem; DL-dithiothroitol (DTT) was purchased from GoldBio;
Isopropyl-B-D-thiogalactopyranoside (IPTG) was purchased from GoldBio; 4-(2-
Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was purchased from Fisher
BioReagents; Imidazole was purchased from Acros Organics;
tris(hydroxymethyl)aminomethane (Tris) was purchased from Fisher Scientific; Sodium
chloride (NaCl) was purchased from Fisher Chemical; Bovine serum albumin (BSA) was
purchased from Sigma Life Science; Dehydrated Luria-Bertani (LB) broth was purchased
from Fisher Scientific; Ampicillin was purchased from GoldBio.
Construction, Expression, and Purification of Viral Deubiquitinases.

The ubiquitin-like domain (Ubl) and the catalytic core of BtSCoV-Rf1.2004 PLpro

(pplab 1536-1850; 2-316) were cloned into pET-15b by Genscript and transformed into

119



T7 express E. coli. Cells were cultured in 4.5L of LB broth containing 100pug/mL ampicillin
at 37°C until the OD600 reached 0.6. Once reached, the expression was induced by the
addition of 0.5mM isopropyl B-D-thiogalactopyranoside (IPTG), and the culture was
incubated at 18°C overnight. The culture was centrifuged at 12,000g for 10min, and the
pellet was collected and stored in a —80°C freezer. The cell pellet was dissolved into lysis
buffer (500mM NaCl and 50mM Tris-HCI [pH = 7.5]) and then sonicated in Fisher
Scientific series 150 on ice at 50% power with 5s pulses for 6min. The lysate was
centrifuged at 30,000g for 30min to remove all insoluble products. The supernatant was
then filtered and placed onto Ni-nitrilotriacetic agarose resin (Qiagen). The resin was
washed using five column volumes of lysis buffer containing 10mM imidazole. The protein
was eluted using 5 column volumes of lysis buffer containing 250mM imidazole. Thrombin
was added to the elution to remove the 6X His-tag, and the combined solution was dialyzed
in size exclusion buffer (100mM NaCl, 5SmM HEPES, and 2mM dithiothreitol (DTT) [pH
= 7.4]) and run over a Size Exclusion Superdex 200 column (GE Healthcare, Pittsburgh
PA). Purity was confirmed by gel electrophoresis.
Co-crystallization of BtSCoV-Rf1.2004 PLpro with GRL0617

Size-exclusion chromatography fractions containing BtSCoV-Rf1.2004 PLpro
were pooled based on the chromatogram, confirmed by SDS-PAGE and concentrated to
10.5 mg/mL and 10.4 mg/mL for co-crystallization with GRL0617 and 37 respectively.
GRL0617 in 100% DMSO was added to the protein sample at a 5:1 molar ratio with a final
DMSO concentration of 3%. The sample was screened in 96-well hanging-drop plates
against a suite of 1728 commercially available conditions (Qiagen and Hampton) using a

Mosquito robot (TTP Labtech). Plate-like crystals in different conditions formed in a time
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ranging from one to three weeks. Hits from the screen were scaled up to hanging-drop 24-
well plates containing a 500 uL reservoir of the crystallization solution and were optimized
using varying salt, precipitant, pH, additive and protein concentration gradients. The final
crystallization condition for the optimized BtSCoV-Rf1.2004 PLpro-GRL0617 co-crystal
was 0.2M Ammonium Acetate, 20% PEG 1000. 37 in 100% DMSO was added to the
protein sample at a 5:1 molar ratio and a final DMSO concentration of 0.5%. A crystal
screen was set up for the sample against a suite of 768 commercially available conditions
(Qiagen) in 96-well hanging-drop plates using a Mosquito robot (TTP Labtech). The final
crystallization condition for the BtSCoV-Rf1.2004 PLpro-37 co-crystals was 0.1 M Tris-
HCI pH 8.5, 0.6M sodium fluoride, resulting in bipyramidal crystals in one to three weeks.
Data Collection and Processing

All crystals were flash-cooled in liquid nitrogen. BtSCoV-Rf1.2004 PLpro-
GRL0617 complex structural data were collected under a dry N2 stream on the 17-ID
(AMX) beamline at Brookhaven National Laboratory using an Eiger-9M detector.
BtSCoV-Rf1.2004 PLpro-37 complex structural data were collected on the 22-ID beamline
using an Eiger-16M detector at Argonne National Laboratory under a dry N> stream. The
data were indexed, integrated and scaled in HKL-2000%. Data-collection statistics are
included in Table S4.1.
Structure Solution and Refinement

Phases for the BtSCoV-Rf1.2004 PLpro—-GRL0617 and 37 co-crystal structures
were solved by molecular replacement in Phaser®®7°. A homology model of BtSCoV-
Rf1.2004 PLpro based on a SARS-CoV-1 PLpro—-GRL0617 co-crystal structure (PDB

3E9S) was used as a reference for the GRL0617 complex, while the BtSCoV-Rf1.2004
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PLpro—~GRLO0617 structure was used as the model for the 37 complex. In both cases the
finger, thumb, and palm domains of the PLpro were used as a search model, placing 2
copies in the asymmetric unit of the GRL0617 complex and 1 in the asymmetric unit of
the 37 complex. Afterwards the Ubl domains were built in manually. The phased models
were modified through alternating rounds of manual building and refinement in Coot and
Phenix’!. The final models were validated in MolProbity’?, and the associated refinement
statistics are included in Table S4.1.
BtSCoV-Rf1.2004 PLpro Deubiquitinase and delSGylating Assays.

All assays were run using Corning Costar half-volume 96-well plates containing
AMC buffer (100mM NaCl, 50mM HEPES [pH =7.5], 0.0lmg/mL bovine serum albumin
(BSA), and 5SmM DTT) to a final volume of 50uL. and performed in triplicate. The
CLAIROstar plate reader (BMG Lab Tech, Inc.) was used to measure the fluorescence of
the AMC cleavage, and the data was analyzed using MARS (BMG Lab Tech, Inc.). The
AMC fluorescence was observed from the cleavage of Ub-AMC and ISG15-AMC obtained
from Boston Biochem, MA. ISG15-AMC concentrations of substrate ranged from 625nM
to 20uM, and Ub-AMC ranged from 235nM to 30uM. Protease concentrations used for the
Ub-AMC and ISG15-AMC assays were 5 and 1nM, respectively. To calculate KM and
Vmax values, the initial rates were fitted to the Michalis-Menten equation, v = Vmax/(1 +
(KM/[S])), using the Enzyme Kinetics (v. 1.3) module of SigmaPlot (v. 10.0, SPSS Inc.).
Vmax was translated into kcat using kcat = Vmax/[E].
BtSCoV-Rf1.2004 PLpro Poly-Ub Cleavage Assays.

Lys6, Lys11, Lys29, Lys33, Lys48, Lys63, and linear linked di-Ub obtained from

Boston Biochem were incubated at 10 uM with 20 nM BtSCoV-Rf1.2004 PLpro.
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Reactions were performed in AMC buffer at a volume of 45 pL and a temperature of 37°C.
10 uL samples were taken at the indicated time points and heat-shocked at 98°C for 5 min.
Lys48 and Lys63 linked tetra-Ub obtained from Boston Biochem were incubated at 13.67
uM with 23 nM BtSCoV-Rf1.2004 PLpro. Reactions were performed in AMC buffer at a
volume of 70 puL and a temperature of 37°C. 8 pL samples were taken at the indicated time
points and heat-shocked at 98°C for 5 min. SDS-PAGE analysis was performed using
Mini-PROTEAN TGX and Coomassie blue.

Protease Activity Assay with prolSG15 Substrates.

At 37°C, 20nM BtSCoV-Rf1.2004 PLpro was run against 10 uM of each ISG15.
Reaction mixtures were 100 puL. in AMC buffer. 10uL. samples were taken at the indicated
time points, and the reaction was quenched in 2xLaemmli sample buffer followed by
boiling at 98°C for Smin. SDS-PAGE analysis was performed using Mini-PROTEAN TGX
Stain-Free.

BtSCoV-Rf1.2004 PLpro Inhibition ICso Value Determination.

ICso assays were performed using similar methods to peptide-AMC, Ub-AMC, and
ISG15-AMC cleavage experiments and those described previously. BtSCoV-Rf1.2004
PLpro was run at 1 uM against 50 pM peptide-AMC in 98% AMC buffer/2% DMSO.
Reactions were performed in triplicate with inhibitor concentrations ranging from 195nM
to 100 uM, depending on compound tested. ICso calculations were performed using Prism8
from GraphPad.

Compound Synthesis
The synthesis of series I and series I compounds is described in the supplemental

information section.
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Cells and Culture Conditions

Non-targeted toxicity was assessed in numerous diverse cell lines, including Renal
Proximal Tubular Epithelial Cells (RPTECs, ATCC CRL-4031), BEAS-2B bronchial
epithelial cells (ATCC CRL-9609), A549 adenocarcinomic alveolar basal epithelial cells
(ATCC, CCL-185), and SH-SYS5Y neuroblastoma cells (ATCC, CRL-2266). RPTECs
were grown in DMEM/F12 (ATCC, 30-2006) supplemented with hTERT Immortalized
RPTEC Growth Kit (ATCC, ACS-4007); A549 and SH-SYSY cells were grown in DMEM
(ATCC, 30-2002) supplemented with 10% Fetal Bovine Serum (VWR, 97068-085) and
1% penicillin-streptomycin solution (ATCC, 30-2300). BEAS-2B cells were grown using
the BEGM BulletKit (Lonza, CC-3170) and flasks were coated with 0.03 mg/mL bovine
collagen (Fisher, CB-40231) and 0.01 mg/mL human fibronectin (Fisher, CB-40008A).
All cells were maintained at 37°C in a 5% COz incubator.

Cytotoxicity was assessed using MTT staining and cell morphology. Cells were
seeded in 48-well tissue culture plates at densities between 25 — 50,000 (A549, BEAS-2B),
100,000 (RPTEC), and 50 — 150,000 (SH-SYS5Y) cells per well depending on growth rate
and experimental conditions. Cells were maintained at 37°C in a 5% CO- incubator for a
minimum of 24 hr and were at least 80% confluent prior to dosing. Inhibitors were
dissolved in DMSO and diluted in different culture media to their final concentrations.
Cells were treated with DMSO alone (vehicle control, no greater than 0.1% (v/v)) or 1, 5,
10, 50, 75, or 100 [TM of each inhibitor; except for GRL0617, where cells were also treated
with 175, 250, 500, 750, or 1000 (/M concentrations. For serum binding assays, inhibitors

(and DMSO controls) were pre-incubated in DMEM containing 10% (v/v) Fetal Bovine
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Serum and 1% penicillin-streptomycin for 5 minutes prior to cell exposure. Stability was
assessed by incubation of inhibitors for 24 hr at 37°C in media. Alterations in cytotoxicity
as compared to un-incubated controls were indicative of serum binding or inhibitor
instability. Regardless of the experiment, MTT (Sigma, M2128-1G) was added after 48 hr
treatment at a final concentration of 0.1 mg/mL, and plates were incubated for 2 hr at 37°C.
After media aspiration, the remaining MTT formazan crystals were dissolved in DMSO
and absorbance was determined for each well at 490 nm using a BMG CLARIOstar plate
reader. Experiments were performed in triplicate per passage in at least 3 distinct passages
of cells. The concentration of protease inhibitor that resulted in 50% growth inhibition
(CCsp) as compared to DMSO control was estimated from a non-linear regression curve as
calculated in GraphPad Prism 7. When GraphPad could not automatically determine
accurate CCso values, the concentration on the linear regression curve at which MTT
staining was half of control was utilized. Changes in MTT staining were compared to
changes in cell morphology at either 24 or 48 hr after exposure to inhibitors using a Nikon
Eclipse Ti. Figures were assembled in Photoshop.
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CHAPTER 5
AVIAN OLIGOADENYLATE SYNTHETASE-LIKE PROTEIN CONJUGATION
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Abstract

Post-translational modification of host and viral proteins by ubiquitin and ubiquitin-
like proteins plays a key role in a host’s ability to mount an effective immune response.
Avian species lack a ubiquitin-like protein, interferon stimulated gene product 15 (ISG15),
found in mammals and other non-avian reptiles. ISG15 serves as a messenger molecule
and can be conjugated to both host and viral proteins leading these proteins to be stabilized,
degraded, or sequestered. Structurally, ISG15 is comprised of a tandem ubiquitin-like
domain. Tandem ubiquitin-like domains are also found in 2°-5’ oligoadenylate synthetase-
like (OASL) near its C-terminus and bind OASL to retinoic acid inducible gene-I
increasing its sensitivity to viral nucleic acids, resulting in enhanced production of type 1
interferons and robust immune response. Unlike human and other mammalian OASL
homologs, avian OASLs terminate their tandem ubiquitin-like domains with the same
LRLRGG motif found in ubiquitin and ISG15, a motif required for their conjugation to
proteins. We show that the chicken OASL Ubl domain structurally shares characteristics
with ISG15s and that these characteristics are likely conserved among avian OASLs. Here,
the ISG15-like features of avian OASLs are explored, as well as how they impact

interactions with viral deubiquitinases and deISGylases.
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Introduction

Oligoadenylate synthetase (OAS) proteins are a group of enzymes that act as
pattern recognition receptors (PRR)s and detect pathogen-associated molecular patterns
(PAMPs)(1). Upon recognition of PAMPs, PRRs initiate signaling cascades that induce
host defense mechanisms(2). One of the key PAMPs that PRRs detect is double-stranded
RNA. The OAS family of proteins, a type of PRR, is made up of one or more OAS domains,
at least one of which is catalytically active and contains an RNA binding site(3, 4).
Following RNA binding, the OAS enzyme is activated and catalyzes the synthesis of 2’-
5’-oligoadenylates (2-5A)s, which activate latent RNAse L to begin degradation of
cytoplasmic RNAs(5, 6). Another member of the OAS family, OAS-like (OASL), is also
shown to play a role in anti-viral mechanisms in response to double-stranded RNA, but
with a different mechanism of action than its OAS counterpart(3, 4, 7).

OASLs are unique members of the OAS family in that they contain a single OAS
domain that may be catalytically active or inactive across different species. The functional
diversity of OASL is exemplified by the enzymatically active mouse OASL2 and its
paralog, human OASL (hOASL), which shows no 2-5A synthetase activity(3, 5, 8). Mouse
OASLI1, however, is enzymatically inactive, while duck, goose, ostrich, and chicken
OASLs maintain their 2-5A synthetase activity(5, 9). In addition to an OAS domain,
OASLs also contain a tandem ubiquitin (Ub)-like protein (Ubl) domain at their C-
terminus(3).

Ub is a post-translational modifier that is conjugated to target proteins at its C-
terminal LRLRGG motif by E3 ligase proteins. In the presence of double-stranded RNA

in humans, retinoic acid inducible gene-I (RIG-I) undergoes a conformational change that
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exposes its N-terminal caspase activation and recruitment domains (CARDS) which are
then conjugated by K63 poly-Ub by the ligase, tripartite motif containing protein 25
(TRIM25), initiating a signaling cascade that upregulates type I interferons (IFN) and IFN
stimulated genes (ISG)s such as hOASL(4). Following the upregulation of hOASL, its Ubl
domain is thought to mimic poly-Ub and conjugates to RIG-I without TRIM25, enhancing
the sensitivity of RIG-I(4, 10). Structurally, the Ubl domains of mammalian OASLs
resemble that of native Ub but lack the LRLRGG motif that allows Ub to be conjugated to
its target host and viral proteins. It is therefore unknown how hOASL mediates this
interaction between the Ubl domain and RIG-I. This motif is found however on the Ubl
domain of avian OASLs.

Unlike most mammalian OASLs, avian OASLs are catalytically active and act on
the OAS/RNase L pathway, as well as induce RIG-I in a Ubl-dependent manner. The
removal of the Ubl domains from avian OASLs destroys their ability to activate either
pathway, whereas mammalian OASLs activate RNase L in a Ubl independent manner(11).
The dual functionality of the avian OASLs may be due to the reduced number of OAS and
OASL proteins avian species express compared to mammals. Most birds express only
OASL with some Ratitae species, such as ostriches, expressing OASL and OAS1(12).
Meanwhile, mammals can have up to three OAS proteins, up to two OASLs, and the NTase
cyclic GMP-AMP synthetase (cGAS). Additionally, birds lack another important
immunoregulatory Ubl, ISG15, that is involved in many aspects of the mammalian antiviral
innate immune response(13). This reduced diversity of OAS proteins and increased
reliance on Ubl domains potentially renders this a target of viral proteases for immune

system avoidance in mammals.
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Both Ub and ISG15 are important mediators of the mammalian antiviral innate
immune response. They are involved in the regulation of many antiviral pathways
including RIG-I activation, NF-kB inflammation, cytokine and chemokine production, and
immune cell activation(14-17). Additionally, ubiquitination and ISGylation of viral
proteins can cause them to be degraded or inactivated(18-20). Because of this, Ub and
ISGI15 have become targets of proteases such as the ovarian tumor domain proteases
(OTU)s of Nairoviruses and papain-like proteases (PLpro) of coronaviruses as a means of
suppressing their host’s immune response(14, 21-23). These deubiquitinases (DUB)s and
deISGylases reverse post-translational modifications by Ub and ISG15 by cleaving the
conjugation created at their C-terminal LRLRGG motifs. These viral proteases usually
preferentially cleave immunologically relevant poly-Ub chains and ISG15s from their
virus’ host species. In both cases, the proteases process the viral polypeptide into its
functional units, however, by adapting to also reverse post-translational modifications by
Ubls, they can delay initiation of the host’s innate immune response long enough to
replicate(24, 25).

Here we examine the structure of the domestic chicken OASL tandem Ubl domain
and show that it contains features resembling those found in mammalian ISG15s. Analysis
of OASL sequences from six diverse species indicates that these features are likely
conserved among avian OASLs just as they are among ISG15s but are not shared by
mammalian OASLs. Additionally, we examined the ability of OTUs and PLpros from a
diverse group of viruses to cleave the Ubl domain of chicken OASL. Several OTUs that
lack DUB and delSGylase activity were found to have moderate deOASLylase activity,

with deOASLylase activity in both OTUs and PLpros mirroring viral host preferences.
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Examination of the sites of interaction between chicken OASL and viral proteases revealed
primary and tertiary structural factors responsible for the substrate preferences of
Nairovirus OTUs and coronavirus PLpros

Materials and Methods

Chemicals and Reagents

Poly-ethylene glycol (PEG) 3350 was purchased from Sigma Life Sciences, tri-
ammonium citrate was purchased from Sigma Life Sciences, Ampicillin was purchased
from GoldBio, dehydrated Luria-Bertani Broth (LB) was purchased from Fisher Scientific,
DL-dithiothroitol (DTT) was purchased from GoldBio, and isopropyl-p-d-
thiogalactopyranoside (IPTG) was purchased from GoldBio. 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) was purchased from Fisher BioReagents.
Imidazole was purchased from Acros Organics; tris(hydroxymethyl)aminomethane (Tris)
was purchased from Fisher Scientific. Sodium chloride (NaCl) was purchased from Fisher
Chemical, and bovine serum albumin (BSA) was purchased from Sigma Life Science.
Construction, Expression, and Purification of Proteases and Ubls

The tandem Ubl domain of chicken OASL (342-476, 3-169) were cloned into pET-
15b by Genscript and transformed into T7 express E. coli. Cells were cultured in 9 L of LB
broth containing 100 mg/mL ampicillin at 37°C until the ODgoo reached 0.6. Once reached,
the expression was induced by the addition of 1 mM isopropyl B-d-thiogalactopyranoside
(IPTG), and the culture was incubated at 18°C overnight. The culture was centrifuged at
12,000 g for 10 min, and then the pellet was collected and stored in a -80°C freezer. The
cell pellet was dissolved into lysis buffer (500 mM NaCl and 50 mM Tris-HCI [pH = 7.0])

with lysozyme and then sonicated in Fisher Scientific series 150 on ice at 50% power with
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5 s pulses for 6 min. The lysate was centrifuged at 64,000 g for 30 min to remove all
insoluble products. The supernatant was then filtered and placed onto Ni-nitrilotriacetic
agarose resin (Qiagen). The resin was washed using five column volumes of lysis buffer
containing 10 mM imidazole. The protein was eluted using 5 column volumes of lysis
buffer containing 300 mM imidazole. Thrombin was added to the elution to remove the 6X
His-tag, and the combined solution was dialyzed in size exclusion buffer (200 mM NaCl,
50 mM Tris-HCI [pH = 7.0]) and run over a Size Exclusion Superdex 75 column (GE
Healthcare, Pittsburgh PA). Purity was confirmed by gel electrophoresis. Nairovirus OTUs
were expressed and purified as previously described(26).
Protease Activity Assay with proOASL

Activity assays of OTUs originating from Crimean-Congo hemorrhagic fever virus
(CCHFV), Dugbe virus (DUGYV), Erve virus (ERVEV), Nairobi sheep disease virus
(NSDV), Ganjam virus (GANV), Taggart virus (TAGV), Qalyub virus (QYBV), Farallon
virus (FARYV), Hudngpi tick virus 1 (HpTV-1), Issyk-kul virus (ISKV), Leopards Hill virus
(LPHV), Dera Ghazi Khan virus (DGKV), Hazara virus (HAZV), and Kupe virus
(KUPEV) with purified chicken OASL Ubl were adapted from previously reported
methods(27). For 24 h, 10 mM OASL was incubated at 37°C with 20 nM of each
Nairovirus OTU. At indicated timepoints 10 uL. samples were taken from the reaction tubes
and quenches in 2x Laemmli buffer and boiled at 98°C for 5 min. Samples were run on
BioRad Mini-PROTEAN® TGX Stain-Free™ pre-cast gels. Visualization of timepoints
relied on Stain-Free technology that enhances the fluorescence of endogenous tryptophan.
The gels were UV-activated for five minutes and subsequently imaged in a BioRad

ChemiDoc™ Imaging system according to the manufacturer’s recommendations.

139



Crystallization of Chicken OASL Ubl Domains

The Ubl domain of chicken OASL was screened against a series of Qiagen NeXtal
suites by hanging drop using a TTP Labtech Mosquito (TTP Labtech, Herfordshire, United
Kingdom). The initial screens produced spindly, starburst shaped crystals from a condition
containing 0.18 M tri-ammonium citrate and 20% w/v PEG 3350. This condition was then
optimized by varying concentrations of PEG 3350 and tri-ammonium citrate as well as
with additive screens. The final optimized crystal that the Ubl structure was collected from
was cubic in shape and was generated through hanging drop with a final mother liquor of
0.18 M tri-ammonium citrate and 24% w/v PEG 3350, 16.3 mg/mL protein, and a 30% w/v
galactose additive from Hampton research. The drop was 4 pL and contained a 4:1:5 ratio
of mother liquor to additive to protein. The crystals were flash cooled in a cryoprotective
solution containing 0.18 M tri-ammonium citrate and 28% w/v PEG 3350. The data set for
chicken OASL Ubl domain was collected at the National Synchrotron Light Source II
(Brookhaven National Laboratory, Upton, NY) on Life Science Biomedical Technology
Research AMX beamline 17-ID-1 using a Eiger9M detector. Data were collected using
wavelength 1 A.
Data Processing and Structure Solution

All X-ray images were indexed, strategized, integrated, and scaled using
HKL2000(28). To create a cross-validation set from a random 5% of the reflections to be
used throughout refinement, the CCP4 software suite was employed(29). The initial phase
solution for the structure of chicken OASL Ubl domain was obtained by molecular
replacement via Phaser(30). A homology model of the Ubl domain based on mouse ISG15

(5CHW) was generated using MODELLER(31) for use as a search model. The structures
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were refined initially using Autobuild(32), then alternating rounds of manual editing in
Coot(33), and automated refinement with Phenix(34). Molprobity was used to examine the
final model of each structure to confirm the quality of the structures. The data collection
and refinement statistics for each structure along are listed in Table S5.1. The structure of
chicken OASL Ubl has been deposited in the protein data bank.

Results
Structural Analysis of chicken OASL tandem Ubl domains

Like Ub, OASL Ubls possess the ability to interact with the CARDs of RIG-I to
initiate an antiviral signaling cascade in the presence of viral RNA(7, 10, 11, 35). To
determine the degree to which OASL Ubl domains resemble poly-Ub or ISG15 an X-ray
crystal structure was obtained of chicken OASL from residue 350 to 505. The structure
was determined to a resolution of 2.23 A in the space group P2; (Table S5.1). Molecular
replacement phasing was performed using homology models of both B-grasp domains
based on Ub. Each B-grasp was phased independently with linker regions built in later.
Two copies of the OASL di-Ubl domain were identified in the asymmetric unit. Electron
density was found for all but the final two glycine residues which were disordered and a
small density gap within a flexible region of the N-terminal B-grasp between -sheets three
and four.

The OASL di-Ubl domain consists of two B-grasp folds (Figure 5.1). The N-
terminal B-grasp contains four (-sheets that wrap around a three-turn a-helix, located
between B-sheets two and three. Both B-grasps also contain two 31¢o-helixes bracketing the
third B-sheet, which is consistent with the secondary structure topology of Ub and ISG15.

The C-terminal B-grasp consists of the same secondary structure features in the same
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relative positioning to one another, with the addition of a short fifth B-sheet. Resembling
ISG15 more so than linear di-Ub, the two B-grasp folds are connected by a four-residue
hinge region but closely associated with each other. In chicken OASL, the hinge consists
of a T-E-P-Q motif that forms one internal, main chain hydrogen bond as well as a
hydrogen bond to R477. The two B-grasp folds are oriented slightly closer together in

OASL than in ISG15 and far more than linear di-Ub.

Linear di-Ub

Chicken OASL

Human ISG15

Figure 5.1. Tertiary structure comparison of immunoregulatory Ubls (A) Cartoon
representation of the Ubl domain of chicken OASL (Orange) with secondary structure
labels corresponding to those in Figure 5.4. (B) Cartoon and surface representations of
chicken OASL Ubl domain, human ISG15 (Green)(PDB 1Z2M), and linear di-Ub
(Blue)(PDB 2W9N) overlaid at their C-terminal B-grasps.
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The close orientation of the folds is due largely to Y388 of the N-terminal 3-grasp
(Figure 5.2A). The aromatic ring of Y388 interacts with an extremely hydrophobic pocket
within the C-terminal B-grasp of the Ubl domain, while the hydroxyl group forms hydrogen
bonds with the main chain of V490. PISA analysis reveals this interface to be 281.1 A?
spanned by four hydrogen bonds(36). In addition to the hydrogen bonds between Y388 and
V490, H489 forms bonds with R387 and W373. Because of these interactions, the two Ubls
adopt a compact, rigid tandem Ubl conformation rather than two distinct Ubl domains.
ISG15s have similar hydrophobic interactions between F41 and a hydrophobic pocket
within their C-terminal B-grasp (Figure 5.2B). However, ISG15s do not appear to have
conserved hydrogen bonds across the interface, and as a result, the two -grasps are more
flexible in their orientation to each other. In human ISG15 this interface is 182.2 A% and is
spanned by two hydrogen bonds from E139 to the main chain of F41. While E139 is highly
conserved among mammalian ISG15s, it is not always oriented in a manner that would
allow for interactions across the interface. When the C-terminal B-grasps are overlaid, the
N-terminal B-grasp of chicken OASL is rotated approximately 65 degrees relative to
human ISGI15. The rotational difference between human ISG15 and chicken OASL
resembles the difference between human ISG15 and bat ISG15, which is reported to be 76
degrees(37). However, despite the similarity in the rotation of the N-terminal domains of
bat ISG15 and chicken OASL, the two do not overlap when the C-terminal domains are

overlaid due to the more compact tertiary structure of chicken OASL.
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. (AN K77
Figure 5.2. Interdomain interactions dictate Ubl B-grasp orientation (A) Interactions
between the two [-grasps of chicken OASL (Orange) along with the connecting hinge
region highlighting hydrogen bonds at the interface and hydrophobic interactions between
Y388 and the C-terminal hydrophobic pocket. (B) Similar interactions between the two 3-
grasps of human ISG15 (Green).

Examination of the electrostatic surfaces of chicken OASL tandem Ubl domain
confirms the presence of a negatively charged pocket between the B-grasps of OASL
(Figure 5.3A). The two B-grasps are tightly packed around this charged pocket, making it
difficult to distinguish between the two [-grasps in surface renderings. This differs from
Ub and ISG15, which do not have highly charged inter-domain interfaces and have visibly
distinct Ubl domains (Figure 5.3B). Most of the surface of the C-terminal B-grasp of
chicken OASL is positively charged. Evaluation of the level of conservation of surface
residues reveals that several of the most charged regions of OASL, including a positively

charged pocket of the C-terminus, seem to be only moderately conserved.
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Chicken OASL Ubl

Conjugation
Motif

Human ISG15 . / \

Motif

Percent Sequence Identity

Figure 5.3. Electrostatic surface potential and residue conservation of chicken OASL Ubls
and human ISG15. (A) Surface rendering of each Ubl with surface potential ranging from
+4 to -4. Negatively charged regions are shown in red and positively charged regions are
shown in blue. Potentials were generated using the PDB2PQR server and the surface was
rendered using the adaptive Poisson-Boltzmann solver (APBS). (B) Surface rendering of
each Ubl with surface residues color coded to represent degree of conservation across
species based on the alignments in Figure 5.4. Color scale ranges from bright green for
perfectly conserved residues to orange for residues that are one third conserved.

Interestingly, despite avian OASL Ubl domains being approximately 55 percent
conserved as a whole, their hinge regions are extremely conserved at 95.8 percent. The
same region of ISG15 is only about 54 percent conserved, despite ISG15s being

approximately 60 percent conserved as a whole (Figure 5.4). Closer examination reveals
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that not only is this region highly conserved in OASLs, but it is likely far more rigid as
well. In human ISG15 none of the residues are particularly rigid, and none of the three
hydrogen bonds being formed within this region are likely to be conserved. Meanwhile, in
avian OASLs both T426 and P428 are highly conserved and rigid residues. Additionally,

at least one of the hydrogen bonds within this region is likely to be conserved.

Figure 5.4. Sequence and secondary structure comparison of OASL and ISG15 (A) Avian
OASL Ubl domains aligned using ClustalW CLC Sequence Viewer. Percentages show the
sequence identity relative to chicken OASL Ubl. Sequences displayed are from the
following species: (G. gallus; NP _990372.2), Golden Eagle (A. -chrysaetos;
XP _029899442.1), Emperor Penguin (4. forsteri; XP_019326421.1), Double Crested
Cormorant (P. auratus; SAMNO06226698), Southern Ostrich (S. camelus australis;
XP_009671383.1), Mallard (4. platyrhynchos; ARS01326.1), House Mouse (M. musculus;
NP _035984.2), Human (H. sapiens; NP_003724.1). Ubl domain secondary structure based
on Define Secondary Structure of Proteins (DSSP) algorithm calculations for chicken
OASL is shown in gray. The aromatic residue found at the interface between the domains
is boxed in red and the C-terminal LRLRGG conjugation motif is boxed in purple. Yellow
stars indicate residues that form interactions at known OTU selectivity determination sites.
(B) Mammalian ISG15s and Ubiquitin aligned using ClustalW CLC Sequence Viewer.
Percentages show the sequence identity relative to human ISG15. Sequences displayed are
from the following species: Human (H. sapiens; AAH09507.1), Cattle (B. taurus,
NP _776791.1), Sheep (O. aries, AF152103.1), Boar (S. scrofa, ACB87600.1), Dromedary
Camel (C. dromedarius, XP_010997700.1), House Mouse (M. musculus; AAB02697.1),
and Ubiquitin (XP_022245348.1). General ISG15 secondary structure based on Define
Secondary Structure of Proteins (DSSP) algorithm calculations for mouse ISG15 is shown
in gray.

146



OAS domain g

— L
— —
e — ~—
J— — —~— -
A B B2 o —EL 4@} m—
:?50 36(? 379 38(? 39(.) 40(.) 419 429
G. gallus VKVQVKOLQOGMSLTRKVH|STTVWELI{GEIEKEWCIPRY/QORLAL{DNPSNLPAARDGDSI#\AHGLFYDIVLLLJACKEP
A. chrysaetos VTVEVRQLAGTSLSKTVS|3iGTTVWQLISEEIEKVWGIPPYRORLAQEMEPGRSTLIMMODDETI#NTHGIFYSTTLMLIAQMEP 59,87%
A. forsteri VRIEVKQLAGTSLSMTVS|STTVWOQLISEKIEQEWGIPRYRQORLAQUEEPGRSTLIMODNETI#ATHGIFYSTTLML}AQWEP 60.51%
P. auritus VTIEVRQSVVTSLSKTVS|STTIWQLIdEEVEQAWGIPWYRQCLVQEELSRSPLIMODDETI#ATHGIFYNTTLML}AQWEP 52.87%
S. camelus VTVEIKRLVGTSLTRTIS|JDTPILNLISREIMOOWGIPLHOORLGQUEEPGQTLRVIARDSETI#ATYNIFYSTTLVLIAHWET 54.78%
A. platyrhynchosVTLEVRGLQGNRLRITVSSTTIWQLEEISKNWGIPPYQRLSQ . PAGTPLI#HNDKSI#\SYGIYYDTTLVLIARKEP 59,493
M. musculus VQVRVKOQTGTVDWTLWTN|JYSPIRKMJ{AEIRREKNFGG.ELRISFOEPGGERQLASSRKTI#ADYGIFSKVNIQVIAEWWFP 27.81%
H. sapiens IHLTVEQRGYPDFNLIVN|JYEPIRKVISEKIRRTRGYSG.LQRLSF[JVPGSERQLIASSRCSIHNKYGIFSHTHIYLIAERSIP 33.64%
43? 449 45‘0 469 g 499 ¢
G. gallus QEMEVL\AYD . SNKTTVYTVR)JTDTVKQOIAHOOMYACQHVPVEQRIATYETKEMENHHT)AEHYHVQPRSTIYLL
A. chrysaetos OAMEVF\BWADDKNRTTTYTVK)|JTDTVRQIAYEQMHNRQGPPANQ[RIATYGSMEJMEDRNTAAHYAIQPRSTIFML 59.87%
A. forsteri OAMEVF\RIDDKNRTTTYMVOQOITDTVWQIRIEQMHARHGPPANQ[JRIATYGSREMENQHV)IAAHYNIQPRSTIFML 60.51%
P. auritus QVMEVF\RADDKNRTTTYTVW|TDTIRHAIEQMHARQGPPADQHIATYGSREMEDQHTIAAHYNIQPKSTIFML 52.87%
S. camelus OEMDVL\BYDDKNRTSTYTMOQ)TDTVROIAYEQMCNRLGPPVDO[RIATFCSKEMMEDRHTIAAHYGIQNKSIIYLL 54.78%
A. platyrhynchos QEMEIF|\BAYDIKNQTMTYSVRITDTVLOIBIKKMNSRQGIPVEQRIATYDSRNMMEDQHTIAQOHYNVQPKSTIYLL 59.49%
M. musculus PEILVF\A4YPGGQSKPFTID|JDDTILDIAYEKMEDAGGPCAED[VIALLDDEEAEDDESAKELEIKDCDTIILIRVI..D 27.81%
H. sapiens SEIQVF\RYNPDGGSYAYAIN|INSFILGIHYQOOMEDQQGLPRKQOIMEFQGOVIAODWLGAGIYGIQDSDTLILSKKK. .G 33.64%
B %
. so 79I
H. sapiens G VHPSGVABODRVPEASOQ GPGSTVL
B. taurus GGD| N| HLDSRE OQEGVPEVLO RAGSTVL . 65.61%
0. aries GG D| N HLDSRE OQEGVPEVHOQ KAGSTIL 65.61%
S. scrofa GRE G HPAGN. ODGVPEVNO GPGSMVL 68.15%
C. dromedarius GGI H HPESQQ KDGEPEVRO) KPGDTVL 65.61%
M. musculus AW D, G HQTA. . ODGLTES SL| GPSSTV: 65.61%
E 1 %
80 20 0 0 139 140
H. sapiens EPLSPHLV/RNNK[¢RSSTYAYRLTOVAHLIHOOVSGL E[)KPLEDOLPIAGEN{GLKPLS
B. taurus . . ISPIL\YRNDK(c/RSSP¥|AAYOLKQOVAELIYOQOVCOQK| E[RPMDPEHPIAEENGLMKGC] 65.61%
0. aries LVJRNDK[¢/RSSSYIAYOLTOVAVLIYOOVCOR| E[¢]KPMDDJEHPJAGE)GLTTGC] 65.61%
S. scrofa LV/RNDK[E/RSNAYAYWLTOMWVAELIMOOVCOL, E[¢KPMEDEHQIAGENDLKPMC| 68.15%
C. dromedarius LVYRNDK[/RSSAYIAYWLTOMWVAELIYROVCOK] E[KPMEPIOHQIAGEN{GLTARC] 65.61%
M. musculus LVYRNER[HSNIYAYFLTOMWVD TLISKKVSQR) E[RPMEDKELIAGE}GLKPQC] 65.61%
Ubiq\.\itiﬂ FUUKTLTCKTITLIAAYEPSDEYIENVIYAKIQDK|HGIPPPIOOR] A[JKOLEPJGRTIASDYNIQKE S| 36.84%

Sequence Analysis of Immunoregulatory Ubls

To identify which features of chicken OASL Ubl may be conserved across avian
OASL, the sequences of six diverse bird species were examined. Human and mouse
OASLs were also used for comparison. Upon examination of the OASL Ubl domains of
these species it is apparent that some of the most highly conserved motifs of mammalian
ISG15 and Ub are present in avian OASLs as well, but not in mammalian OASLs (Figure
5.4). Most notably, the LRLRGG conjugation motif is highly conserved in birds but
completely absent in mammals. The presence and degree of conservation of this motif in

avian OASLs, suggest a strong possibility that they are conjugating to target proteins
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similar to other Ubls. Conversely, the absence of this site in mammals makes it unlikely
that they could conjugate to a target, indicating that if mammalian OASL Ubls are
functional it would not be through conjugation in a Ub or ISG15-like manner.

Structural analysis of mammalian ISG15s reveals a critical phenylalanine residue
at the interface of the two Ubl domains(37). In ISG15 F41 causes the two domains to more
closely associate and has a profound impact on ISG15 tertiary structure(37). While F41 is
not present in any OASLs, avian OASLs have a residue with an aromatic side chain that
appears to fulfill the same purpose. All but one of the species examined have a tyrosine
residue at the equivalent site. The lone outlier, ostrich OASL, has a histidine at that
location. Human and mouse OASL do not contain obvious analogs. Both have aromatic
side chains two positions upstream of their ISG15 counterparts, but the difference in
location might place these residues outside of the domain interface. In addition to F41,
ISG15s have a QQRLA motif at this site that makes up a 310-helix followed by a short [3-
sheet. This motif is fully conserved in Ub and the N-terminal domain of ISG15. In avian
OASLs, it is moderately conserved on the N-terminal domain and highly conserved on the
C-terminal domain. It is not well conserved on either domain of mammalian OASL.

Other similarities can be found in the degree and regions of homology between
avian OASLs and ISG135s. In general, ISG15s share approximately 60% sequence identity
even among distantly related mammals(26). Likewise, the base level of sequence identity
between avian OASL Ubls appears to be 50-55%. The regions of conservation appear to
be similar as well. In addition to those already mentioned, there are several sections of

ISG15 that have highly conserved sequences across species, and while they are not all
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similar to the sequences found in avian OASLs, the same regions of OASL share high
degrees of conservation internally.
Cleavage of chicken OASL tandem Ubl domains and Nairovirus OTUs

Given that avian OASLs possess high similarity to the C-terminal Ubl tail known
to form isopeptide linkages with target proteins, OASLs may be conjugating to targets
similar to Ub and ISG15. The sequence and structural similarities between avian OASL
Ubls and ISG15s allow for the possibility that OASL could perform similar functions in
the avian immune system to those left in the absence of ISG15. If conjugation of OASL
Ubls to a target has antiviral effects, there may be an evolutionary pressure for some viruses
to adapt the ability to counter this mechanism similar to viruses reversing ubiquitination
and ISGylation. Similar to ISG15, avian OASLs are translated in an immature form with
several amino acids downstream of their LRLRGG conjugation motif that would have to
be cleaved off before conjugation. To explore if viral proteases may be able to process
OASL, the pro-form of chicken OASL tandem Ubl domain was expressed with a C-
terminal 6X His-Tag and was incubated with OTUs from 14 Nairovirus species for 24
hours with timepoint samples taken at specified intervals to determine approximate
turnover (Figure 5.5). Of the 14 OTUs tested, 7 were capable of cleaving chicken OASL
to some degree, and 4 totally cleaved the OASL within 24 hours. None fully processed the
substrate in less than 2 hours. The rate of cleavage demonstrated by these OTUs is similar
to what is seen when known delSGylases are incubated with ISG15s from non-host

species(26, 38).
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Figure 5.5. DeOASLylase activity of Nairovirus OTUs in chicken. OTUs from CCHFV,
FARV, KUPEV, DUGV, LPHV, ERVEV, GANV, NSDV, HpTV-1, ISKV, TAGV,
DGKYV, HAZV, and QYBYV were evaluated for their cleavage activity towards proOASL
Ubl from chicken at 37°C, 10 uM of OASL Ubl was incubated with 20 nM of each OTU
for at least 24 hr with samples taken at the time points indicated. The summary of chicken
OASL cleavage by the different Nairovirus OTUs is presented as a heat map. Colors range
from dark red (no cleavage) to light green (moderate cleavage).

Additionally, we tested the deOASLylase activity of six PLpros representing all
four classes of coronaviruses for the ability to cleave chicken OASL (Figure 5.6). In
general, coronavirus PLpros were less active against chicken OASL than Nairovirus OTUs.
In both cases, half of the enzymes tested demonstrated no activity, however the OTUs that
did demonstrate deOASLylase activity cleaved more than their PLpros counterparts. The
three PLpros that demonstrated some degree of deOASLylase activity were found in each
category except for alphacoronavirus. Meanwhile, all of the non-cleaving PLpros were

found in either the alpha or betacoronavirus subgroup. One of the active chicken
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deOASLylating PLpros was from avian infectious bronchitis virus (IBV), which causes

severe respiratory distress in chickens(39).
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Figure 5.6. DeOASLylase activity of coronavirus PLpros in chicken. PLpros from PEDV,
SARS, MERS, MHV, IBV, and pDCoV were evaluated for their cleavage activity towards
proOASL Ubl from chicken at 37°C, 10 uM of OASL Ubl was incubated with 20 nM of
each OTU for at least 24 hr with samples taken at the time points indicated. The summary
of chicken OASL cleavage by the different coronavirus PLpros is presented as a heat map.
Colors range from dark red (no cleavage) to orange (weak cleavage). The subgroup each
coronavirus belongs to is denoted next to the respective heat map.

Discussion
Significance of Ubl conformation and Y388 in OASL activity
Compared to linear di-Ub, ISG15 has a relatively compact conformation but retains
rotational flexibility around the interface between its domains. The B-grasps of chicken

OASL’s tandem Ubl domain are even more compact than those of most ISG15s and the
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presence of four hydrogen bonds at the interface likely reduces rotational flexibility.
Sequence data suggests that three of the four hydrogen bonds are highly conserved among
tandem Ubl motifs found in bird OASLs. As the hinge region of chicken OASL forms a
hydrogen bond with a residue on the C-terminal domain as well as one within itself, it
would likely have limited flexibility. The high conservation observed between avian OASL
hinge regions suggests that the rigidity of the region would be conserved as well.
Conversely, the hinge of ISG15 is flexible and highly variable(37). Interestingly, both
chicken OASL and human ISG15 have an arginine at the same position on their C-terminal
domains that forms a hydrogen bond with the hinge main chain, however, this arginine is
not conserved among either OASLs or ISG15s. The arginine is found in only two of the
six OASLs examined and is not seen on any of the other ISG15s examined here. However,
other side chains with primary amines can be found at this site with glutamines being found
at this site in two of the OASLs, and two of the ISG15s, as well as a lysine being present
on one of the OASLs.

The increased number of interactions dictating OASL tertiary structure along with
the higher degree of conservation seen in these residues suggests that this conformation of
the Ubl domain may contribute to the function of avian OASL. The removal of the tandem
Ubl domain from duck and ostrich OASL has been shown to hinder their ability to activate
not only the RIG-I pathway but also the RNase L pathway by reducing their capacity to
bind viral RNA(11). Mutation of F41 to a lysine in human ISG15 altered the conformation
to the point where SARS-CoV-1 no longer bound the Ubl(37). If this tandem Ubl
conformation is critical to OASL’s involvement in either pathway it is likely that a

mutation to Y388 could produce a similar loss of activity.

152



Potential implications of Nairovirus OTU deOASLylase activity

The ability of some Nairoviruses to productively process chicken OASL may be
the result of off-target activity toward a similar substrate, or the result of an evolutionary
pressure on Nairoviruses to counter OASL dependent immune responses. Both may be true
depending on which virus and OTU are being examined. The OTU of the Ganjam virus
(GANV) has robust DUB and delSGylase activity along with weak deOASLylase activity
and is likely cleaving chicken OASL only due to its similarity to Ub and ISG15. On the
other hand, the OTUs of FARV, KUPEV, and Dugbe virus (DUGV) all demonstrate
moderate activity towards chicken OASL and have been shown not to have much activity
toward Ub or human ISG1S5. It seems possible that for some of these viruses OASL may
be a natural substrate along with DUB and delSGylase activity. Interestingly the OTU of
CCHFV, which showed moderate chicken deOASLylase activity, has significant but
relatively modest activity towards both Ub and human ISG15 when compared to OTUs
that specialize in those substrates. While no OTU tested here demonstrated robust
deOASLylase activity in chickens, the cleavage appears to match that seen when known
deISGylases are incubated with ISG15 from species distantly related to their natural hosts.
Host species preferences may be responsible for reduced viral deOASLylase activity

Viral deISGylases have species preferences, usually aligning with the species they
productively infect. For most OTUs and PLpros this results in the enzyme rapidly cleaving
ISGI15 from its host species along with highly conserved ISG15s, usually from closely
related species. However, many retain the ability to process ISG15s from distantly related
species at a reduced rate, similar to the rate chicken OASL was cleaved by several OTUs

here. KUPEV and DUGYV belong to the Nairobi sheep disease serogroup of OTUs and
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were isolated from ticks found on cattle. They are thought to infect bovine and ovine
species, and unsurprisingly cleave domestic sheep and cattle ISG15 most rapidly, however,
the rate that they cleave chicken OASL is similar to the rate at which they process camel
ISG15. Similar trends are seen in the OTUs of CCHFV and ERVEV. FARYV, the most
active chicken deOASLylase, belongs to the Hughes serogroup, which is thought to
primarily infect seabirds(40). If the natural host of FARV were to be identified, it is
possible that its OASL would be a preferred substrate of FARV OTU.
Structural factors affecting deOASLylase activity of OTUs and PLpros

A functionally important similarity between chicken OASL and other
immunoregulatory Ubls is the location of the C-terminal LRLRGG motif. As with Ub and
ISG15, this motif of chicken OASL is solvent-exposed and would be readily accessible to
viral proteases (Figure 5.7A). When chicken OASL is overlaid with a structure of sheep
ISG15 in complex with the KUPEV OTU as well as FARV OTU, it appears that the OASL
would be capable of forming some of the same interactions that allow OTUs to cleave
ISG15s and Ub. Most crucially, the LRLRGG OTU cleavage site, while not properly
oriented in this structure due to a lack of stabilizing interactions, would fit into the active
site adjacent binding site (Figure 5.7C). Aside from the LRLRGG binding pocket, three
key sites have been determined to be important for OTU selectivity(26). OASL forms
similar interaction at two of the three and neither site is identical (Figure 5.7B). The
differences at these recognition sites result in KUPEV OTU having significantly higher
activity toward sheep ISG15 than chicken OASL. While the residues at these selectivity
sites are not shared between ISG15s and avian OASLSs they are highly conserved within

their respective groups (Figure 5.1).
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Figure 5.7. Interactions between Ubls and OTUs that determine substrate specificity (A)
Cartoon representation of chicken OASL Ubl (Orange), FARV OTU (Purple) (PDB
6DXS5), sheep ISG15 C-terminal domain (Beige) and KEPEV OTU (Blue) (PDB 60AR).
Ubls are overlaid at their C-terminal B-grasps and OTUs are overlaid with the Ubl
LRLRGG motifs withing their active sites. (B) Close up views of OTU selectivity
determination sites, highlighting interactions that determine substrate preferences. (C)
Close of view of FARV and KUPEV OTU active sites with the C-terminus of Ubl
substrates bound.

When the chicken OASL Ubl domain is similarly overlaid with a structure K48

linked di-Ub bound to the PLpro from SARS-CoV-1 we see that the orientation of the

OASL B-grasps would prevent it from fitting into the active site of the PLpro (Figure 5.8A).
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The orientation of the two OASL B-grasps to each other prevents both from fitting into
their respective binding pockets while also fitting the C-terminal LRLRGG motif into the
active site (Figure 5.8C). Furthermore, overlaying the C-terminal 3-grasps of the two Ubls
so both fit into the active site causes the N-terminal -grasp of chicken OASL to overlap
with the zinc finger of the PLpro (Figure 5.8B) in a way that would not be possible. In this
case, it seems that the lack of flexibility between the two B-grasps protects the Ubl. Because
poly-Ub, and to a lesser extent ISG15, have weaker interactions between their domains
they are free to adopt conformations that are more favorable to cleavage by PLpros if those
conformations are not already their natural state. Some of the increased deOASLylase
activity OTUs have relative to PLpros may be attributable to them only interacting with
Ubl substrates at the C-terminal B-grasp, so they cannot be blocked by the N-terminal

domain.
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Figure 5.8. Steric hindrance at the zinc finger prevents SARS-CoV PLpro from cleaving
chicken OASL (A) Chicken OASL Ubl domain (Orange) overlaid at the C-terminal (-
grasp with K48 linked di-Ub (Yellow) bound to SARS-CoV PLpro (Red cartoon and white
surface) (PDB 5E6J). (B) Close up view of the overlap between the PLpro zinc finger
domain and N-terminal B-grasp of chicken OASL that causes a steric hindrance, preventing
cleavage. (C) Surface view of SARS-CoV PLpro with the four domains labeled and the
proximal Ub-binding pocket (Blue) and the distal Ub-binding pocket (Teal) highlighted.
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CHAPTER 6
DISCUSSION

PLpro DUB activity provides insight into immune evasion strategies

A considerable number of pathways, including those involved with the innate
immune system, are regulated through post-translational modification by Ub and Ubls.
Therefore, it can be difficult to discern which pathways individual DUBs and deISGylases
are targeting. However, most Ub and Ubl regulated pathways are mediated by specific Ubls
or poly-Ub linkage types, therefore the specificity of an enzyme can provide clues to the
pathway or pathways it has adapted to counteract. For instance, it is common for viral
DUBs to have preferences for K48 and K63 linked poly-Ub because of their association

103 This can

with proteasomal degradation and innate immune system signal transduction
provide insight into which immune pathways are most detrimental to the virus’s success.
While all three subgroup 2b PLpros examined here show a preference for the ISG15
of their natural host over poly-Ub they retain moderate to robust DUB activity towards
long-chain K48 poly-Ub, with some activity toward long-chain K63 poly-Ub as well. K48
poly-Ub is associated with the proteasomal degradation pathway and is likely being
targeted to keep viral proteins intact. When comparing long-chain K48 DUB activity,
BtSCoV-Rf1.2004 cleaves the fastest of the three and SARS-CoV-2 cleaves the slowest.
Interestingly, while BtSCoV-Rf1.2004 cleaves long-chain poly-Ub faster than the other

two, SARS-CoV-1 cleaves mono and di-Ub the fastest of the three. SARS-CoV-2

processes all forms of Ub, including mono-Ub, more slowly than other subgroup 2b
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PLpros. This appears to be due to PLpro residue 233 being a lysine in SARS-CoV-2 and a
glutamine in all other subgroup 2b viruses. Interestingly, there are only two PLpro
mutations among the emerging SARS-CoV-2 strains, A146D and K233Q. A146D likely
has no functional impact on PLpro activity due to its location. However, K233Q is likely
to bring SARS-CoV-2 DUB activity more in line with that of SARS-CoV-1 and BtSCoV-
Rf1.2004 as residue 233 has previously been identified as a determinant of PLpro
specificity. Mutation of SARS-CoV-1 Q233 to a glutamate resulted in DUB activity being
halved and human deISGylase activity more than doubling!®*. As Ub is a highly conserved
substrate across all possible coronavirus hosts and ISG15 can be highly variable, increasing
human delSGylase activity at the expense of DUB activity may be detrimental unless a
virus is highly specialized to infect humans. Therefore, retention of K48 DUB activity may
indicate a selective pressure among subgroup 2b viruses towards being versatile in the hosts
they infect and that proteasomal degradation of viral proteins is one of the major
impediments to coronavirus replication. The presence of K233 in SARS-CoV-2 may have
been an adaption that improved delSGylase specialization within its natural reservoir, and
the K233Q mutation would likely increase DUB activity, helping it survive in its novel

human hosts.
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Q238

Figure 6.1. PLpro residue 233 Ubl interactions. Overlaid structure of SARS-CoV-1 PLpro
(pink) bound to K48 di-Ub (tan), with SARS-CoV-2 PLpro (blue), and C-terminal human
ISG15 (green).

In addition to suppressing the proteasomal degradation pathway through the
reversal of K48 linked poly-ubiquitination, subgroup 2b PLpros retain mild to moderate
K63 DUB activity. The level of K63 DUB activity varies between subgroup 2b viruses,
usually proportional to K48 poly-Ub cleavage rates, but is generally less than what is seen
in other betacoronaviruses such as MHV and MERS-CoV3% 105 K63 poly-Ub is an
important mediator of signal transduction in many antiviral signaling cascades and reversal
of K63 poly-ubiquitination would result in a weakened type-I IFN response’!%°. Based on
a recent study, the type I IFN pathway is a target of the MHV PLP DUB activity as MHV
PLP mutants with ablated DUB activity but functional deISGylase activity activated the
IFN response earlier, leading to reduced pathogenesis®. This suggests that subgroup 2b

viruses might also retain some level of K63 DUB activity to aid in circumventing the type-
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I IFN response. However, as subgroup 2b viruses have lower K63 DUB activity than other
betacoronaviruses, it is possible that the antiviral signaling cascades mediated by K63 poly-
Ub are not as detrimental to subgroup 2b viruses as other coronaviruses. Testing this
through the use of subgroup 2b viruses with PLpro mutations to ablate either deISGylase
or DUB activity, similar to the experiment on DUB activity in MHV, would yield valuable
data on both the role of deISGylase activity and K63 DUB activity in the subgroup 2b
immunosuppression strategy.

Distinct characteristics of subgroup 2b PLpros

Despite retaining K48 and K63 poly-Ub cleavage activity, the PLpros of all three
subgroup 2b viruses were examined (SARS-CoV-1, SARS-CoV-2, and BtSCoV-
Rf1.2004) demonstrated a markedly reduced capacity to process mono-Ub and di-Ub of
any linkage type. This cleavage pattern was discovered in SARS-CoV-1 in 2015, known
as a di-distributive cleavage pattern, in which proteases recognize two Ub domains as a
single unit for cleavage rather than mono-Ub *°. On the other hand, PLpros with mono-
distributive cleavage patterns, such as the betacoronaviruses MHV and MERS-CoV,
recognize individual Ub domains as distinct units and can therefore cleave Ub regardless
of chain length. As subgroup 2b PLpros have a di-distributive cleavage pattern, they
recognize di-Ub within chains of three or more and rapidly process them into mono and di-
Ub, but struggle to further process di-Ub into mono-Ub. It has been proposed that this
recognition pattern is linked to the distal Ub binding pocket of subgroup 2b PLpros having
stronger interactions with Ubls than that of PLpros that show a mono-distributive cleavage
pattern®® 3% 19 This is supported by the observed interactions between the distal Ub

binding pocket of all three subgroup 2b PLpros and Ub including stronger hydrophobic
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interactions as well as more hydrogen bonds than with MERS-CoV PLpro and MHV PLP2.
As Ubls preferentially binding to the distal site would require chain lengths or three or
more to reach the active site, enhanced interactions at the distal site could explain the
preference of subgroup 2b PLpros towards longer chain Ubls.

Additionally, the di-distributive cleavage pattern may be an adaption to facilitate
deISGylase specialization while retaining K48 DUB activity. Preferentially binding Ub at
the distal Ub binding pocket over the proximal Ub binding pocket would make removal of
di-Ubl modifications more efficient than removal of mono-Ubl modifications. A PLpro’s
capacity to remove mono-Ub would be reduced, however, it would not affect the removal
of poly-Ub chains and could potentially aid in deISGylase activity.

Another feature that is unique to subgroup 2b PLpros, and highly conserved among
them, is the ability to adopt a tucked Ubl domain conformation. Both SARS-CoV-1 and
BtSCoV-Rf1.2004 PLpros have been shown to adopt this conformation, and it does not
appear to be induced by crystal contacts in any structure in which it has appeared'®*. The
conformation is stabilized by a seam of electrostatic interactions between the Ubl and
thumb domains. Sequence analysis shows that the residues involved in these interactions
are all highly conserved among subgroup 2b PLpros, but are not found outside of subgroup
2b. The degree of conservation of this feature may indicate a selective pressure to retain it,
but it serves no obvious function and currently does not appear to interact with any
substrate. Specifically, a published structure of SARS-CoV-1 PLpro bound to the C-
terminal domain of mouse ISG15 demonstrated that the tucked Ubl domain does not form
contacts with the Ubl substrate!%. Despite this, the Ubl domain may play a role in PLpro

stability as the removal of the Ubl domain of MHV PLP2 results in decreased thermal
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stability, ultimately leading to reduced activity and attenuated pathogenicity?>. Therefore,
adopting a tucked Ubl conformation may protect the domain and be beneficial for the
stability of subgroup 2b PLpros.

Implications of coronavirus PLpro deISGylase species specificity

The relative rate at which PLpros cleave ISG15 from various species can provide
information as to what hosts the virus may be infecting or has infected previously. For
example, MHV PLP2 is highly specific for mouse ISG15, and to date, MHV has only been

107 Meanwhile, some coronaviruses with more versatile

shown to productively infect mice
PLpros appear to infect a much wider range of hosts. For instance, MERS-CoV encodes a
PLpro with moderate to robust activity against ISG15s from humans, mice, camels, bats,
and fish'%. While some of these are likely to be off-target effects, MERS-CoV has been
found in humans, camels, bats, and alpacas in the wild and is capable of infecting marmots
as well as several species of new and old-world monkeys in lab settings'%. Similarly, all
three subgroup 2b viruses tested so far have been shown to productively process ISG15s

104, 109

from a diverse range of species and to have an equally diverse group of natural

reservoirs including humans, palm civets, pangolins, camels, marmosets, mice, cats, rhesus
macaques, and several species of bats? 3 108, 110,

It is unlikely that deISGylases capable of processing ISG15 from a wide range of
species would be found in viruses with diverse hosts by chance. Viral immunosuppressive
mechanisms are usually adapted to maximize efficiency within their preferred host species.
For a coronavirus to encode a PLpro with moderate deISGylase activity toward a species

it is likely that at one point or another it infected the species or a species with a similar

ISG15. Subgroup 2b viruses are thought to primarily infect various bat species, and
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occasionally spill over into species that inhabit the same region. All three subgroup 2b
PLpros examined here displayed robust activity toward vesper bat ISG15, and when
BtSCoV-Rf1.2004 was incubated with two horseshoe bat ISG15s it fully processed both
even more quickly than vesper bat. The species preferences of the three subgroup 2b
PLpros are consistent, with all three cleaving most ISG15s at roughly the same rate. The
similarity in delSGylase activity between PLpros from various subgroup 2b viruses
suggests that if they are not already infecting many of the same species, they would likely
be well suited to do so.

PLpro and OTU processing of unexplored Ubl post-translational modifiers

In addition to ISG15 and various forms of poly-Ub, some viral proteases may be
targeting other immunologically relevant Ubls. Based on the cleavage demonstrated by
various PLpros and OTUs, it seems possible that some of these proteases are not in fact
DUBs or delSGylases, but are adapted to process another Ubl substrate and retain some
off-target activity towards Ub and ISG15. This can be difficult to assess due to how
specialized many delSGylases are to their preferred species, so it is possible that for many
we simply have not identified their preferred host species. This is particularly likely for
Nairoviruses, which are often isolated from ticks and not from host animals, so their natural
hosts are often unknown. Along with, ISG15 there are several known Ubl post-translational
modifiers that have been implicated in immunoregulation including oligoadenylate
synthetase-like (OASL); small Ub-related modifier (SUMO); neural precursor cell-
expressed, developmentally down-regulated 8 (Nedd8); and HLA-F adjacent transcript 10
(FAT10). OASL is thought to activate the RLR signaling pathway in response to dsRNA.

SUMOylation of the IKK complex induces NF-kB signaling in response to DNA damage
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and blocking neddylation in macrophages has been shown to downregulate
proinflammatory cytokine production by decreasing NF-kB signaling'!!"- 112, Less is known
about the function of FATI10, but it is induced in response to TNF-o and IFN-y and is
involved in modulating various aspects of the IFN response!'’. Like ISG15, FATI10
consists of two Ubl domains, whereas SUMO and Nedd8 resemble mono-Ub!!4 115 All
three are conjugated to target proteins at a C-terminal Gly-Gly motif, however, only Nedd8
contains upstream residues similar to Ub and ISG15 that are recognized by PLpros and
OTUs proteases. Each is regulated by a system of ligases and proteases similar to Ub and
ISG15, however, their role in immunity might make them targets for viral proteases as
well.

As we have seen in cleavage experiments utilizing chicken OASL, several OTUs
processed the substrate at a similar rate to that seen when known delSGylases process
ISGI5 from a species other than its preferred host. It’s possible that some of these OTUs
have adapted to process OASL, but are not chicken viruses and would more rapidly process
the OASL of their natural host. Studies examining Ubl cleavage preferences by viral
proteases found that CCHFV OTU does not appreciably process NeddS8, but that SARS-
CoV-1 PLpro can process it at a similar rate to mono-Ub'!% 117 Because Ubl turnover by
viral proteases is highly specific to each virus, this turnover may not be reflective of their
respective protease type. In the case of PLpros in particular, SARS-CoV-1 and other
subgroup 2b PLpros follow a di-distributive cleavage pattern and would not be the ideal
model for testing PLpro activity against a substrate resembling mono-Ub. Further testing

of Nedd8 cleavage by more diverse OTUs and PLpros with mono-distributive cleavage
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patterns such as MERS-CoV may illuminate a novel mechanism of immunosuppression by
these viruses.

Designing small molecule PLpro inhibitors for the treatment of novel coronaviruses

Due to the importance of PLpros to the success of coronaviruses, the development
of non-covalent small molecule PLpro inhibitors is a promising strategy for treating SARS-
CoV-2, as well as subgroup 2b viruses that emerge in the future. Naphthalene-based
inhibitors have proven to be equally effective against all subgroup 2b viruses that they have
been tested against. RNA viruses are particularly susceptible to mutation, yet sequence
analysis shows that the residues forming interactions with these inhibitors are fully
conserved within subgroup 2b. This suggests that these residues are critical to the function
of subgroup 2b PLpros and that it is unlikely a novel subgroup 2b virus will emerge with
mutations in the P3/P4 pocket that make it resistant to naphthalene-based inhibitors. While
further optimization may be needed before use as therapeutics, these compounds have
displayed minimal cytotoxicity in several human cell lines and have been shown to be
effective at reducing replication of both SARS-CoV-1 and SARS-CoV-2 in Vero E6 cells.

Structure-activity relationship (SAR) analysis of series I compounds reveals key
functional groups that are essential to inhibitor efficacy, as well as regions that allow for
variation and optimization. The most critical interaction to maintain is the hydrophobic
interaction of the western naphthyl group with the P4 pocket and Y269. Any mutations to
these residues or substitutions of the western group result in a near-total loss of inhibitor
efficacy®. Another major determinant of series I inhibitor efficacy is the backbone as
compounds utilizing a simple amide backbone have proven most effective. This is due in

part to their ability to form a hydrogen bond between their amide backbone and the main
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chain of the BL2 loop. When this hydrogen bond is lost through changes to the backbone,
efficacy is diminished by up to 65 percent. These two groups appear to be indispensable
for maintaining strong interactions between the series I compounds and subgroup 2b
PLpros as changes to these moieties usually result in a loss of efficacy, therefore changing
them is not likely to be beneficial in future optimization efforts.

Conversely, the eastern arene group appears to be the only series I functional group
that can be modified without significant loss of activity. This group interacts at the P3 site
and has, with several different ring decorations, demonstrated low uM ICses against
subgroup 2b PLpro activity. So far, the 1-methyl-4-amino decoration of this ring has been
the most effective, however further optimization of this site may improve binding
specificity. It may be possible to improve series I inhibitors by modifying the 4-amino
group to more closely mimic the arginine that naturally binds to the P3 site. Due to these
factors, the eastern arene group would be an excellent site of focus in future attempts to
optimize series I naphthalene-based inhibitors.

The optimal decoration of the eastern arene group is highly dependent on the
backbone linker being used to attach it to the western naphthyl group. Unlike series I
compounds, the backbones of series II compounds can be modified so long as the eastern
arene group is modified accordingly. The most effective series II compounds can be
categorized into those that utilize piperidine backbones and those that utilize spiroazetidine
backbones. Within series II the difference in backbone length alters the location of the
eastern arene group, resulting in a 2-methoxy-4-pyridyl group being optimal for both
cytotoxicity and inhibition when paired with a spiroazetidine linkage, but equal to a 1,3-

dioxolane group when paired with a piperidine linkage. The combination of a
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spiroazetidine backbone and a 2-methoxy-4-pyridyl arene group as in 37 results in an
inhibitor with similar efficacy to top series II piperidine compounds, but with decreased
cytotoxicity. By focusing on modifying backbone linkages in consort with arene rings we
may be able to further optimize series I and series II therapeutics for the treatment of
subgroup 2b viruses, which would safeguard against the possibility of a mutation emerging
that renders one series ineffective.

Naphthalene-based compounds, such as GRL0617, 1, 31, and 37, can be utilized
as both chemical probes and lead compounds in future studies. These compounds have the
potential to be useful chemical probes in the study of coronavirus biology through their
ability to inhibit PLpro activity. This can be useful in examining the functions of novel or
previously unexplored subgroup 2b PLpros and the NSPs they cleave. Furthermore, they
are promising lead compounds for treating subgroup 2b coronavirus infections. With
further optimization, they could become effective therapeutics for SARS-CoV-2 as well as

future subgroup 2b coronaviruses.
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Figure S3.1. Model of the PLpro of SARS-CoV-2. A surface rendering of a homology
model for SARS-CoV-2 PLpro (white), highlighting the proximal Ub binding pocket (teal)
and the distal Ub binding pocket (orange) built from SARS-CoV PLpro (PDB 5E6)).
Residues differing between SARS-CoV and SARS-CoV-2 are shown in yellow.
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Figure S3.2. SARS-CoV-2 PLpro activities with substrates. (left panel) Activity of SARS-
CoV-2 PLpro at varying concentrations of Ub-AMC. (right panel) Activity of SARS-CoV-
2 PLpro at varying concentrations of ISG15-AMC.
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Figure S3.3. Gel cleavage assay of unlabeled di-Ub, visualized by Coomassie Blue
staining. (a) Assays were performed at 37°C with 10uM di-Ub and 20 nM SARS-CoV-2

PLpro. (b) Oman CCHFV OTU control performed at 37°C with 13.7 uM di-Ub and 23 nM
Oman CCHFV OTU.
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Figure S3.4. Plaque assay plates and cytotoxicity data for Compound 6 and GRL-0617. (a)
Corresponding plaque assay plates for antiviral assessment of Compound 6 and GRL-0617.
(b) Vero E6 cytotoxicity data for Compound 6 and GRL-0617 performed using Lonza
Toxilight bioassay.
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Table S4.1 Data collection and refinement statistics

BtSCoV-Rf1.2004 PLpro/GRL0617

BtSCoV-Rf1.2004 PLpro/37

Data collection
Space group
Cell dimensions

a, b, c(A)

a, By (°)
Resolution (A)
Rpim( %)
Rinerge(%0)
cci2
ViJ4
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections

Rwork(%)/ Rfree(%)

No. atoms
Protein
Ligand/ion
Water

B-factors
Protein
Ligand/ion
Water

R.m.s deviations
Bond lengths (A)
Bond angles (°)

P212:2

67.4,67.2,165.3
90, 90, 90

50.0 —3.15 (3.20 — 3.15)
9.1 (52.8)

25.0 (131.7)

0.756 (0.602)

11.6(1.2)

100.0 (100.0)

4.4 (3.9)

45.72-3.16 (3.28 —3.16)
13414
23.32/25.98

4883
50
51

72.3
53.2
51.8

0.005
0.86

P6422

176.3, 176.3,79.8
90, 90, 120

50.0 — 2.90 (2.95 — 2.90)
4.9 (27.3)

17.9 (97.9)

0.982 (0.762)

15.5 (1.5)

99.5 (99.3)

7.4 (6.4)

38.62-2.89(3.00 —2.89)
16525
20.09/23.97

2507
37
25

66.8
89.6
60.8

0.002
0.48

*Highest resolution shell is shown in parenthesis.
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Figure S4.1. Tucked conformation of PLpro Ubl domains. Variation in position of Ubl
domains from SARS-CoV-1 PLpro bound to GRLO0617 (pink surface: PDB 3E9S)
compared with SARS-CoV-1 PLpro in complex with mouse ISG15 (tan ribbon/cartoon:
PDB 5TL7), BtSCoV-Rf1.2004 PLpro bound to GRL0617 (green ribbon/cartoon), and
BtSCoV-Rf1.2004 PLpro bound to 37 (raspberry ribbon/cartoon).

Figure S4.2: GRL0617 density in the P3/P4 pocket. Inhibitor binding pocket of BtSCoV-
Rf1.2004 PLpro (green) in complex with GRL0617 (purple). A 2F,-F. electron density
map is shown contoured at 16 (blue mesh).
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Figure S4.3: 37 density in the P3/P4 pocket. Inhibitor binding pocket of BtSCoV-Rf1.2004
PLpro (raspberry) in complex with 37 (blue). A 2F,-F. electron density map is shown
contoured at 16 (blue mesh).
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Figure S4.4: Structure-activity relationship between PLpro inhibitors and their off-target
toxicity. A) 37, B) 38, C) 31, D) 1, and E) GRL0617 structures were matched with the
respective ICsos in multiple human cell lines.
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Figure S4.5: Cell viability of multiple human cell lines upon 48 hr exposure to PLpro
inhibitors. MTT linear regression curves of A) RPTEC, B) BEAS-2B, C) A549, and D)
SH-SYSY cells upon 48 hr exposure to 37, 38, 31, 1, or GRL0617.
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Figure S4.6. Cellular morphology o
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exposed to A) DMSO or B) 1 uM, C) 5 uM, D) 10 uM, E) 50 uM, or F) 75 uM 37 for 48
hr. Scale bar: 100 um.
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Figure S4.7: Cellular morphology of RPTECs upon 48 hr 38 exposure. TECs were
exposed to A) DMSO or B) 1 uM, C) 5 uM, D) 10 uM, E) 50 uM, or F) 75 uM 38 for 48
hr. Scale bar: 100 um.

Figure S4.8. ellular morphology of RPTECs upon 48 hr 31 exposure. RPTECs were
exposed to A) DMSO or B) 1 uM, C) 5 uM, D) 10 uM, E) 50 uM, or F) 75 uM 31 for 48
hr. Scale bar: 100 um.
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Figure S4.9. Cellular orphology of RPTECs upon 48 hr GRL0617 exposure. RPTECs
were exposed to A) DMSO or B) 50 uM, C) 100 uM, D) 175 uM, E) 250 uM, or F) 500
uM GRLO0617 for 48 hr. Scale bar: 100 um.

Figure S4. 1. Cellular morphology of BES-2Bs upn 48 hr 37 exposure. BEAS-2Bs were
exposed to A) DMSO or B) 1 uM, C) 10 uM, D) 50 uM, E) 75 uM, or F) 100 uM 37 for
48 hr. Scale bar: 100 pum.
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Figure S4.11. Cellulr morphology of BEAS-2Bs upon 48 hr 38 exposure. BEAS-2Bs were
exposed to A) DMSO or B) 1 uM, C) 5 uM, D) 10 uM, E) 50 uM, or F) 75 uM 38 for 48
hr. Scale bar: 100 um.

Figure S4.12. Cellular mohology supon 4hr 31 exposure. BEAS-2Bs were
exposed to A) DMSO or B) 1 uM, C) 10 uM, D) 50 uM, E) 75 uM, or F) 100 uM 31 for
48 hr. Scale bar: 100 pm.
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Figure S4.13. Cellular orphology of BEAS-Bs upon 48 hr 1 exposure. BEAS-2Bs were
exposed to A) DMSO or B) 1 uM, C) 10 uM, D) 50 uM, E) 100 uM, or F) 500 uM 1 for
48 hr. Scale bar: 100 pm.

y 2ty 4 PES IR Y, LTt .,.‘r. by
Figure S4.14. Cellular morphology of BEAS-2Bs upon 48 hr GRL0617 exposure. BEAS-
2Bs were exposed to A) DMSO or B) 1 uM, C) 50 uM, D) 100 uM, E) 250 uM, or F) 500
uM GRLO0617 for 48 hr. Scale bar: 100 um.
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Figure S4.15. Cellular morphology of A549s upon 48 hr 37 exposure. A549s were exposed
to A) DMSO or B) 1 uM, C) 10 uM, D) 50 uM, E) 75 uM, or F) 100 uM 37 for 48 hr.
Scale bar: 100 pum.

C.100 uM

F.750 uM

580

Figure S4.16. Cellular morphology of A549s upon 48 hr GRL0617 exposure. A549s were
exposed to A) DMSO or B) 50 uM, C) 100 uM, D) 250 uM, E) 500 uM, or F) 750 uM
GRL0617 for 48 hr. Scale bar: 100 um.
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Figure S4.17. Cellular morphology of SH-SY5Ys upon 48 hr 37 exposure. A549s were
exposed to A) DMSO or B) 1 uM, C) 10 uM, D) 50 uM, E) 75 uM, or F) 100 uM 37 for
48 hr. Scale bar: 100 pum.

S S

Figure S4.18. Cellular morphology of SH-SYS5Ys upon 48 hr GRL0617 exposure.
RPTECs were exposed to A) DMSO or B) 50 uM, C) 100 uM, D) 175 uM, E) 250 uM, or
F) 500 uM GRL0617 for 48 hr. Scale bar: 100 pm.

-
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Synthesis of Naphthalene-based compounds.

(R)-N-[1-(1-Cyclohexyl)ethyl] 2-methyl-5-nitro-benzamide (6).
5
6 4
N

1 0 2

2’ 6’

3 5

)

A stirred solution of 2-methyl-5-nitrobenzoic acid (0.39 g, 2.1 mmol), N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDCI) (0.489 g, 2.5 mmol),
and 1-hydroxybenzotriazole hydrate (HOBT) (0.344 g, 2.5 mmol) in DCM (3 mL) was
treated with a solution of (R)-cyclohexylethylamine 3 (0.25 g, 1.9 mmol) and
diisopropylethylamine (1.87 mL, 10.8 mmol) in DCM (2 mL) at 0°C and stirred for 12 hr
at room temperature. The reaction mixture was quenched with water (20 mL) and extracted
with DCM (2 x 15 mL). The organic layers were dried over Na2SO4 and concentrated under
reduced pressure. The residue was purified by silica gel column chromatography
(EtOAC:Hexane (30:70) to furnish the title benzamide (0.495 g, 87%) as a white solid.
[a]*°p -21.4 (¢ = 2.2, CHCI3); '"H NMR (500 MHz, CDCl3) & 8.56 — 7.82 (m, 2H, H2,H4),
7.38 (d, /= 8.3 Hz, 1H, HY), 5.68 (d, /= 9.1 Hz, 1H, NH), 4.35 — 3.84 (m, 1H, CH-NH-
C0),2.53 (d,J=1.7 Hz, 3H, CH3-C6), 1.88 — 1.72 (m, 4H, H2’ ,H3’,H5’ ,H6’), 1.72 — 1.52
(m, 1H, H4"), 1.52 - 1.32 (m, J= 5.7, 3.0 Hz, 1H, H1), 1.32 — 1.24 (m, 2H, H4, H5), 1.22
(dd, J= 6.7, 1.8 Hz, 3H, CH3), 1.19 — 1.00 (m, 3H, H2, H3, H6); *C NMR (126 MHz,
CDCl3) 6 167.0 (CO-NH), 145.8 (C3), 144.0 (C6), 138.0 (C2), 131.9 (C4), 124.2 (C9),

121.5 (C1), 50.2 (CH-NH-CO), 43.0 (C1°), 29.1 (C6), 29.1 (C2), 26.3 (C4), 26.1 (C3,C5),
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20.0 (CHs-C6), 18.0 (CHs). HRMS (ESI) (m/z): Caled for CieHasN2OsNa [M+H]*

291.1697; Found 291.1703.

(£)-NV-[1’-(Adamantan-1’-yl)ethyl]-2-methyl-5-nitrobenzamide (7).

- Hel
Me NH
2 EDCI, HOBT, DIPEA Me
DCM/DMF (1 1), 0°>r.t.

NO,

To a stirred solution of 2-methyl-5-nitrobenzoic acid (168 mg, 0.93 mmol), EDCI (194 mg,
1.16 mmol), and HOBT (156 mg, 1.16 mmol) in anhydrous DCM/DMF (1:1) (3 mL) at
0°C was added (£)-1-(1-adamantyl)ethylamine hydrochloride 4 (200 mg, 0.93 mmol)
followed by diisopropylethylamine (647 pL, 3.72 mmol). The reaction mixture was
allowed to reach room temperature over a period of 10 min and stirred for 12 hr. After such
time, the reaction mixture was quenched via addition of H>O (4 mL) and the aqueous layer
was re-extracted with DCM (10 mL, 3X). The organic layers were combined, dried over
NazS0q, filtered, and concentrated in vacuo. The residue obtained was purified by flash
column chromatography on silica (eluent: 5:95 — 20:80 EtOAc:hexanes) to afford the title
compound (259 mg, 0.76 mmol, 81 %) as a white solid. R = 0.10 (2:8 EtOAc:hexanes;
CAM). 'HNMR (500 MHz, CDCI3): & 8.18 — 8.11 (m, 2H, H-6, H-4), 7.39 (d, J= 8.3 Hz,
1H, H-3), 5.64 (d, J=9.9 Hz, 1H, NH), 3.92 (m, 1H, H-1"), 2.54 (s, 3H, H-8), 2.02 (p, J =
3.1 Hz, 3H, H-3"’, H-5"’, H-7""), 1.73 (dt,J=12.5, 2.7 Hz, 3H, H-4"’, H-6"", H-10""), 1.68
—1.58 (m, 6H, H-4"’, H-6*’, H-10"’, H-2"*, H-8*’, H-9”"), 1.54 (dq, J = 11.9, 2.5 Hz, 3H,
H-2"’, H-8’, H-9”"), 1.16 (d, J = 6.9 Hz, 3H, H-2").13C NMR (126 MHz, CDCl5): § 167.3

(C=0), 146.1 (C5), 144.2 (C2), 138.4 (C1), 132.1 (C3), 124.5 (C4), 121.7 (C6), 53.9 (C-
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17), 38.7 (3C) (C 2°°,8°°,9”), 37.1 (3C) (C4”, C6°*, C10°*), 36.0 (C1°*), 28.4 (3C) (C3”’,
C5°, C7°"), 20.3 (CHs-aryl), 14.9 (C2°). HRMS (ESI) m/z: Caled for [CaoHa7O3Na]*

[M+H]* 343.2016; Found 343.2011.

(R)-N-[1-(1-Cyclohexyl)ethyl] 5-amino-2-methylbenzamide (8).

A stirred solution of (R)-N-[1-(1-cyclohexyl)ethyl] 2-methyl-5-nitro-benzamide 6 (0.440
g, 1.5 mmol) in 50 mL (33.8 M) MeOH:EtOAc (1:1) was hydrogenated over 10% Pd(C)
(28 mg) for 12 hr. Upon completion, the reaction mixture was filtered on Celite and the
filtrate was concentrated. The residue was purified by chromatography over silica using
EtOAc:Hexane (30:70) as the eluent to afford the title amide (0.364 g, 92%) as a white
solid. [a]*°p -22.1 (¢ =1, CHCl3); '"H NMR (500 MHz, CDCl3) § 6.98 (d, J = 8.1 Hz, 1H,
H5), 6.68 (d, J=2.5 Hz, 1H, H2), 6.64 (dd, J = 8.1, 2.6 Hz, 1H, H4), 5.51 (d, /=9.3 Hz,
1H, NH), 4.04 (dp, J =9.2, 6.7 Hz, 1H, CH-NH-CO), 2.31 (s, 3H, CH3-C6), 1.88 — 1.70
(m, 4H, H3’b,H5’b,H2’b,H6’b), 1.70 — 1.63 (m, 1H, H4’b), 1.39 (m, 1H, H1), 1.30 - 1.17
(m, 2H, H4,H5) 1.18-1.16 (d, J = 4.4 Hz, 3H, CH3), 1.13 — 0.96 (m, 3H, H2, H3,H6,); 1*C
NMR (126 MHz, CDCl3) 6 169.5 (CO-NH), 144.0 (C6), 137.8 (C5), 131.7 (C3), 125.1
(C1), 116.4 (C4), 113.4 (C2), 49.6 (CH-NH), 43.1 (C1°), 29.1 (C6), 29.0 (C2), 26.4 (C4),
26.1 (C3,C5), 18.7 (CH3-C5), 18.0 (CH3). HRMS (ESI) (m/z): Calcd for CisH2sN20

[M+H]* 261.1961; Found: 261.1953.
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(£)-N-(1’-(Adamantan-1’-yl)ethyl)-5-amino-2-methylbenzamide (9).

Me
Me HW:Q\ Me 1 N
NO, Pd/C, Hz(balloon Hy
d|oxane r.t.
6" 5 4

To a stirred solution of (+)-N-(1-adamantan-1-yl)ethyl)-2-methyl-5-nitrobenzamide 7 (60
mg, 0.175 mmol) in dioxane (3 mL) was added Pd/C (10% wt) (6 mg, 0.056 mmol). The
vessel was purged with H» (3X), after which, H, was allowed to continuously flow into the
stirred vessel for 12 hr. After such time, the reaction mixture was filtered over Celite and
washed with MeOH (10 mL). The filtrate was concentrated in vacuo and the residue
obtained was subjected to flash column chromatography on silica (10:90 MeOH:DCM -
100:0 MeOH:DCM) to afford the title compound (49 mg, 0.157 mmol, 90%) as a grey
solid. R¢ = 0.10 (1:9 MeOH:DCM; CAM). 'H NMR (500 MHz, CD;0D): § 7.92 — 7.84
(m, 1H, NH), 6.96 (d, /= 7.9 Hz, 1H, H-6), 6.73 — 6.66 (m, 2H, H-3, H-4), 3.81 (m, 1H,
H-17), 2.25 (s, 3H, H-8), 2.00 (m, 3H, H-3"’, H-5"*, H-7""), 1.77 (m, 3H, H-4"’, H-6"’, H-
10°’), 1.74 — 1.66 (m, 3H, H-4’’, H-6"", H-10""), 1.65 (br s, 6H, H-2"’, H-8"’, H-9"), 1.11
(d, J=7.0 Hz, 3H, H-2"). *C NMR (126 MHz, CD;0D): & 173.3 (C7), 146.4 (C5), 139.2
(C1), 132.2 (C3), 125.2 (C2), 117.8 (C4), 115.0 (Co6), 54.8 (C17), 39.7 (3C) (C2”’, C9”’,
C8”), 38.2 (3C) (C4”°, C6”, C10°), 37.5 (C177),29.9 (3C) (C3”’, C5”°, CT7"’), 18.8 (C8),

14.4 (C2°). HRMS (ESI) m/z: Caled for [C20H20ON,]* [M+H]* 313.2274; Found 313.2268.
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(R)-2-Methyl-N-(1’-(naphthalene-1’-yl)ethyl)benzamide (7724772)!

Me
Me (o) Me H\'p
EDCI, HOBT, DIPEA, DCM
©)‘\OH 0-r.t. o)
' . e

A stirred solution of o-toluic acid (49 mg, 0.36 mmol), N-(3-dimethylaminopropyl)-N’-
ethylcarboiimide hydrochloride (EDCI) (87.3 mg, 0.45 mmol), hydroxybenzotriazole
(HOBT) (62 mg, 0.45 mmol) in anhydrous DCM (1 mL) at 0°C was treated with (R)-1-(1-
naphthyl)ethylamine (60 mg, 0.36 mmol) and then gradually brought to r.t. over a period
of 10 min and stirred for 16 hr. After such time, the reaction mixture was quenched with
H>0 (2 mL) and the aqueous layer re-extracted with EtOAc (5 mL, 3X). The organic layers
were combined and dried over Na>SOu, filtered, and concentrated in vacuo. The residue
obtained was purified by flash column chromatography on silica (eluent: 15:85
EtOAc:hexanes) to afford the title compound (64 mg, 0.22 mmol, 62%) as a white solid,
with spectral data in accord with that previously reported in the literature.! R¢: 0.40 (1:3
EtOAc:hexanes; CAM). '"H NMR (500 MHz, CDCl3): & 8.24 (d, J = 8.5 Hz, 1H), 7.87 (d,
J=10Hz, 1H), 7.81 (d, J= 8.2 Hz, 1H), 7.61 — 7.54 (m, 2H), 7.54 — 7.48 (m, 1H), 7.45 (t,
J=17.7Hz, 1H), 7.27 (s, 2H), 7.17 (d, J= 7.5 Hz, 1H), 7.11 (t, J = 7.5 Hz, 1H), 6.13 (p, J
=7.0 Hz, 1H), 5.93 (d, J = 8.2 Hz, 1H), 2.43 (s, 3H), 1.79 (d, J = 6.8 Hz, 3H). °C NMR
(126 MHz, CDCl3): 169.1, 138.2, 136.6, 136.2, 134.1, 131.4, 131.1, 129.9, 129.0, 128.7,
126.8, 126.7, 126.1, 125.8, 125.3, 123.7, 122.7, 45.0, 20.7, 19.9. HRMS (ESI) m/z: Calcd

for [C20H20NO]" [M+H]* 220.1539; Found 220.1528.
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(£)-N-(1’-(Adamantan-1’-yl)ethyl)-2-methylbenzamide (10).

Me, _NH, MC
EDCI, HOBT, DIPEA Me
DCM/DMF(1 1), 0°5rt.

654

To a stirred solution of o-toluic acid (35 mg, 0.23 mmol), EDCI (45 mg, 0.29 mmol),
HOBT (39 mg, 0.29 mmol) in anhydrous DCM/DMF (1:1) (1 mL) at 0°C was added (%)-
1-(1-adamantyl)ethylamine hydrochloride 4 (50 mg, 0.23 mmol) followed by
diisopropylethylamine (160 pL, 0.92 mmol). The reaction mixture was allowed to reach
room temperature over a period of 10 min and stirred for 12 hr. After such time, the reaction
mixture was quenched via addition of H>O (3 mL) and the aqueous layer was re-extracted
with DCM (5 mL, 3X). The organic layers were combined, dried over Na,SOs, filtered,
and concentrated in vacuo. The residue obtained was purified by flash column
chromatography on silica (eluent: 20:80 EtOAc:hexanes) to afford the title compound (60
mg, 0.20 mmol, 88%) as a white solid. R¢ = 0.60 (2:8 EtOAc:hexanes; CAM). 'H NMR
(500 MHz, CDCl3): 6 7.35 (dd, J= 7.3, 1.5 Hz, 1H, H-6), 7.30 (td, /= 7.4, 1.4 Hz, 1H, H-
4),7.24—-17.17 (m, 2H, H-3, H-5), 5.57 (d, J= 9.9 Hz, 1H, NH), 3.93 (dq, /= 10.0, 6.9 Hz,
1H, H-17), 2.46 (s, 3H, H-8), 2.01 (p, /= 3.1 Hz, 3H, H-3"’, H-5"’, H-8""), 1.73 (m, 3H, H-
4 H-6’, H-10""), 1.64 (m, 6H, H-4’’, H-6"’, H-10"’, H-2*’, H-8"’, H-9”"), 1.55 (m, 3H,
H-2"’,H-8"°,H-9"), 1.13 (m, 3H, H-2"). 3C NMR (126 MHz, CDCls): § 169.7 (C7), 137.5
(C1), 136.0 (C2), 131.1 (C4), 129.8 (C3), 126.6 (C5), 125.9 (C6), 53.4 (C1), 38.7 (3C)

(C27,C8,C9°"),37.2 (3C) (C3”, C5”, C7°), 36.1 (C1°*), 28.5 (3C) (C4”*, C6”, C10™),
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20.0 (C8), 14.9 (C2°). HRMS (ESI) m/z: Caled for [C20HasONT* [M+H]* 298.2165; Found

298.2157.

(R)-N-(1-(Naphthalen-1-yl)ethyl) nicotinamide (11).

A solution of DCC (0.253 g, 1.23 mmol) in CH>Cl (4.2 mL) was added to a stirred
solution of nicotinic acid (0.102 g, 0.83 mmol), DMAP (24 mg, 0.20 mmol), and (R)-(+)-
1-(1-naphthyl)ethylamine (0.20 mL, 1.25 mmol) in CH>Cl; (4.0 mL) and stirred for 7.5
hr. The reaction mixture was then diluted with ethyl acetate and washed with 1 N HCI.
Following concentration of the aqueous layer the resulting yellow oil was dissolved in
ethyl acetate, washed with 10% NH4OH solution and brine, and dried with Na>SO4
before concentration under vacuum. The resulting solid was recrystallized from CH2Cl»
and hexanes to give the title amide (0.193 mg, 0.70 mmol, 84%) as white crystals. [a]p*?
=-19.0 (¢ = 0.4, CHCl3), MP = 155°C, '"H NMR (500 MHz, CDCl3) 6 8.91 — 8.87 (m,
1H, H-1), 8.64 — 8.59 (m, 1H, H-5), 8.12 (d, J = 8.4 Hz, 1H, H-9"), 8.06 (dt, /= 8.0, 2.0
Hz, 1H, H-3), 7.85 (dd, J= 8.0, 1.6 Hz, 1H, H-6"), 7.79 (d, J = 8.2 Hz, 1H, H-4"), 7.57
(d,J=7.2 Hz, 1H, H-2"), 7.55 — 7.46 (m, 2H, H-7", H-8"), 7.45 (dd, J= 8.2, 7.2 Hz, 1H,
H-3"), 7.30 (dd, /= 8.0, 4.8 Hz, 1H, H-4), 6.62 (d, J = 7.8 Hz, 1H, NH), 6.10 (p, J=7.0
Hz, 1H, H-1"), 1.77 (d, J = 6.8 Hz, 3H, H-2'). *C NMR (126 MHz, CDCls)  164.6 (C-6),
152.0 (C-5), 147.8 (C-1), 137.8 (C-1"), 135.5 (C-3), 134.1 (C-5"), 131.2 (C-10"), 130.3

(C-2), 129.0 (C-6"), 128.8 (C-4"), 126.9 (C-8"™), 126.1 (C-7"), 125.3 (C-3"), 123.6 (C-
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4),123.3 (C-9™), 122.9 (C-2"), 45.5 (C-1"), 20.7 (C-2'). HRMS (ESI) m/z: Calcd for

CisH17N20 [M+H]" 277.1335; Found 277.1326.

Benzophenone 1-naphthylhydrazone (14).

Reagents and conditions: (a) Benzophenone, H>SO4, MeOH, 50°C, 4 hr.

A stirred solution of benzophenone (0.94 g, 5.14 mmol) in MeOH (8 mL) was treated
dropwise with concentrated H2SO4 (0.16 mL) at 20°C followed by 1-napthylhydrazine
hydrochloride 122 (1 g, 5.14 mmol). The reaction mixture was heated to 50°C and stirred
for 4 hr then was cooled at 0°C for 20 min, and the precipitate was filtered, and washed
with cold MeOH (6 mL) to afford the product as a yellow solid (1.4 g, 83%), which was
directly used for the next step without further purification. 'H NMR (500 MHz, CDCls) &
8.31 (s, 1H, H-8"), 7.92 — 7.86 (m, 2H, H-5', H-4"), 7.83 — 7.79 (m, 2H, Nap), 7.73 — 7.69
(m, 2H, Nap), 7.68 — 7.62 (m, 1H, Nap), 7.58 (t, /= 7.9 Hz, 1H, Ar), 7.53 (d, /= 1.7 Hz,
1H, Ar), 7.49 — 7.30 (m, 8H, Ar). *C NMR (126 MHz, CDCl;) § 146.5 (C-1), 139.5 (C-
1), 138.4, 134.4, 133.1, 130.3, 130.1, 129.7, 129.3, 129.0, 128.5, 128.5, 127.0, 125.8,
125.2, 122.1, 120.2, 119.2, 108.3. HRMS (ESI) m/z: [M + H]" Calcd for C23Hi9N>

323.1543; Found 323.1535.
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Benzophenone 2-naphthylhydrazone (15).

N a o
OO NH, ——= & H
5 4a s
5' 4'
Reagents and conditions: (a) Benzophenone, H>SO4, MeOH, 50°C, 4 hr.

A stirred solution of benzophenone (0.94 g, 5.14 mmol) in MeOH (8 mL) was treated
dropwise with concentrated HoSO4 (0.16 mL) at 20°C, followed by 2-napthylhydrazine
hydrochloride 13 2 (1 g, 5.14 mmol). The reaction mixture was heated to 50°C and stirred
for 6 hr then was cooled on an ice bath for 20 min. The precipitate was filtered, washed
with cold MeOH (6 mL) and dried to give the title product as a pale pink solid (1.5 g, 88%),
which was directly used for the next step without further purification. 'H NMR (500 MHz,
CDCl3) 6 7.75 — 7.68 (m, 3H, Nap), 7.68 — 7.63 (m, 3H, Nap), 7.63 — 7.58 (m, 2H, -NH,
Nap), 7.57 — 7.51 (m, 1H, Ar), 7.45 (d, J=2.2 Hz, 1H, Ar), 7.42 — 7.35 (m, 4H, Ar), 7.35
—7.22 (m, 4H, Ar). *C NMR (126 MHz, CDCl3) & 144.9 (C-1), 142.4 (C-2"), 138.4, 134.9,
132.9, 129.8, 129.4, 129.3, 129.2, 129.1, 128.3, 128.2, 127.9, 126.7, 126.6, 126.5, 123.0,

115.7, 107.2. HRMS (ESI) m/z: [M + H]" Caled for C23H 19N> 323.1543; Found 323.1533.
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Benzophenone N-methyl-(1-naphthyl)hydrazone (16).

O : a 6'
N H N/ O 5'

Reagents and conditions: (a) NaH, Mel, MeOH, DMF, 20°C, 3.5 hr.

A stirred solution of benzophenone 1-naphthylhydrazone 14 (2 g, 6.20 mmol) in anhydrous
DMF (12 mL) was slowly treated with NaH (0.04 g, 9.30 mmol) at 0°C, and then stirred at
0°C for 0.5 h, before methyl iodide (0.58 mL, 9.30 mmol) was added dropwise over 5 min
and the resulting mixture was warmed to 20°C and stirred for 3 hr. The reaction mixture
was cooled to 0°C before it was quenched with water (20 mL) and extracted with ethyl
acetate (320 mL), and the combined organic phase washed with IN HCIl (30 mL),
saturated aqueous NaHCO3 (30 mL), and brine (30 mL), dried over Na>SO4 and
concentrated in vacuo. The residue was subjected to flash chromatography (0 to 10% ethyl
acetate/hexane) to give the title product (1.8 g, 87%) as a light orange solid. 'H NMR (500
MHz, CDCl3) 6 7.99 — 7.91 (m, 1H, H-8'), 7.71 — 7.67 (m, 1H, H-5"), 7.64 — 7.59 (m, 2H,
H-2', H-7"),7.47 (m, 2H, H-6"", H-2""), 7.41 — 7.36 (m, 2H, H-4', H-3"), 7.35 —7.32 (m, 3H,
H-6', H-2"", H-6""), 7.31 — 7.22 (m, 1H, H-5""), 7.09 — 7.04 (m, 2H, H-3", H-4""), 7.03 —
6.99 (m, 2H, H-5", H-3""), 6.98 — 6.93 (m, 1H H-4"), 3.26 (s, 3H, -NCH3). *C NMR (126
MHz, CDCl3) 6 155.9 (C-1), 150.8 (C-1"), 139.6 (C-8a’), 137.2 (C-1"), 134.4 (C-1""), 132.5
(C-4a’), 130.2, 129.0, 128.9, 128.8, 128.4, 128.2, 128.0, 127.8, 127.6, 127.4, 125.7, 125.3,
124.9, 123.9, 120.4, 48.7 (CHs3). HRMS (ESI) m/z: [M + Na]" Calcd for C24H20N2Na

359.1524; Found 359.1530.
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Benzophenone N-methyl-(2-naphthyl)hydrazone (17).

o
O a o
- - s 1|
NH — PR N.
OO " O 7 "
6' 42 3'
5 4'

Reagents and conditions: (a) NaH, CHsI, DMF, 20°C, 3.5 hr.

A stirred solution of benzophenone 2-naphthylhydrazone 15 (6.49 g, 20.1 mmol) in 40.3
mL of dry DMF was slowly treated with NaH (1.21 g, 30.2 mmol) at 0°C, and then stirred
at this temperature for 0.5 hr. Then methyl iodide (1.88 ml, 30.19 mmol, 1.5 equiv.) was
added dropwise over 5 min and the resulting mixture was warmed to 20°C and stirred for
3 hr when TLC showed complete conversion of the starting material. The reaction mixture
was cooled to 0°C and quenched with water (100 mL). The mixture was extracted with
ethyl acetate (3x100 mL) and the combined organic phase was washed with 1N HCI,
saturated aqueous NaHCOs, brine, dried over Na>SOs, and concentrated in vacuo. The
residue was purified by flash column chromatography (0 - 10% ethyl acetate/hexane) to
yield the title product (6 g, 89%) as an orange solid. '"H NMR (500 MHz, CDCls) § 7.81 —
7.71 (m, 3H, Nap), 7.71 — 7.61 (m, 3H, Nap), 7.47 — 7.37 (m, 9H, Nap, Ar), 7.30 (m, 2H,
Ar), 3.03 (s, 3H, -CH3). *C NMR (126 MHz, CDCl3) 6 156.9 (C-1), 148.2 (C-2"), 139.6,
137.4, 134.6, 129.4, 129.3, 128.8, 128.7, 128.6, 128.5, 128.2, 127.7, 126.9, 126.3, 123.1,
117.4, 108.7, 41.0 (CH3z). HRMS (ESI) m/z: [M + Na]" Calcd for C24H20N2Na 359.1524;

Found 359.1536.
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N-Methyl-N-(1-naphthyl)hydrazine (18).

|O H2N\ e
a 8 N

Reagents and conditions: (a) HCI, THF, 20°C, 12 hr.

A solution of benzophenone N-methyl-(1-naphthyl)hydrazone 16 (2 g, 5.94 mmol) in THF
(60 mL) was treated with 6 M HCI (18.2 mL, 109 mmol) and stirred at room temperature
for 10 hr before concentration in vacuo. The residue was washed with diethyl ether (2x 20
mL) and the solid was dried under reduced pressure. The solid was dissolved in water (30
mL) with vigorous stirring and the pH was carefully adjusted to 7 with 20% aqueous
NaOH. The cloudy mixture was extracted with diethyl ether (2x 20 mL) and the combined
organic phase was dried over Na;SO4 and concentrated under reduced pressure to give the
title product (0.8 g, 81%) as a dark brown oil. "H NMR (500 MHz, CDsOD) & 8.26 (d, J =
8.9 Hz, 1H, H-8), 7.92 (d, /= 9.7 Hz, 1H, H-2), 7.85 (d, J = 8.0 Hz, 1H, H-5), 7.63 — 7.58
(m, 2H, H-3, H-7), 7.55 (m, 2H, H-6, H-4) 3.20 (s, 3H, CH3). 3*C NMR (126 MHz, CD30D)
0 145.7 (C-1), 136.1 (C-8a), 129.7 (C-2), 129.5 (C-8), 129.0 (C-3), 128.1 (C-7), 128.0 (C-
4a), 126.5 (C-6), 123.4 (C-4), 117.6 (C-5), 46.3 (CH3). HRMS (ESI) m/z: [M + H]" Calcd

for C11Hi3N2173.1079; Found 173.1070.
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N-Methyl-N-(2-naphthyl)hydrazine (19).

Reagents and conditions: (a) HCI, THF, 20°C, 12 hr.

To a solution of benzophenone N-methyl-(2-naphthyl)hydrazone 17 (1.27 g, 3.77 mmol)
in THF (38 mL) was added 6 M HCI (18.2 mL, 109 mmol). The resulting mixture was
stirred at 20°C for 12 hr and then concentrated in vacuo. The residue was washed with
diethyl ether (2x20 mL) and the solid was dried under reduced pressure and then was
dissolved in water (20 mL) with vigorous stirring and carefully neutralized with 20%
aqueous NaOH, after which the mixture was extracted three times with diethyl ether. The
combined organic phase was dried over Na;SO4 and concentrated to give the product (0.6
g, 85%) as a dark brown oil. 'H NMR (500 MHz, CDs0OD) 6 7.91 (d, J = 9.0 Hz, 1H, H-
3), 7.83 (m, 2H, H-1, H-4), 7.53 — 7.47 (m, 2H, H-8, H-5), 7.43 (m, 1H, H-6), 7.39 (dd, J
=9.1, 2.5 Hz, 1H, H-7), 3.28 (s, 3H, CH3). *C NMR (126 MHz, CD30D) § 145.5 (C-2),
133.7 (C-1), 130.9 (C-3), 129.6 (C-4), 127.4 (C-8a), 127.3 (C-4a), 126.9 (C-8,) 125.5 (C-
7), 118.3 (C-5), 113.2 (C-6), 42.8 (CH3). HRMS (ESI) m/z: [M + H]" Calcd for Ci1H 13N>

173.1079; Found 173.1085.

211



N'-Methyl-N'-(naphthalen-1-yl) 2-methyl-5-nitrobenzhydrazide (20).

.
HoN. - 6 R\ 8 e}
N . | 6
5 L4 N AN NO,
94 DRDY;
4' ! 4

2
3' 3

Reagents and conditions: (a) 2-Methyl-5-nitrobenzoic acid, EDCI, DIPEA, CH>Cl,, 20°C,

3 hr.

To a mixture of N-methyl-N-(1-naphthyl)hydrazine 18 (70 mg, 0.41 mmol) and anhydrous
dichloromethane (2.3 mL), were added 2-methyl-5-nitrobenzoic acid (110 mg, 0.61 mmol),
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (95 mg, 0.61 mmol) and
diisopropylethylamine (0.14 mL, 0.81 mmol). The reaction mixture was stirred at 20°C for
3 hr before it was washed with 1N HCI (2x2 mL), saturated aqueous NaHCO3 (2% 2 mL),
brine (2 mL), dried over Na>SQs, filtered, concentrated, and then purified by flash
chromatography (0 to 50% ethyl acetate/hexane) to give the title product (0.1 g, 84%) as a
white solid. "TH NMR (500 MHz, CDCls) & 8.30 (dd, J= 6.3, 3.5 Hz, 1H), 8.01 (d, J=2.5
Hz, 1H), 7.80 (dd, J = 6.2, 3.3 Hz, 1H), 7.65 (s, 1H), 7.61 (d, J = 8.5 Hz, 1H), 7.48 (dd, J
=6.4,3.3 Hz, 2H), 7.36 (d, J= 7.7 Hz, 1H), 7.28 (d, J= 7.3 Hz, 1H), 7.26 — 7.22 (m, 1H),
7.18 —7.12 (m, 1H), 3.28 (s, 3H), 2.43 (s, 3H).!3C NMR (126 MHz, CDCl3) 8 165.6, 145.7,
145.6, 144.8, 135.5, 134.7, 132.0, 131.2, 128.3, 126.5, 126.2, 125.9, 125.2, 124.8, 123.8,
122.0, 114.8, 43.0, 20.0. HRMS (ESI) m/z: Calc for C19H17N303Na [M+Na]" 358.1168;

Found 358.1160.
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N'-Methyl-N'-(naphthalen-2-yl) 2-methyl-5-nitrobenzhydrazide (21).

NH2 | O
| a g 6
2 5
H
& 28 3 2 4
5 4 3

Reagents and conditions: (a) 2-Methyl-5-nitrobenzoic acid, EDCI, DIPEA, CH>Cl,, 20°C,

4 hr.

To a stirred mixture of N-methyl-N-(2-naphthyl)hydrazine 19 (100 mg, 0.58 mmol) and
dry dichloromethane (3 mL), were added 2-methyl-5-nitrobenzoic acid (158 mg, 0.87
mmol), 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (135 mg, 0.87
mmol) and diisopropylethylamine (0.20 ml, 1.16 mmol). The reaction mixture was stirred
at 20°C for 4 hr before it was washed with 1N HCI (2x2 mL), saturated aqueous NaHCO3
(2%2 mL), brine (2 mL), dried over Na>SQg, filtered, concentrated, and then subjected to
flash column chromatographic purification (0 to 50% ethyl acetate/hexane) to give the title
product (0.2 g, 80%) as a white solid. '"H NMR (500 MHz, CDCls) & 8.50 (s, 1H), 8.08 (d,
J=2.4Hz, 1H), 7.93 (dd, J= 8.4, 2.5 Hz, 1H), 7.64 (d, /= 8.1 Hz, 1H), 7.55 (dd, J = 8.6,
6.6 Hz, 2H), 7.36 (ddd, /= 8.2, 6.7, 1.3 Hz, 1H), 7.26 (ddd, J= 8.0, 6.7, 1.3 Hz, 1H), 7.12
(d, J= 8.4 Hz, 1H), 6.96 (dd, J = 9.0, 2.5 Hz, 1H), 3.09 (s, 3H), 2.32 (s, 3H). *C NMR
(126 MHz, CDCl3) 6 166.9 (-CONH), 146.7 (C-2"), 145.6 (C-5), 144.9 (C-1), 134.3 (C-
4a'), 132.1,129.1, 128.5, 127.6, 126.8, 126.6, 124.9, 123.6, 122.0, 115.8, 107.7, 60.5, 40.6
(-NCH3), 20.0 (CH3z). HRMS (ESI) m/z: [M + Na]" Calcd for Ci9H17N303Na 358.1168;

Found 358.1156.
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N'-Methyl-N'-(naphthalen-1-yl) 5-amino-2-methylbenzhydrazide (22).

| (0]
a
A NO,
TN

Reagents and conditions: (a) Pd/C, H», 1,4-dioxane, 20°C, 5 hr.

A stirred solution of N'-methyl-N'-(naphthalen-1-yl) 2-methyl-5-nitrobenzhydrazide 20
(110 mg, 0.33 mmol) in 1,4-dioxane (3.3 mL) was treated with Pd/C (17.42 mg, 0.02 mmol,
0.05 equiv) and stirred at 20°C under hydrogen (1 atm) for 5 hr. The reaction mixture was
filtered, and the filtrate was evaporated to give a residue, which was purified by silica gel
column chromatography (20 to 60% ethyl acetate/hexane) to yield the title product (79.1
mg, 79%) as a white solid. "H NMR (500 MHz, CD;0D) 6 7.7 (d, J = 9.0 Hz, 1H, H-8"),
7.7—"1.7 (m, 2H, H-5', H-4"), 7.4 (m, 1H, H-3'), 7.3 — 7.2 (m, 2H, H-7', H-2"), 7.2 (d, J =
2.5 Hz, 1H, H- H-6), 7.0 (d, J = 8.2 Hz, 1H, H-6"), 6.9 (d, /= 2.5 Hz, 1H, H-3), 6.7 (dd, J
= 8.1, 2.5 Hz, 1H, H-4), 3.3 (s, 3H, CHz3), 2.3 (s, 3H, -NCH3). 3C NMR (126 MHz,
CDs;0D) 6 171.4 (-CONH), 147.5 (C-1), 145.4 (C-1"), 134.7, 131.3, 128.7, 128.6, 127.1,
126.5, 126.0, 124.7, 122.9, 117.3, 116.0, 113.9, 107.4, 39.8 (CHs), 17.5 (-NCH3). HRMS

(ESI) m/z: [M + H]" Calcd for C19H20N30 306.1601; Found 306.1610.
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N'-Methyl-N'-(naphthalen-2-yl) 5-amino-2-methylbenzhydrazide (23).

| (@] . . | (@]
8 , 1 6
N\N NO, 7 8a ,N\N 1 NH,
H H °
6 n 3 » 4
5' 4' 3

Reagents and conditions: (a) Pd/C, H», 1,4-dioxane, 20°C, 5 hr.

a

A stirred solution of N'-methyl-N'-(naphthalen-2-yl) 2-methyl-5-nitrobenzhydrazide 21 (50
mg, 0.15 mmol) in 1,4-dioxane (1.5 mL) was treated with Pd/C (7.93 mg, 0.01 mmol) then
was stirred at 20°C under hydrogen (1 atm) for 5 hr. Then the mixture was filtered and the
filtrate was evaporated. The residue was purified by silica gel column chromatography (20
- 60% ethyl acetate/hexane) to give the title product (38.7 mg, 85%) as a white solid. 'H
NMR (500 MHz, CD;0D) & 8.37 (d, J = 8.2, 1H, H-3"), 7.83 — 7.80 (m, 1H, H-1"), 7.62
(dt,J=7.8,1.1 Hz, 1H), 7.51 — 7.44 (m, 2H), 7.43 — 7.35 (m, 2H), 6.92 (d, /= 8.2 Hz, 1H,
H-4"), 6.66 (dd, J=8.1, 2.5 Hz, 1H, H-4), 6.58 (d, /= 2.5 Hz, 1H, H-3), 3.24 (s, 3H, -CH3),
2.20 (s, 3H, -NCHj3). 3*C NMR (126 MHz, CD30D) § 170.2 (-CONH), 146.3 (C-2"), 145.2
(C-5), 134.9 (C-1), 134.8 (C-4a’), 131.1, 128.6, 127.9, 125.8, 125.3, 125.0, 124.8, 124.7,
123.7,117.1, 114.5, 113.9, 42.1 (-CH3), 17.2 (-NCH3). HRMS (ESI) m/z: [M + H]" Calcd

for C19H20N30 306.1601; Found 306.1615.
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(R)-2-Methyl-N-(1’-(naphthalene-1’-yl)ethyl)benzothioamide (24).

7\
- e
H OCHj
Me N\nji) (Lawesson's reagent)
>
0 toluene, reflux

To a stirred solution of (R)-2-methyl-N-(1-(naphthalene-1-yl)ethyl)benzamide (7724772)
(29 mg, 0.1 mmol) in anhydrous toluene (0.5 mL) was added Lawesson’s reagent (49 mg,
0.12 mmol) under an argon atmosphere. The solution was gradually brought to reflux and
stirred for 2 hr. After such time, the solvent was removed in vacuo and the residue obtained
was subjected to flash column chromatography on silica (eluent: 2:6 EtOAc:hexanes)
affording the title compound (12.2 mg, 0.35 mmol) as a white solid. Rr = 0.50 (2:6
EtOAc:hexanes; CAM). [a]p?! = -44.0 ° (¢ = 1.0, CHCl3). '"H NMR (500 MHz, CDCl3): §
8.21 (d, J=8.5Hz, 1H, H-9”"), 7.88 (dd, /= 8.1, 1.4 Hz, 1H, H-6""), 7.84 (d, J = 8.2 Hz,
1H, H-4""), 7.65 — 7.57 (m, 2H, H-8"’, H-2""), 7.54 (dd, J = 8.1, 6.8 Hz, 1H, H-7""), 7.46
(dd, J=8.2,7.2 Hz, 1H, H-3""), 7.38 — 7.32 (m, 1H, NH), 7.20 — 7.13 (m, 2H, H-6, H-4),
7.13 —7.06 (m, 2H, H-3, H-5), 6.66 — 6.57 (m, 1H, H-1"), 2.31 (s, 3H, CH3-H-8), 1.89 (d,
J=6.7 Hz, 3H, CH3-H-2"). 3C NMR (126 MHz, CDCl3): 199.9 (C=S), 143.9 (C-1), 136.4
(C-1), 134.1 (C107°), 133.2 (C2), 131.7 (C5”"), 130.9 (C3), 129.3 (C4*), 129.01 (C6”"),
128.98 (C6), 127.1 (C8"), 126.4 (2C) (C7’, C4), 126.0 (C5), 125.3 (C3”’), 123.8 (C9”),
123.4 (C2”), 50.7 (C-1"), 19.5 (CHs-aryl), 17.8 (CH3z — C2”). HRMS (ESI) m/z: Calcd for

[C20H20NS]* [M+H]* 306.1311; Found 306.1309.
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(R)-N-[1-(1-Naphthyl)ethyl] S-amino-2-methylthiobenzamide (25)

A mixture of (R)-N-[1-(1-naphthyl)ethyl] 5-amino-2-methylbenzamide (GRL0617) (0.035
g, 0.11 mmol) and Lawesson’s reagent (0.046 g, 0.11 mmol) were dissolved in 2 mL
toluene and heated to 80°C with stirring for 2 hr. The solvents were evaporated under
reduced pressure and the residue dissolved in EtOAc (5 mL) and washed with water (10 x
2 mL). The organic layer was separated, dried over Na>SOs, filtered, and concentrated. The
residue was subjected to column chromatography over silica gel eluting with
EtOAc:Hexane (30:70) to afford the title thiobenzamide (0.027 g, 75 %) as a brown solid.
[a]*’p +66.8 (¢ =1, CHCl3); 'TH NMR (500 MHz, MeOH-d4) § 8.33 (d, /= 8.5 Hz, 1H, 8H),
7.94 (d, J = 8.4 Hz, 1H, 5H), 7.87 (d, J = 8.2 Hz, 1H, 4H), 7.67 (d, /= 7.2 Hz, 1H, 2H),
7.64 — 7.59 (m, 7H), 7.59 — 7.48 (m, 2H, 3H, 6H), 6.91 (d, J = 8.1 Hz, 1H, H5’), 6.68 —
6.57 (m, 3H, CH-NH, H2’, H4"), 2.15 (s, 3H, CH3-C6"), 1.81 (d, J= 6.9 Hz, 3H, CH3); 1°C
NMR (126 MHz, MeOH-d4) 6 201.4 (CS-NH), 146.3 (C3’), 146.0 (C6°), 138.7 (C1), 135.4
(C1”), 133.0 (C9), 132.0 (C10), 129.9 (C5’), 129.4 (CS5), 127.4 (C4), 126.9 (C7), 126.4
(C6), 124.9 (C3), 124.6 (C8), 123.4 (C2), 117.1 (C2’), 115.0 (C4’), 51.9 (CH-NH), 19.1
(CH;-C6), 18.5 (CH3); HRMS (ESI) (m/z): Calcd for CaoH21N2S [M+H]+, 321.1420;

Found 321.1406.
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(R)-4-Methyl-3-(((1-(naphthalen-1-yl)ethyl)amino)methyl)aniline (26).

NH,

TMSCI (0.04 mL, 0.32 mmol) was added to a stirred solution of (R)-5-amino-2-methyl-
N-(1-(naphthalen-1-yl)ethyl)benzamide (GRL0617) (41.6 mg, 0.14 mmol) in THF (1.5
mL) at 0°C. After 20 min LiAlIH4 (24.9 mg, 0.66 mmol) was added, and the reaction
mixture was heated to reflux for 16 hr. The reaction mixture was then diluted with ethyl
acetate, washed with 1N NaOH and brine, dried over Na>SOyq, filtered, and concentrated.
The crude product was adsorbed on Celite® and purified over silica gel eluting with 0%
to 10% methanol in CH>Cl; to give the title amine (22.6 mg, 0.08 mmol, 57%) as a
yellow film. [a]p® =-12.28 (¢ = 0.9, CHCl3), '"H NMR (500 MHz, CDCl3) & 8.18 (dd, J =
7.7,2.0 Hz, 1H, H-9*"), 7.89 (dd, J = 7.0, 2.7 Hz, 1H, H-6"), 7.80 — 7.74 (m, 2H, H-2", H-
4"), 7.55 —7.45 (m, 3H, H-3", H-7", H-8"), 6.93 (d, /= 7.9 Hz, 1H, H-5), 6.69 (d, J=2.5
Hz, 1H, H-2), 6.51 (dd, J=7.9, 2.6 Hz, 1H, H-6), 4.72 (q, J = 6.6 Hz, 1H, H-1"), 3.66 (d,
J=13.2 Hz, 1H, H-7"), 3.62 (d, J=13.2 Hz, 1H, H-7"), 2.15 (s, 3H, H-8), 1.54 (d, /= 6.6
Hz, 3H, H-2'). *C NMR (126 MHz, CDCl3) § 144.5 (C-1), 141.2 (C-1"), 139.5 (C-3),
134.1 (C-5"), 131.5 (C-10"), 131.1 (C-5), 129.1 (C-6"), 127.3 (C-4"), 126.2 (C-4), 125.9
(C-3"), 125.8 (C-8"), 125.4 (C-7"), 123.2 (C-9"), 123.0 (C-2"), 115.9 (C-2), 113.8 (C-6),
53.5(C-1"), 49.8 (C-7), 23.8 (C-2"), 18.1 (C-8). HRMS (ESI) m/z: Calcd for C20H23N2

[M+H]* 291.1856; Found 291.1854.
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N-(2-Methyl-5-nitrophenyl)-2-(naphthalen-1-yl)acetamide (27).
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2-Methyl-5-nitroaniline (3.0 g, 19.7 mmol) was dissolved in pyridine (4 mL) and
anhydrous CH2Cl> (4 mL) and reaction mixture was cooled down to 0°C before 2-
(naphthalen-1-yl)acetyl chloride® (3.6 mL, 21.7 mmol) was added dropwise. The reaction
mixture then was allowed to warm up to 20°C and was stirred for 20 min before MeOH
(10 mL) was added and the precipitate was filtered off. The precipitate was washed with
MeOH (30 mL) and suspended hot EtOH (30 mL) giving a slightly yellow suspension. The
white precipitate was filtered off, washed with EtOH (3x30 mL), and dried in vacuo to
give the title compound as a white solid (45 g 70%).
Rr0.38 (hexanes : EtOAc 7 : 3 (v/v); UV). 'H NMR (500 MHz, DMSO-d6) & 9.89 (s, 1H,
CONH), 8.46 (d, J=2.5 Hz, 1H, H-6""), 8.17 (d, J = 8.3 Hz, 1H, H-8""), 8.02 — 7.77 (m,
3H, H-2’, H-4"’, H-7°), 7.61 — 7.25 (m, 5H, H-3"’, H-3’, H-4’, H-5", H-6" ), 4.28 (s, 2H, -
CH»CO), 2.35 (s, 3H, -CH3). 3C NMR (126 MHz, DMSO-d6) & 169.8 (C-1), 145.7 (C-
5°7), 138.9 (C-17"), 137.2 (C-4a’), 133.4 (C-17), 132.2 (C-8a’), 132.0 (C-3"’), 131.4 (C-
27%), 128.5 (C-4’), 127.3 (C-5’), 126.1 (C-2’), 125.7 (C-7°), 125.6 (C-6), 124.1 (C-8’),
119.3 (C-6""), 118.3 (C-4""), 40.1 (C-2), 18.1 (CHs). HRMS (ESI) m/z: Calcd for

C19H16N2NaO3 [M+Na]" 343.1059; Found 343.1044.
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N-(5-Amino-2-methylphenyl)-2-(naphthalen-1-yl)acetamide (28).

dioxane
20 °C

N-(2-Methyl-5-nitrophenyl)-2-(naphthalen-1-yl)acetamide 27 (100 mg, 0.31 mmol) was
dissolved in 1,4-dioxane (6 mL) and Pd/C (10% wt) (19.9 mg, 0.037 mmol) was added.
The reaction mixture then was stirred for 4h under H» (balloon) at 20°C. After completion
of the reaction, detected by LCMS, the reaction mixture was filtered on Celite and the filter
cake was washed with Et:O (3x20 mL). The filtrate was concentrated to dryness and the
crude product was purified by flash column chromatography over silica gel (eluent:
hexanes : acetone (acetone 0 — 30 %)) to give the title compound as a white solid (75 mg,
82 %). R0 (hexanes : EtOAc 7 : 3 (v/v); UV). 'H NMR (500 MHz, DMSO-d6) § 9.31 (s,
1H, CONH), 8.20 (d, J=8.2 Hz, 1H, H-8"), 7.94 (d, /= 7.5 Hz, 1H, H-2"), 7.84 (d, /= 8.0
Hz, 1H, H-4"), 7.60 — 7.45 (m, 4H, H-7°, H-6’, H-5", H-3’), 6.80 (d, J = 8.0 Hz, 1H, H-
3”), 6.68 (d, J = 2.5 Hz, 1H, H-6""), 6.30 (dd, J = 8.0, 2.5 Hz, 1H, H-4""), 4.83 (s, 2H,
NH>), 4.13 (s, 1H, CH2CO), 1.99 (s, 3H, CH3). 3C NMR (126 MHz, DMSO-d6) & 168.7
(C-1), 146.7 (C-57"), 136.5 (C-1""), 133.4 (C-4a’), 132.9 (C-17), 132.0 (C-8a’), 130.3 (C-
3), 128.4 (C-4’), 127.8 (C-2"), 127.1 (C-5"), 126.0 (C-2’), 125.7 (C-7"), 125.5 (C-6°),
124.3 (C-3°), 118.3 (C-8), 111.3 (C-4"), 110.9 (C-6"), 40.3 (C-2), 16.8 (CH3). HRMS

(EST) m/z: Calcd for C19H19N2O [M+H]* 313.1317; Found 313.1300.
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(¥)-Isopropyl 1-(1-(naphthalen-1-yl)ethyl)piperidine-4-carboxylate (29).

o
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Isopropyl piperidine-4-carboxylate hydrochloride* (2.07 g, 10 mmol) was added into the
solution of acetonaphthone (1.70 g, 10 mmol) in anhydrous tetrahydrofuran (THF) (300
mL) under argon atmosphere. Then titanium (IV) isopropoxide (3.55 g, 12.5 mmol) was
added into the reaction mixture. The reaction mixture was stirred for 12 hr at room
temperature, cooled down to -78°C, and sodium cyanoborohydride (1.35 g, 20 mmol) was
added. The temperature was slowly raised to room temperature, and the reaction mixture
was stirred for another 24 hr. The solvent was removed under reduced pressure to obtain a
yellowish viscous crude product. The desired product was obtained as a colorless liquid
(2.18 g, 67%) after the silica gel column purification using 100% hexane to 15% EtOAc in
hexane as eluent. 'H NMR (500 MHz, CDCl;) 'H NMR 6 8.44 (d, J = 7.2 Hz, 1H, Hg~),
7.87—-7.81 (m, 1H, Hs»), 7.73 (d, J= 8.1 Hz, 1H, H4»), 7.57 (d, /= 7.2 Hz, 1H, H>"), 7.50
—7.39 (m, 3H, Hs», He, H7"), 4.99 (hept, J = 6.3 Hz, 1H, Hr), 4.09 (q, J = 6.8 Hz, 1H,
Hiv), 3.17 = 3.09 (m, 1H, Hy), 2.82 (m, 1H, Hs), 2.23 (tt, J=11.2, 4.1 Hz, 1H, H4), 2.13 —
2.01 (m, 2H, H», He), 1.95 - 1.86 (m, 1H, Hs), 1.81 — 1.64 (m, 3H, H3, Hs), 1.46 (d, J=6.7
Hz, 3H, H>r), 1.20 (d, J = 6.4 Hz, 6H, Hy). *C NMR (126 MHz, CDCl3) § 175.1 (C=0),
141.0 (Cy), 134.2 (C4av), 131.8 (Cgar), 128.8 (Csr), 127.4 (Car), 125.5 (C3r), 125.5 (Cam),

125.4 (Cgv), 124.6 (C7v), 124.4 (Cg»), 67.4 (Cr), 61.7 (C1), 51.6 (Cs), 49.3 (Ca), 41.7 (Ca),
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28.7 (2C, Cs, Cs), 21.9 (2C, Cy), 18.8 (Czr). HRMS (ESI) m/z: Calcd for Co1HasNO:

[M+H]" 326.2115; Found 326.2111.

(£)-1-(1-(Naphthalen-1-yl)ethyl)piperidine-4-carboxylic acid (30).

fe) (@]

O)‘\OCH(CHB)Z O)J\QH
N
N KOH, MeOH, H20,
70°C, 3 h
C O

Isopropyl 1-(1-(naphthalen-1-yl)ethyl)piperidine-4-carboxylate 29 (0.325 g, 1 mmol) was

dissolved in methanol (5 mL) and aqueous KOH (2 mL, 5N), and refluxed at 70°C for 3
hours with continuous stirring. The solvent was evaporated under reduced pressure to
obtain white solid, which was slurried with methanol (10 mL) for 15 minutes, after which
the suspension was filtered, and the filtrate dried over anhydrous sodium sulfate and
concentrated under the reduced pressure to afford a white solid. The solid was dissolved in
water (2 mL), and the pH of the solution was adjusted to four with concentrated
hydrochloric acid. The precipitate formed at pH four was collected and dried to obtain of
the desired product (0.261 g, 85%) as a white solid. The compound was used in the

subsequent step without further purification.
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(£)-N-((2-Methoxypyridin-4-yl)methyl)-1-(1-(naphthalen-1-yl)ethyl)piperidine-4-

carboxamide (31).

O)(i EDC, THF, DMF, O)kN N
OH (2-methoxypyridin-4-yl) H ‘
N methanamine N /\Q\l
0°C—R.T OMe
0 Q0
32%

1-(1-(Naphthalen-1-yl)ethyl)piperidine-4-carboxylic acid 30 (0.141 g, 0.5 mmol) and (2-

methoxypyridin-4-yl)methanamine (0.069 g, 0.5 mmol) was dissolved in anhydrous THF
(3 mL) and dimethylformamide (DMF) (1 mL). Then reaction mixture was cooled to the
0°C and 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (0.115 g, 0.6
mmol) was added. The temperature was raised to room temperature and the reaction
mixture was stirred for 12 hr. After completion, the solvent was removed under reduced
pressure to give a yellowish white solid, which was dissolved in dichloromethane (10 mL)
and washed with water (5 mL), saturated sodium bicarbonate (5 mL), and then water (5
mL) and dried over anhydrous sodium sulfate. The solvent was evaporated under reduced
pressure to obtain a white solid. The solid was subjected to silica gel column
chromatography using 100% dichloromethane to 5% methanol in dichloromethane as
eluent to afford the title product (0.065 g, 32%) as white solid. The 'H and '*C NMR of the
product match with the literature.> 'H NMR (500 MHz, CDCls) § 8.40 (d, J = 8.3 Hz, 1H),
8.08 (d, J=5.3 Hz, 1H), 7.86 — 7.80 (m, 1H), 7.72 (d, /= 8.1 Hz, 1H), 7.55 (d, J= 7.1 Hz,
1H), 7.50 — 7.35 (m, 3H), 6.73 (dd, J= 5.3, 1.5 Hz, 1H), 6.61 (d, J= 1.5 Hz, 1H), 5.98 (t,
J=5.9 Hz, 1H), 5.66 (m, 1H), 5.10 — 4.93 (m, 2H), 4.37 (d, J = 5.8 Hz, 2H), 4.11 — 4.05
(m, 1H), 2.84 (m, 1H), 2.58 (m, 1H), 2.42 — 2.16 (m, 4H), 2.05 (m, 1H), 1.91 (m, J=13.7,

5.3,2.5 Hz, 1H), 1.59 (m, 2H), 1.4 (d, J = 6.6 Hz, 3H). 3C NMR (126 MHz, CDCl3) &
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175.6, 164.8, 150.5, 147.2, 140.9, 134.1, 133.3, 131.7, 128.8, 127.4, 125.6, 125.5, 125.4,
124.6,124.2,118.6, 115.9, 109.3, 61.7, 53.5, 48.6, 47.4, 45.0, 43.7, 42.4, 33.8, 33.7, 18.9.
(£)-N-(Benzol[d][1,3]dioxol-5-ylmethyl)-1-(1-(naphthalen-1-yl)ethyl)piperidine-4-
carboxamide (1).

Q O
OH EDC, THF, DMF, N (0]
N (2-methoxypyridin-4-yl) H >
methanamine N o
0°C—R.T
e
40%

1-(1-(Naphthalen-1-yl)ethyl)piperidine-4-carboxylic acid 30 (0.0705 g, 0.25 mmol) and

1,3-benzodioxole-5-methylamine (0.057 g, 0.375 mmol) was dissolved in anhydrous THF
(2 mL) and DMF (1 mL). Then the reaction mixture was cooled to 0°C and 1-ethyl-3-(-3-
dimethylaminopropyl) carbodiimide hydrochloride (0.071 g, 0.375 mmol) was added. The
temperature was raised to room temperature and the reaction mixture was stirred for 12 hr.
After completion, the solvent was removed under reduced pressure to obtain a yellowish
white solid, which was dissolved in dichloromethane (5 mL) and washed with water (2.5
mL), saturated sodium bicarbonate (2.5 mL), and then water (2.5 mL) and dried over
anhydrous sodium sulfate. The solvent was removed under reduced pressure to afford a
white solid. The white solid was subject silica gel column chromatography using 100%
dichloromethane to 5% methanol in dichloromethane as eluent to afford the title product
(0.042 g, 40%) as a white solid. The 'H and '*C NMR of the product match with the
literature.® "TH NMR (500 MHz, MeOH-D4) & 8.39 (d, J = 8.1 Hz, 1H), 7.82 (dd, J= 7.7,
1.9 Hz, 1H), 7.72 (d, J = 8.2 Hz, 1H), 7.55 (dd, J= 7.2, 1.2 Hz, 1H), 7.49 — 7.35 (m, 3H),
6.73 — 6.65 (m, 3H), 5.86 (s, 2H), 4.22 — 4.14 (m, 3H), 3.27 — 3.20 (m, 1H), 2.88 — 2.76

(m, 1H), 2.25 - 2.11 (m, 1H), 2.11 — 1.93 (m, 2H), 1.81 — 1.72 (m, 2H), 1.72 — 1.57 (m,
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2H), 1.45 (d, J = 6.6 Hz, 3H). *C NMR (126 MHz, MeOH-D4)  176.7, 147.9, 146.8,
140.0, 134.3, 132.8, 131.8, 128.4, 127.2, 125.30, 125.1, 125.0, 124.3, 123.7, 120.5, 107.7,

101.0,61.0,51.3,49.4,48.2,48.0,47.9,47.8,47.7,47.5,47.3,47.2,43.1,42.4,28.8, 17.8.

tert-Butyl-3-(((2’-methoxypyridin-4’-yl)methyl)carbamoyl)azetidine-1-carboxylate

(32).
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To a stirred solution of 1-(zert-butoxycarbonyl)azetidine-3-carboxylic acid (500 mg, 2.5
mmol), EDCI (485 mg, 3.13 mmol) and HOBT (422 mg, 3.13 mmol) in anhydrous DCM
(10 mL) was added (2-methoxypyridin-4-yl)methanamine (345 mg, 2.5 mmol) followed
by DIPEA (1.7 mL, 9.75 mmol) at 0°C. The reaction mixture was gradually brought up to
r.t. over a period of 15 min, and stirred for 16 hr. After such time, the reaction mixture was
quenched via addition of H>O (20 mL) and the aqueous layer re-extracted with DCM (20
mL, 3X). The organic layers were combined, dried over Na;SOs, filtered, and concentrated
in vacuo. The residue obtained was subjected to flash column chromatography on silica
(eluent: 5:95 MeOH:DCM) to afford the title compound (610 mg, 1.90 mmol, 75%) as a
white solid. Rr= 0.20 (5:95 MeOH:DCM; CAM). 'H NMR (500 MHz, CDCI3): 6 8.09 (d,
J=5.3Hz, 1H, H-6"), 6.75 (dd, J=5.2, 1.7 Hz, 1H, H-5’), 6.59 (s, 1H, H-3"), 5.91 (s, 1H,
NH), 4.41 (d, J = 6.0 Hz, 2H, CH»-aryl), 4.15 — 4.08 (m, 2H, azetidine CH>»), 4.07 (q, J =
9.8, 8.4 Hz, 2H, azetidine CH), 3.91 (d, /= 1.4 Hz, 3H, OCHz-aryl), 3.21 (dddd, J = 14.6,
8.3, 6.1, 1.3 Hz, 1H, azetidine CH), 1.42 (s, 9H, 3 x CH3-Boc). *C NMR (126 MHz,

CDCls): § 172.3 (C(O)NHR), 164.6 (C2°), 156.3 (C(0)Boc), 150.3 (C4’), 146.9 (C6"),
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115.7 (C3°), 108.8 (C4%), 79.9 (C(R):Boc), 53.4 (OCHs-aryl)), 51.6 (2C) (azetidine CH,),
42.2 (CHa-aryl), 32.9 (azetidine CH), 28.3 (3C) (3 x CHs (Boc)). HRMS (ESI) m/z: Calcd

for [C16H2404N4]" [M+H]" 322.1761; Found 322.1748.
N-((2’-Methoxypyridin-4’-yl)methyl)azetidine-3-carboxamide (33).
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To a stirred solution of tert-butyl-3-(((2-methoxypyridin-4-
yl)methyl)carbamoyl)azetidine- 1-carboxylate 32 (610 mg, 1.9 mmol) in anhydrous DCM
(2.83 mL) was added TFA (2.83 mL, 37 mmol) dropwise at r.t. The solution was stirred
for 45 min, after such time, the reaction mixture was washed with NaHCOs3 (15 mL, 1X)
and the organic layers concentrated in vacuo. The solution was then co-concentrated with
toluene (20 mL, 3X) to afford the title compound (400 mg, 1.8 mmol, 95%) as a yellow
oil. Rr=0.10 (10:90 MeOH:DCM; CAM). 'H NMR (500 MHz, CD;0D): § 8.11 (dd, J =
5.8, 1.3 Hz, 1H, H-6’), 7.07 (dt, J=5.9, 1.5 Hz, 1H, H-5’), 6.99 (s, 1H, H-3"), 4.47 (s, 2H,
CHz-aryl), 4.27 — 4.17 (m, 4H, 2 x azetidine CH>), 4.00 (d, J = 1.4 Hz, 3H, OCHjz-aryl),
3.78 — 3.67 (m, 1H, azetidine CH). 1*C NMR (126 MHz, CD30D): § 172.6 (C(O)NHR),
164.7 (C2’), 157.1 (C4’), 144.7 (C6°), 117.4 (C37), 109.7 (C4’), 56.0 (OCH3-aryl), 49.6 (2
x azetidine CH»), 43.4 (CHz-aryl), 37.0 (azetidine CH). HRMS (ESI) m/z: Calcd for

[C11H1602N5]" [M+H]* 222.1237; Found 222.1229.
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(£)-N-((2°-Methoxypyridin-4’-yl)methyl)-1-(1°’-(naphthalene-1""-yl)ethyl)azetidine-

3-carboxamide (34).

o o
O -~
= i) Ti(O'Pr),, THF
-
+ N \ y N r
H ii) NaCNBH,
HN

To a stirred solution of 1-acetonaphthone (230 mg, 1.5 mmol) in anhydrous THF (5 mL)

was added N-((2’-methoxypyridin-4’-yl)methyl)azetidine-3-caboxamide 33 (400 mg, 1.8
mmol), followed by Ti(O'Pr)4 (532 pL, 1.8 mmol) at r.t. The reaction mixture was stirred
for 1 h, after which, it was cooled down to -78°C, and NaCNBHj3 (762 mg, 3.6 mmol) was
added portion-wise. The mixture was stirred for 15 min at -78°C, after which, it was slowly
brought to r.t. over 20 min and stirred for an additional 1 hr. After such time, the mixture
was quenched via addition of H,O (5 mL) and diluted with EtOAc (10 mL). The aqueous
layer was re-extracted with EtOAc (10 mL, 3X). The organic layers were combined and
dried over NaxSQy, filtered and concentrated in vacuo. The residue obtained was subjected
to flash column chromatography on silica (eluent: 98:2 EtOAc:Et:N) to afford the title
compound (169 mg, 0.45 mmol, 30%) as a white foam. Rr = 0.40 (98:2 EtOAc:Et3N;
CAM). 'H NMR (500 MHz, CD;0D): § 8.22 (d, J= 8.4 Hz, 1H, H-9°"*), 7.99 (d, /= 5.4
Hz, 1H, H-6"), 7.88 — 7.75 (m, 1H, H-6""), 7.71 (d, J= 8.2 Hz, 1H, H-4"""), 7.55 (dd, J =
7.3, 1.3 Hz, 1H, H-2"""), 7.48 (ddd, J = 8.6, 6.8, 1.6 Hz, 1H, H-8""), 7.46 — 7.37 (m, 2H,
H-7"’, H-3"""), 6.80 (dd, J=5.2, 1.4 Hz, 1H, H-5"), 6.69 — 6.61 (m, 1H, H-3"), 4.30 (dd, J
=8.9, 3.2 Hz, 3H, CHz-aryl, H-1""), 3.83 (s, 3H, OCHj3-aryl), 3.66 (td, /= 7.6, 1.7 Hz, 1H,
azetidine CH>), 3.47 — 3.37 (m, 2H, azetidine CH»), 3.35 — 3.19 (m, 1H, azetidine CH),

3.14 (t,J = 7.4 Hz, 1H, azetidine CH), 1.29 (d, J = 6.5 Hz, 3H, CHs-H2""). 13C NMR (126
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MHz, CD;O0D): 174.9 (C(O)NHR), 166.1 (C2’), 152.8 (C4’), 147.8 (C6°), 139.5 (C1’”),
135.5 (C10°"), 132.6 (C5°*’), 129.9 (C6’”’), 128.6 (C4’’*), 126.9 (C8’”"), 126.6 (2C)
(C7°, C3°7), 124.6 (C2°”°), 124.1 (C9°”’), 116.9 (C5’), 109.6 (C3’), 64.9 (C1”’), 57.0
(azetidine CHy), 56.7 (azetidine CH»), 54.1 (OCHzs-aryl), 42.9 (CHz-aryl), 35.3 (azetidine
CH), 20.5 (C2’”). HRMS (ESI) m/z: Calcd for [C23H2602N3]" [M+H]* 376.2019; Found

376.2003.

Diisopropyl (R)-2-(1-(naphthalen-1-yl)ethyl)-2-azaspiro[3.3]heptane-6,6-

dicarboxylate (35).

COOiPr
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Diisopropyl 3,3-bis(hydroxymethyl)cyclobutane-1,1-dicarboxylate’ (0.5 g, 1.73 mmol)
was dissolved in dry CH3CN (4 mL) and the solution was cooled to -20°C. Triflic anhydride
(0.62 mL, 3.64 mmol) was added in a dropwise manner while keeping temperature below
-10°C. DIPEA (0.76 mL, 4.34 mmol) was then added slowly over 15 mins to the reaction
mixture. After formation of the bistriflate (by mass spectral analysis), additional DIPEA
(0.76 mL, 4.34 mmol) was added in a dropwise manner followed by (R)-(+)-1-(1-
naphthyl)ethylamine (0.28 mL, 1.73 mmol), and the resulting mixture was heated to 70°C
for 2 hr. After completion, the reaction mixture was cooled to room temperature and diluted
with 25 mL of toluene and washed with 3 times with 20 mL of water. The organic layer
was dried over Na,SQOys, filtered, and concentrated under reduced pressure to give a crude

residue which was purified by silica gel column chromatography (1:2, Ethyl
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Acetate:Hexane) to furnish the title compound (0.58g, 78%) as a colorless syrup. [a]p?? =

+25.5 (¢ = 1.0, CHCls); 'H NMR (500 MHz, CDCLs) & 8.18 (d, J = 8.2 Hz, 1H, Hy), 7.83
(dd, J= 8.1, 1.6 Hz, 1H, Hy), 7.70 (d, J = 8.2 Hz, 1H, Hs), 7.62 (d, J= 7.1 Hz, 1H, Hy),
7.52 —7.38 (m, 3H, Hy, He-, Hr), 5.02 (hept, J = 6.3 Hz, 2H, -CH(CHs),), 4.02 (q, J = 6.5
Hz, 1H, Hy), 3.24 (q,J = 7.7 Hz, 4H, Hy, H3 ), 2.67 (qd, J = 11.5, 1.8 Hz, 4H, Hs, Hy), 1.30
(d, J = 6.5 Hz, 3H, Hy), 1.21 (d, J = 2.4 Hz, 6H, -CH(CHj)), 1.20 (d, J = 2.4 Hz, 6H, -
CH(CH3)2). 3C NMR (126 MHz, CDCls) § 171.2 (CO), 139.2 (C1v), 134.0 (Cawr), 131.2
(Csar), 129.0 (Cs), 127.2 (Ca), 125.8 (Csv), 125.7 (Ca»), 125.2 (Cer), 123.9 (Crv), 123.3
(Cx'), 68.8 (-CH(CHs)2), 65.8 (C1, C3), 64.7 (C17) 49.1, (C4), 39.5 (Cs, C7), 32.7 (Ce), 21.6
(-CH(CH3)3), 20.6 (Cx). HRMS (ESI) m/z: Caled for CasHsNO4 [M + H]* 424.2482;

Found 424.2473.

(R)-2-(1-(Naphthalen-1-yl)ethyl)-2-azaspiro[3.3]heptane-6,6-dicarboxylic acid (36).

To a solution of diisopropyl (R)-2-(1-(naphthalen-1-yl)ethyl)-2-azaspiro[3.3]heptane-6,6-
dicarboxylate 35 (0.50g, 1.15 mmol) in ethanol (5 mL), a solution of NaOH (47mg, 3.90
mmol) in ethanol (1 mL) was added. The resulting mixture was refluxed for 2 hr and cooled
down to room temperature. A white salt formed and was filtered, washed with EtOH (2x 10
mL) and dried under high vacuum to afford the disodium salt of 35, which was dissolved
in water (5 mL) and stirred for 10 min until homogeneity was achieved. The resulting

solution was acidified with 2N HCI to pH = 2, leading to the formation of a slurry, which
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was cooled to 0°C and stirred for 1 hr. The so-obtained solid was filtered and washed with
MeOH (2x10 mL) and dried under high vacuum to furnish the title compound (0.34g,
86%) as a white solid. m.p.: 252-256°C; [a]p?? = +28.7 (¢ = 0.7, DMSO); 'H NMR (500
MHz, DMSO-ds) 6 8.21 (d, J= 8.2 Hz, 1H, Hy"), 7.88 (dd, /= 7.7, 1.8 Hz, 1H, Hs"), 7.75
(d, J=8.0 Hz, 1H, Hy), 7.61 (d, J= 7.0 Hz, 1H, H2"), 7.57 — 7.41 (m, 3H, Hs, H¢", H7),
4.48 (q, J= 6.6 Hz, 1H, Hr), 4.32 (d, /=9.9 Hz, 1H, H3), 4.25 (d, J=9.7 Hz, 1H, H3 ),
2.50 (d,J=12.5Hz, 1H, H1), 2.37 (d, J=12.5 Hz, 1H, Hy), 2.29 (dd, J= 15.4, 8.9 Hz, 2H,
Hs, Hy), 2.03 — 1.87 (m, 2H, Hs, H7 ), 1.35 (d, J = 6.6 Hz, 3H, Hx); 3*C NMR (126 MHz,
DMSO0-Ds) 6 172.0 (COOH), 171.1 (COOH), 141.7 (C1), 134.0 (Cax), 131.4 (Csa), 129.2
(Cs), 127.3 (Cy), 126.3 (Cs7), 126.2 (Cy), 125.9 (Cs'), 123.6 (C7), 123.3 (Cs"), 75.9 (Cs),
54.2 (Cr), 50.5 (C1), 49.2 (C4), 38.3 (Cs), 34.8 (C7), 34.7 (Cs), 24.2 (C2). HRMS (ESI) m/z:

Calcd for C20H22NO4 [M + H]" 340.1543; Found 340.1528.

General procedure for synthesis of amides from (R)-2-(1-(Naphthalen-1-yl)ethyl)-2-

azaspiro[3.3]heptane-6,6-dicarboxylic acid 36.

COOH ]

@QLCOOH /DD)X\NHR

N N

O —0CC
—_—_—

3 4a-f
aReagents and conditions: (a) RNHb», carbonyl diimidazole, THF, rt to reflux

To a stirred suspension of the diacid 36 (50 mg, 0.147 mmol) in dry THF (2 mL). was
added 1.1’-carbonyl diimidazole (26 mg, 0.22 mmol) in two portions. The resulting

mixture was stirred at rt for 2 hr under an argon atmosphere. The amine (0.16 mmol) was
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added in one portion and the mixture refluxed (70°C) for 0.5 hr. The reaction mixture was
cooled down to room temperature and the solvent was removed in vacuo to give a crude
residue, which was dissolved in 20 mL of ethyl acetate and washed with saturated NaHCO3
solution (10 mL). The organic layer was dried over Na>SOs, filtered, and concentrated
under reduced pressure to give a crude residue which was purified by silica gel column

chromatography (1-10% MeOH/CH:Cl,) to afford the desired amide.

N-((2-Methoxypyridin-4-yl)methyl) (R)-2-(1-(naphthalen-1-yl)ethyl)-2-

azaspiro[3.3]heptane-6-carboxamide (37).

. 4'"\ =~
N N

3 6 H 3m Al

n 2"OMe

This colorless oil was prepared according to the general procedure (44 mg, 72%); [a]p®? =
+8.9 (¢ = 0.5, CHCl3); '"H NMR (500 MHz, Chloroform-d) § 8.15 (d, J= 8.1 Hz, 1H, Hzg"),
8.06 (d, J=5.3 Hz, 1H, H¢), 7.84 (dd, J=8.1, 1.6 Hz, 1H, Hs"), 7.71 (d, /= 8.2 Hz, 1H,
Hqv), 7.64 (d, J= 7.2 Hz, 1H, Ha), 7.53 — 7.41 (m, 3H, H3", H¢», H7"), 6.72 (dd, J=5.4, 1.5
Hz, 1H, H5™), 6.56 (s, 1H, H2""), 5.76 (t, /= 6.0 Hz, 1H, -NH), 4.35 (d, /= 6.0 Hz, 2H, -
NHCH:), 4.04 (q, J = 6.3 Hz, 1H, H1), 3.89 (s, 3H, -OCH3), 3.38 — 3.19 (m, 4H, Hi, H3),
2.85 (p,J=8.1 Hz, 1H, Hg), 2.49 —2.41 (m, 2H, Hs, Hy), 2.40 — 2.29 (m, 2H, Hs, H7), 1.33
(d,J=6.6 Hz, 3H, H)). *C NMR (126 MHz, CDCl3) 8 174.6 (-CONH), 164.7 (C2~), 150.2
(Ca), 147.2 (Ce), 139.1 (Civ), 134.0 (Caa), 131.2 (Csav), 129.0 (Csv), 127.2 (Cqr), 125.8
(Csr), 125.7 (Cav), 125.2 (Csr), 123.9 (C7), 123.2 (Cgr), 115.7 (C3), 109.0 (Ca), 66.1 (Cs),

65.2 (C1), 64.7 (Cr), 53.5 (OCHs), 42.3 (-NHCH,), 36.2 (Cs), 35.8 (C7), 35.0 (Ce), 34.5
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(C4), 20.6 (C2). HRMS (ESI) m/z: Caled for Ca6H30N3O2 [M + H]" 416.2332; Found

416.2317.

N-(Benzo[d][1,3]dioxol-5-ylmethyl) (R)-2-(1-(naphthalen-1-yl)ethyl)-2-

azaspiro[3.3]heptane-6-carboxamide (38).

This colorless syrup was prepared according to the general procedure (51 mg, 81%); [a]p??
=+49.7 (¢ = 0.7, CHCl3); '"H NMR (500 MHz, CDCl3)  8.17 (d, J = 8.4 Hz, 1H, Hy"), 7.83
(dd,J=17.8, 1.7 Hz, 1H, Hs"), 7.71 (d, J= 8.1 Hz, 1H, Hy), 7.62 (d, J= 7.1 Hz, 1H, Hy"),
7.55—7.38 (m, 3H. H3, He, H7"), 6.80 — 6.68 (m, 2H, H3, He"), 6.68 (dd, J=7.9, 1.7 Hz,
1H. Hs7), 5.90 (s, 2H, OCH>0), 5.67 (t, J= 5.7 Hz, 1H. -NH), 6 4.28 (d, /=5.7 Hz, 1H, -
NHCH:), 4.03 (q,J= 6.5 Hz, 1H, Hy), 3.25 (dd, J= 15.6, 7.6 Hz, 2H, H3), 3.18 (t, /= 7.0
Hz, 2H, H1), 2.79 (p, J = 8.3 Hz, 1H, Hg), 2.42 (dt, J = 11.6, 8.0 Hz, 2H, Hs, Hy), 2.38 —
2.21 (m, 2H, Hs, H7), 1.31 (d, J = 6.5 Hz, 3H, Hx); *C NMR (126 MHz, CDCl3) & 174.3
(-CONH), 148.0 (C4~), 147.0 (C3m), 139.2 (Civ), 134.0 (Caar), 132.3 (Cim), 131.2 (Csgav),
129.0 (Csv), 127.2 (C4v), 125.8 (C3r), 125.7 (C2r), 125.2 (Cer), 123.9 (C7), 123.3 (Csr), 121.1
(Csm), 108.4 (Ca), 108.3 (Csn), 101.1 (-OCH20-), 66.2 (C3), 65.2 (C1), 64.7 (Cr), 43.5 (-
NHCHy), 36.2 (Cs), 35.9 (C7), 35.1 (Cs), 34.4 (Ca), 20.6 (C2'). HRMS (ESI) m/z: Calcd for

C27H20N203 [M + H] 429.2172; Found 429.2167.
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N-(3-Aminobenzyl) (R)-2-(1-(naphthalen-1-yl)ethyl)-2-azaspiro[3.3]heptane-6-

carboxamide (39).

This colorless syrup was prepared according to the general procedure (40 mg, 68%); [a]p??
=+24.5 (¢ =0.4, CHCl3); '"H NMR (500 MHz, CDCl3)  8.19 (d, /= 8.5 Hz, 1H, Hs), 7.84
(d, J=8.0 Hz, 1H, Hs"), 7.71 (d, J = 8.2 Hz, 1H, H4"), 7.63 (d, /= 7.2 Hz, 1H, Hy"), 7.46
(dq, J=21.2,7.3 Hz, 3H, H3, He", Hy"), 7.07 (t, J= 7.6 Hz, 1H, Hs~), 6.60 (d, J = 7.6 Hz,
1H, Hov), 6.54 (d, J= 8.2 Hz, 2H, H4», He), 5.72 (t, J= 5.8 Hz, 1H, -NH), 4.28 (d, /= 5.7
Hz, 2H, -NHCH>), 4.03 (q, J = 6.5 Hz, 1H, Hr), 3.65 (s, 2H, NHz), 3.36 — 3.07 (m, 4H, Hi,
H3), 2.79 (p, J = 8.3 Hz, 1H, Hp), 2.43 (dt, J = 14.2, 7.2 Hz, 2H, Hs, Hy), 2.38 — 2.21 (m,
2H, Hs, Hy), 1.31 (d, J= 6.5 Hz, 3H, H»); 3C NMR (126 MHz, CDCl;3) § 174.4 (-CONH),
146.9 (Csv), 139.6 (Civ), 139.3 (Civ), 134.0 (Caa), 131.2 (Csar), 129.7 (Cs), 129.0 (Cs»),
127.2 (C4v), 125.8 (Csv), 125.7 (Ca), 125.2 (Cev), 123.9 (Cyv), 123.3 (Cs), 117.8 (Ce),
114.4 (Cy), 114.3 (Cyv), 66.2 (C3), 65.2 (C1). 64.7 (Cr), 43.7 (-NHCH>), 36.3 (Cs), 35.9
(C7), 35.1 (Ce), 34.4 (Cas), 20.7 (C2’). HRMS (ESI) m/z: Caled for C26H30N30 [M + H]*

400.2383; Found 400.2372.
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N-(3-Fluorobenzyl) (R)-2-(1-(naphthalen-1-yl)ethyl)-2-azaspiro[3.3]heptane-6-

carboxamide (40).
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This colorless syrup was prepared according to the general procedure (52 mg, 88%); [a]p??
=+7.4 (¢ = 0.6, CHCl3); '"H NMR (500 MHz, CDCl3) & 8.15 (d, J= 8.3 Hz, 1H, Hs"), 7.84
(dd, J=8.0, 1.6 Hz, 1H, Hs"), 7.72 (d, J = 8.2 Hz, 1H, Hs"), 7.65 (d, J=7.1 Hz, 1H, Hy"),
7.57—17.39 (m, 3H, Hi", H¢», H7), 7.31 — 7.20 (m, 1H, Hs"), 7.00 (d, J = 7.7 Hz, 1H, Ha"),
6.98 — 6.87 (m, 2H, Hav, He), 5.70 (t, J = 6.0 Hz, 1H, -NH), 4.39 (d, J = 5.8 Hz, 2H, -
NHCH:>-), 4.11 (s, 1H, Hr), 3.30 (dd, J = 33.5, 7.9 Hz, 4H, Hi, Hs), 2.83 (p, J = 8.2 Hz,
1H, He¢), 2.45 (dt, J=11.7, 7.2 Hz, 2H, Hs, Hy), 2.42 — 2.25 (m, 2H, Hs, H7), 1.34 (d, J =
6.5 Hz, 3H, Hz); 3C NMR (126 MHz, CDCls) 8 174.4, 163.0 (d, J = 247.2, C3), 141.07
(Ci7), 141.01 (Cy), 134.0 (Caav), 131.1 (Csar), 130.3 (d, J = 8.3, Cs»), 129.0 (Csv), 127.4
(Car), 125.8 (C5, Cav), 125.3 (Cer), 124.0 (C7v), 123.2 (d, J = 2.7, Cem), 123.1 (Cs»), 114.6
(d,J=19.8, Cy), 114.4 (d, J=19.6, C4m), 65.9 (C3), 65.1 (C1), 64.4 (Cr), 43.1 (-NHCH>),
36.2 (Cs), 35.8(C7), 35.0 (Cs), 34.5 (C4), 20.4 (Cz). HRMS (ESI) m/z: Calcd for C26H2sN20

F [M + H]" 403.2180; Found 403.2169.
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N-((2-Aminopyridin-4-yl)methyl) (R)-2-(1-(naphthalen-1-yl)ethyl)-2-

azaspiro[3.3]heptane-6-carboxamide (41).
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This white foam was prepared according to the general procedure (43 mg, 73%); [a]p?? =

+13.0 (¢ = 0.7, CHCL); "H NMR (500 MHz, CDCl3) § 8.18 (s, 1H, Hg-), 7.98 (d, J = 5.6
Hz, 1H, Hev), 7.88 — 7.80 (m, 1H, Hs'), 7.71 (d, J = 8.0 Hz, 1H, Hyv), 7.61 (d, J = 7.2 Hz,
1H, Hy), 7.53 — 7.38 (m, 3H, Hs, He, Hyv), 6.53 — 6.46 (m, 1H, Hs), 6.34 (s, 1H, Ha»),
5.62 (t, J= 5.9 Hz, 1H, -NH), 4.38 (s, 2H. NHa), 4.29 (d, J = 6.0 Hz, 2H, -NHCH), 4.03
(q,J = 6.5 Hz, 1H, Hy), 3.34 — 3.15 (m, 4H, H1, Hs), 2.85 (p, J = 8.4 Hz, 1H, Hy), 2.51 —
2.24 (m, 4H, Hs, Hy), 1.30 (d, J = 6.6 Hz, 3H, Hy); 3C NMR (126 MHz, CDCls) § 174.6
(CONH-), 158.8 (C2+), 149.2 (C4), 148.6 (Cv), 139.2 (Civ), 134.0 (Caa), 131.2 (Csa),
129.0 (Cs), 127.2 (Cav), 125.7 (Cav), 125.7 (Car), 125.2 (Cer), 123.9 (Cv), 123.2 (Cgr) 113.0
(Csv), 106.8 (C3+), 66.1 (C3), 65.2 (C1), 64.7 (C1), 42.5 (-NHCHL,), 36.3 (Cs), 35.9 (Cy),
35.1(Cs), 34.5 (Ca), 20.6 (C2). HRMS (ESI) m/z: Caled for CasHaoN4O [M + H]* 401.2335;

Found 401.2320.

235



N-(3-Methoxybenzyl) (R)-2-(1-(naphthalen-1-yl)ethyl)-2-azaspiro[3.3]heptane-6-

carboxamide (42).
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This colorless syrup was prepared according to the general procedure (51 mg, 84%); [a]p??
=+5.3 (¢ = 1.0, CHCI3); '"H NMR (500 MHz, CDCl3) & 8.17 (d, J= 8.1 Hz, 1H, Hg"), 7.84
(dd, J=8.0, 1.6 Hz, 1H, Hs), 7.71 (d, J = 8.1 Hz, 1H, Hs"), 7.62 (d, J= 7.1 Hz, 1H, Hy"),
7.53 —7.38 (m, 3H, Hs", He, H7v), 7.22 (t, J= 7.8 Hz, 1H, Hs~), § 6.84 —6.77 (m, 3H, Ha,
Hy», Hev), 5.62 (t, J = 5.8 Hz, 1H, -NH), 4.37 (d, J = 5.7 Hz, 2H, -NHCH:), 4.04 (q, J =
6.6 Hz, 1H, Hr), 3.77 (s, 3H, -OCH3), 3.27 (dd, J = 15.6, 7.7 Hz, 2H, H3), 3.22 — 3.14 (m,
2H, Hy), 2.81 (p, J = 8.3 Hz, 1H, He), 2.45 (dt, J=11.6, 7.6 Hz, 2H, Hs, H7), 2.39 — 2.24
(m, 2H, Hs, Hy), 1.31 (d, J = 6.4 Hz, 3H, Hy); *C NMR (126 MHz, CDCl3) § 174.3 (-
CONH), 159.9 (C37), 140.0 (C1), 139.2 (Civ), 134.0 (C4ar), 131.2 (Csar), 129.8 (Cs), 129.0
(Cs), 127.2 (Cav), 125.8 (C3), 125.7 (Car), 125.2 (Cev), 123.9 (Cyv), 123.2 (Csr), 120.0
(Ce), 113.4 (Cq), 113.0 (Cam), 66.1 (C3), 65.2 (C1), 64.7 (Cr), 55.3 (-OCH3), 43.6 (-
NHCHy), 36.3 (Cs), 35.9 (C7), 35.1 (Cs), 34.4 (Ca), 20.6 (C2'). HRMS (ESI) m/z: Calcd for

C27H31N202 [M + H]" 415.2380; Found 415.2373.
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Methyl (R)-2-(1-(naphthalen-1-yl)ethyl)-2-azaspiro[3.3]heptane-6-carboxylate (43).

To a stirred suspension of (R)-2-(1-(naphthalen-1-yl)ethyl)-2-azaspiro[3.3]heptane-6,6-
dicarboxylic acid 36 (0.50g, 1.47 mmol) in dry THF (5 mL). was added 1.1’-carbonyl
diimidazole (0.36g, 2.21 mmol) in two portions. The resulting mixture was stirred at rt for
2h under an argon atmosphere. Dry MeOH (2 mL) was added in one portion and the
mixture refluxed (70°C) for 0.5 hr. The reaction mixture was cooled down to room
temperature and solvent was removed in vacuo to give a crude residue. This residue was
dissolved in 20 mL of ethyl acetate and washed with saturated NaHCOj3 solution (10 mL).
The organic layer was dried over Na>SOs, filtered, and concentrated under reduced
pressure to give a residue which was purified by neutral alumina column chromatography
(5-10% EtOAc/Hexane) to furnish the title compound (0.42g, 92%) as a colorless syrup;
[a]p?? = +36.8 (¢ = 1.0, CHCl3); '"H NMR (500 MHz, CDCls) & 8.19 (d, J = 8.4 Hz, 1H,
Hg), 7.84 (dd, J= 8.0, 1.6 Hz, 1H, Hs), 7.72 (d, /= 8.1 Hz, 1H, Hs"), 7.64 (d, J= 7.1 Hz,
1H, Hyv), 7.54 — 7.40 (m, 3H, Hs", He', H7"), 4.03 (q, J = 6.5 Hz, 1H, Hy'), 3.65 (s, 3H,
COOMe), 3.27 (d, J = 7.4 Hz, 1H, H3), 3.26 — 3.16 (m, 3H, H3, Hy), 2.98 (p, J = 8.4 Hz,
1H, He), 2.48 — 2.30 (m, 4H, Hs, Hy), 1.32 (d, J = 6.5 Hz, 3H, Hz); 1*C NMR (126 MHz,
CDCl3) & 175.8 (-CO), 139.3 (Ci7), 134.0 (Caav), 131.2 (Csar), 129.0 (Cs~), 127.2 (Cs),
125.8 (Cs), 125.7 (Cyr), 125.2 (C¢r), 123.9 (C77), 123.3 (Csv), 66.1 (C3), 65.4 (C1), 64.7
(Cr) 51.7 (OMe), 36.2 (Cs), 35.9 (Cy), 34.7 (Cs), 33.3 (Cas), 20.7 (C2). HRMS (ESI) m/z:

Calcd for C20H24NO> [M + H]" 310.1801; Found 310.1796.
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(R)-2-(1-(Naphthalen-1-yl)ethyl)-2-azaspiro[3.3]heptane-6-methanol (44).

To a suspension of LAH (27.6 mg, 0.73 mmol) in THF (1 mL) was added a solution of 43
(150 mg, 0.49 mmol) in THF (1 mL) in a dropwise manner at 0°C under an argon
atmosphere. The reaction was then brought to rt, stirred until completion (monitored by
TLC and mass spectral analysis), then quenched with ice cold water and diluted with
CH»Cl (15 mL). The organic layer was separated, collected, dried over Na>SOs, filtered,
and concentrated under reduced pressure to give a residue which was purified by neutral
alumina column chromatography (20-30% EtOAc/Hexane) to furnish the title compound
(0.12g, 87%) as white solid; m.p.: 128-132°C; [a]p?? = +32.1 (c = 0.6, DMSO); 'H NMR
(500 MHz, DMSO-ds) 6 8.23 (d, J = 8.7 Hz, 1H, Hg), 7.90 — 7.83 (m, 1H, Hs"), 7.73 (d, J
= 8.1 Hz, 1H, Hy), 7.55 (d, J = 7.1 Hz, 1H, H2"), 7.45 (m, 3H, Hs", He", H7), 4.38 (t, J =
5.3 Hz, 1H, -OH), 3.96 (q, J = 6.6 Hz, 1H, Hy), 3.27 — 3.23 (m, 2H, -CH>OH), 3.12 - 3.03
(m, 2H, H3), 3.03 — 2.95 (m, 2H, H}), 2.15 (h, J= 6.9, 6.4 Hz, 1H, He), 2.07 — 1.99 (m, 2H,
Hs, Hy), 1.82 — 1.72 (m, 2H, Hs, Hy), 1.16 (d, J = 6.4 Hz, 3H, Hx); *C NMR (126 MHz,
DMSO-Ds) 6 140.0 (Cir), 134.0 (Csar), 131.2 (Csar), 129.2 (Csr), 127.3 (Csr), 126.2 (C3»),
126.2 (Cyr), 125.8 (Cer), 124.3 (C77), 123.8 (Csr), 66.4 (C3), 66.0 (C1), 65.5 (Cr), 35.5 (-
CH>0H), 34.6 (Cs), 32.3 (C4), 21.1 (C2)). HRMS (ESI) m/z: Calcd for C19H24NO [M + H];

282.1852; Found 282.1845.
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(R)-N-((2-Methoxypyridin-4-yl)methyl)-2-(1-(naphthalen-1-yl)ethyl)-2-

azaspiro[3.3]heptane-6-methanamine (45).

A stirred solution of (R)-2-(1-(naphthalen-1-yl)ethyl)-2-azaspiro[3.3]heptane-6-methanol
44 (0.11g, 0.39 mmol) in CH>Cl, (3 mL) was treated with Dess Martin Periodinane (0.33g,
0.78 mmol), and then stirred at rt for 2 hr. After complete conversion, the reaction mixture
was diluted with 5 mL CH>Cl>, 5 mL of sat. aqueous NaHCO3, 5 mL of aqueous sodium
thiosulfate and stirred for 0.5 hr at room temperature. The organic layer was separated,
collected, dried over Na,SOs, filtered, and concentrated under reduced pressure to give a
residue which was used immediately for the next reaction without purification. The above
residue was dissolved in dry MeOH (2 mL), treated with (2-methoxypyridin-4-
yl)methanamine (0.14 mL, 0.8 mmol), and stirred at room temperature for 2 hr. NaCNBH3
(74.2 mg, 1.18 mmol) and AcOH (0.09 mL, 1.57 mmol) were then added, and the mixture
was stirred overnight at room temperature under an argon atmosphere. The reaction was
quenched with 2 mL Et3N, and the volatiles evaporated under high vacuum to give a
residue, which was dissolved in CH>Cl, (20 mL), and diluted with saturated aqueous
NaHCOs. The organic layer was separated, collected, dried over Na>SOg, filtered, and
concentrated under reduced pressure to give a residue, which was purified by silica gel
column chromatography (5-10% MeOH/CH>Cl) to furnish the title compound (91mg,

58%) as a colorless syrup; [a]p?? = +10 (¢ = 0.4, CHCl3); '"H NMR (500 MHz, CDCI3) &
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8.20 — 8.13 (m, 1H, Hy), 8.07 (d, J = 5.2 Hz, 1H, He~), 7.87 — 7.82 (m, 1H, Hy'), 7.72 (d,
J=8.2Hz, 1H, Hy), 7.60 (d, J = 7.0 Hz, 1H, Hyv), 7.45 (m, 3H, Hx, He-, Hy), 6.87 (dd, J
=5.3, 1.3 Hz, 1H, Hs»), 6.73 (s, 1H, Ho), 4.52 (q, J = 6.6 Hz, 1H, Hy/), 3.93 (s, 3H, OCHs),
3.61 (s, 2H, -NHCH,), 2.83 —2.73 (m, 3H, H3, -CH,NH), 2.71 (d, J= 9.4 Hz, 1H, H,, H),
2.47(d,J=11.7Hz, 1H, Hy), 2.37 (d, J = 11.8 Hz, 1H, H)), 2.30 — 2.24 (m, 1H, He), 1.89
(s, 1H, -NH), 1.71 (dt, J = 10.9, 7.1 Hz, 2H, Hs, Hy), 1.57 (dt, J = 22.9, 7.9 Hz, 2H, Hs,
Hy), 1.45 (d, J = 6.6 Hz, 3H, Hy); 13C NMR (126 MHz, CDCls) § 164.6 (C2+), 151.7 (Ca»),
146.6 (Ce), 141.3 (C1v), 134.0 (Caar), 131.4 (Csar), 129.0 (Cs), 127.2 (Ca), 125.7 (C3v),
125.7 (Car), 125.3 (Ce), 123.1 (C77), 122.9 (Cy), 117.3 (C3), 110.3 (Car), 60.2 (C3), 59.9
(C1), 56.4 (Cs), 55.1 (C1), 54.3 (C4), 53.4 (OCHs), 42.9 (-NHCH,), 35.6 (Cs), 35.4 (C7),
30.2 (-CH,NH), 23.6 (C2). HRMS (ESI) m/z: Caled for CasHiN3O [M + H]™ 402.2539;

Found 402.2530.

Diisopropyl N-[(naphthalen-1-yl)methylamino]-2-azaspiro[3.3]heptane-6,6-

dicarboxylate (46).
i-PrOOGC 7
- 3
H2N\ _ i-PrOOC 4
N i-PrOOC OH a 5 Ng -
+ - . N
i-PrOOC>Q<oH P\
1% 2
8a:
6' 2 O 3
5 4

Reagents and conditions: (a) Trifluoromethanesulfonic anhydride, DIPEA, CH3CN, -20°C

to 70°C, 2 hr.

To a stirred mixture of diisopropyl 3,3-bis(hydroxymethyl)cyclobutane-1,1-dicarboxylate’

(167 mg, 0.58 mmol) and acetonitrile (1 mL) at -20°C, was carefully added
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trifluoromethanesulfonic anhydride (0.2 mL, 1.22 mmol) while maintaining the
temperature below -10°C. DIPEA (0.25 mL, 1.45 mmol) was then added slowly to the
reaction mixture over 10 min. After formation of the bistriflate was complete (by mass
spectral analysis), a second aliquot of DIPEA (0.25 mL, 1.45 mmol) was added dropwise
followed by addition of N-methyl-N-(1-naphthyl)hydrazine 18 (100 mg, 0.58 mmol) and
heating of the resulting mixture to 70°C for 2 hr. The reaction mixture was cooled to room
temperature and diluted with ethyl acetate (6 mL), washed with water (3x5 mL) and brine
(3 mL). The combined organic layer was dried over Na>SQg, filtered, and concentrated in
vacuo. The crude residue was purified by silica gel column chromatography (0 to 3%
methanol/dichloromethane) to yield the title product (185 mg, 75%) as a brown foam. 'H
NMR (500 MHz, CDCl3) 6 8.34 (br s, 1H, H-8"), 8.00 (m, 2H, H-4', H-5"), 7.79 (t, /= 7.8
Hz, 1H, H-2"), 7.62 (t,J= 7.6 Hz, 1H, H-3"), 7.54 (t,J= 8.1 Hz, 1H, H-7"), 7.37 (t, /= 8.2
Hz, 1H, H-6"), 5.05 (d, /= 11.7 Hz, 1H, H-1a), 4.94 (h, 6.3 Hz, 2H, -CH(CH3)2), 4.71 (d,
J=11.7 Hz, 1H, H-1b), 4.08 (s, 3H, -CH3), 3.85 (dd, /= 12.3, 7.0 Hz, 1H, H-3a), 3.36 (dd,
J=12.3,9.7 Hz, 1H, H-3b), 2.98 — 2.87 (m, 2H, H-5), 2.15 (d, /= 12.4 Hz, 2H, H-7), 1.19
— 1.10 (m, 9H, -CH(CH3)>), 1.07 (d, J = 6.3 Hz, 3H, CH(CH3);). *C NMR (126 MHz,
CDCl3) 6 170.5 (CO), 170.4 (CO), 140.2 (C-1"), 135.9 (C-4a’), 133.1 (C-4"), 130.6 (C-4"),
129.0 (C-2"), 127.2 (C-3"), 124.8 (C-7"), 123.6 (C-6"), 122.4 (C-8a’), 122.0 (C-4a’), 120.5
(C-82’), 119.4, 79.5 (C-1), 69.6 (-CH(CHs)2), 58.4 (C-3), 57.1 (CHs), 47.8 (C-4), 42.0 (C-
6),39.0 (C-7), 38.0 (C-5), 21.5 (-CH(CH3)2), 21.4 (-CH(CH3),), 21.4 (-CH(CH3s)2). HRMS

(ESI) m/z: [M + H]" Calcd for C2sH33N204425.2435; Found 425.2445.
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N-[(2-Methoxypyridin-4-yl)methyl] N’-[(naphthalen-1-yl)methylamino]-2-

azaspiro[3.3]heptane-6-carboxamide (47).

i-PrOOC

i-PrOOC)QE\
.
N~ a,b

N

Reagents and conditions: (a) NaOH, H3O", rt, 12 hr (b) (2-Methoxypyridin-4-

yl)methanamine, CDI, THF, rt to 70°C, 2.5 hr.

Diisopropyl N-[(naphthalen-1-yl)methylamino]-2-azaspiro[3.3]heptane-6,6-dicarboxylate
46 (60 mg, 0.14 mmol) and methanol (0.2 mL), and 2 M aqueous NaOH (0.6 mL) were
stirred at 20°C for 12 hr. The reaction mixture was then acidified by 3 N HCl to pH 3 and
then extracted with diethyl ether (4x1 mL). The combined organic layer was dried over
NaxSOq, filtered, and concentrated in vacuo. The crude mixture was dissolved in dry THF
(1.6 mL) and treated with 1,1'-carbonyl diimidazole (30.5 mg, 0.19 mmol) in two portions.
The resulting mixture was stirred at 20°C for 2 h, then was treated with (2-methoxypyridin-
4-yl)methylamine (16.2 pL, 0.13 mmol) and the temperature increased to 70°C for 0.5 hr.
After cooling to 20°C the mixture was concentrated in vacuo, dissolved in ethyl acetate (2
mL), washed with saturated aqueous NaHCOs3 (1 mL), dried over Na»SOs, filtered,
concentrated under reduced pressure to give a residue, which was purified by column
chromatography on neutral alumina (50 to 100% ethyl acetate/hexane) to furnish the title
product (43 mg, 73%, 2 steps) as a colorless syrup. '"H NMR (500 MHz, CD;0D) § 8.63

(brs, 1H, H-8'), 8.37 (d, J= 7.9 Hz, 1H, H-6"), 8.14 (d, J = 8.2 Hz, 1H, H-5"), 8.10 (d, J =
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11.9 Hz, 1H, H-4'), 8.00 (dd, J=5.4, 3.3 Hz, 1H, H-3"), 7.79 (q, J = 7.3 Hz, 1H, H-6'), 7.72
—7.65 (m, 2H), 7.62 (td, J = 8.1, 3.3 Hz, 1H), 7.03 (s, 1H, H-3"), 6.81 (t, J= 5.1 Hz, 1H),
6.63 (s, 1H), 5.03 (d, J= 11.4 Hz, 1H, H-1a), 4.62 (t, J= 11.5 Hz, 1H, H-1b), 4.31 (s, 2H,
NHCH.), 3.95 — 3.83 (m, 6H, -NCH;, -OCHj), 3.78 (dd, J = 17.7, 12.5 Hz, 1H, H-3a),
3.48 (dd, J = 21.5, 12.5 Hz, 1H, H-3b), 3.22 — 3.08 (m, 1H, H-6), 2.73 (td, J = 10.0, 9.1,
5.3 Hz, 1H, H-5),2.68 — 2.59 (m, 1H, H-5), 2.41 — 1.99 (m, 2H, H-7). °*C NMR (126 MHz,
CD;0D) § 175.5 ((CONH), 164.8 (C-2"), 151.5 (C-4"), 146.5 (C-6"), 142.4 (C-1'), 136.1
(C-4a'), 132.7 (C-8a"), 130.0, 128.2, 126.9, 124.6, 123.0, 121.7 (C-8'), 119.9 (C-6"), 115.5,
108.3, 80.4 (C-1), 80.3, 58.0 (C-3), 57.6, 52.7 (-OCHj), 41.6 (-NHCH.), 35.6 (C-5), 33.6
(C-6), 33.2 (C-7). HRMS (ESI) m/z: [M + H]" Calcd for CosHaoN4O, 417.2285; Found

417.2292.

tert-Butyl (R)-3-[(1’-(Naphthalen-1’-yl)ethyl]carbamoyl)azetidine-1-

carboxylate(48).}

>
R

o NH, N\[(C/
2
,{LOH CDI, DCM, r.t. 9" 1on 1" o
+ " "
solinndts e
- .
™7

8"

A stirred solution of 1-(fert-butoxycarbonyl)azetidine-3-carboxylic acid® (1.57 g, 7.8
mmol) in anhydrous DCM (15 mL) was treated with 1,1’-carbonyl diimidazole (2.53 g,
15.6 mmol) and stirred for 1 hr at r.t. After such time, (R)-1-(1-naphthyl)ethylamine (3.75
mL, 23.4 mmol) was added and stirring continued for 1 hr at r.t. The reaction mixture was
then filtered and the filtrate diluted with EtOAc (60 mL) and subsequently quenched via
addition of H>O (30 mL). The layers were separated and the aqueous layer re-extracted

with EtOAc (20 mL, 3X). The organic layers were combined and dried over Na>SOs,
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filtered, and concentrated in vacuo. The residue obtained was subjected to flash column
chromatography on silica (eluent: 40:60 EtOAc:Hexanes) to afford the title compound
(2.15 g, 6.07 mmol, 78%) as a yellow oil. Rr= 0.70 (60:40 EtOAc:Hexanes; CAM). [o]p?!
=+46.0 ° (c = 1.0, CHCl3). '"H NMR (500 MHz, CDCl3):  8.04 (d, /= 8.3 Hz, 1H, H-9""),
7.88 — 7.82 (m, 1H, H-6""), 7.79 (d, J = 7.7 Hz, 1H, H-4""), 7.57 — 7.43 (overlapping m,
4H, H-8’, H-7’, H-2”’, H-3""), 5.96 — 5.90 (m, 1H, H1"), 5.83 (s, 1H, NH), 4.13-3.89
(overlapping m, 4H, azetidine CH>’s), 3.07 (dt, /= 8.5, 6.0 Hz, 1H, azetidine CH), 1.68 —
1.63 (m, 3H, CH3-H-2"), 1.41 (s, 9H, CH3-Boc). *C NMR (126 MHz, CDCls): § 170.5
(C=0), 156.3 (C=0-Boc), 137.9 (C-1""), 134.1 (C10”’), 131.2 (C5”*), 129.0 (C4*), 128.7
(C6%), 126.8 (C8”’), 126.1 (C7”’), 125.3 (C3*’), 123.4 (C9*’), 122.7 (C2"*), 79.9 (C-Boc),
44.9 (2C) (azetidine CH>), 33.5 (C-17), 28.5 (3C) (CH3 (3)-Boc), 28.0 (azetidine CH), 20.7
(CH3-C2’). HRMS (ESI) m/z: Caled for [C21H2603N2Na]" [M+Na]® 377.1836; Found

377.1832.

(R)-N-(1’-(Naphthalene-1’-yl)ethyl)azetidine-3-carboxamide (49).

H NBoc
N

\H/C/ TFA, DCM, r.t.
O

A stirred solution of fert-butyl (R)-3-[(1-(naphthalen-1-yl)ethyl]carbamoyl)azetidine-1-

carboxylate 48 (2.1 g, 5.9 mmol) in anhydrous DCM (9 mL) was treated with
trifluoroacetic acid (TFA) (9 mL, 118 mmol) and stirred at r.t. for 45 min. After such time,
the reaction mixture was washed with NaHCO; (15 mL, 1X) and the organic layers
concentrated in vacuo. The solution was then co-concentrated with toluene (20 mL, 3X) to

afford the title compound (1.05 g, 4.13 mmol, 70%) as a white solid. Rf = 0.05 (1:9
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MeOH:DCM; CAM). [a]p?! = +32.0 ° (¢ = 1.0, CHCI3). 'H NMR (500 MHz, CDCl3): &
8.74 (s, 1H, NH), 7.90 (dd, J = 8.5, 3.2 Hz, 1H, H-9""), 7.78 (dd, J = 8.2, 3.1 Hz, 1H, H-
6’’),7.72 (dd, J=8.4,3.2 Hz, 1H, H-4""), 7.51 — 7.34 (m, 4H, H-8*’, H-7"’, H-2"’, H-3""),
7.23(dd,J=7.3,3.4Hz, 1H,NH), 5.65 (dt,J=9.6, 6.3 Hz, 1H, H-1"), 4.21 (s, 1H, azetidine
CH»), 4.07 (s, 1H, azetidine CH>), 3.82 (d, J = 31.8 Hz, 2H, azetidine CH>), 3.64 (q, J =
8.2 Hz, 1H, azetidine CH), 1.55 (dd, J= 7.3, 3.8 Hz, 3H, CH3-H-2"). ’*C NMR (126 MHz,
CDCl): 6 169.9 (C=0), 138.0 (C1”"), 133.9 (C10’*), 130.4 (C5’), 129.3 (C4>’), 128.5
(C67%), 126.9 (C8*), 126.2 (C7*), 125.7 (C3”), 122.3 (2C) (C9”’, C2”’), 48.9 (azetidine
CH>), 46.4 (azetidine CH»), 35.9 (C1°), 27.7 (azetidine CH), 21.1 (CH3-C2’). HRMS (ESI)

m/z: Calcd for [C16H19ON2]" [M+H]" 255.1492; Found 255.1488.

(R)-1’-(2’-Methyl-5’-nitrobenzoyl)-N-(1"’-(naphthalene-1"-yl)ethyl)azetidine-3-

carboxamide (50).

H NH
N\[(C/ DIPEA, DCM, 0°C
o) ’
sy

@)LQ g

NO,

A stirred solution of (R)-N-(1’-(naphthalene-1’-yl)ethyl)azetidine-3-carboxamide 49 (700
mg, 2.75 mmol) in anhydrous DCM (8 mL) was treated with DIPEA (1.9 mL, 10 mmol) at
0 © and stirred for 10 min. After such time, 2-methyl-5-nitrobenzoyl chloride (547 mg, 2.75
mmol) was added portion-wise and the solution was stirred for 20 min. After such time,
the reaction mixture was filtered, and the solids washed with DCM (10 mL, 3X). The
filtrate was then concentrated in vacuo and the residue obtained was subjected to flash

column chromatography on silica (1:9 MeOH:DCM) to afford the title compound (688 mg,
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1.65 mmol, 60%) as an orange solid. R¢= 0.30 (1:9 MeOH:DCM; CAM). [a]p?' = +69.0 °
(c = 1.0, CHCI3). '"H NMR (500 MHz, CD;0D): § 8.21 — 8.13 (m, 2H, H-6’, H-4"), 8.07
(dd,J=12.1,8.4 Hz, 1H, H-9""), 7.83 (dd, /= 8.0, 1.5 Hz, 1H, H-6"""), 7.76 (dd, /= 17.2,
8.2 Hz, 1H, H-4°"’), 7.54-7.38 (m, 5H, H-2>*’, H-3*"’, H-7""’, H-8"*’, H-3"), 5.83 (qd, J =
7.0, 2.3 Hz, 1H, H-1""), 4.37 (m, 1.5, azetidine CH>), 4.14 (dd, J = 5 Hz, 0.5H, azetidine
CH»), 4.10 (d, J = 7.2 Hz, 1H, azetidine CH>), 4.04 (t, J = 8.8 Hz, 0.5 H, azetidine CH>),
3.94 (dd, J =9.0, 5.6 Hz, 0.5 H, azetidine CH>), 3.45 (dddd, J=11.6, 8.6, 5.6, 3.6 Hz, 1H,
azetidine CH), 2.44 (s, 3H, CHs-aryl), 1.58 (dd, J = 11.7, 6.9 Hz, 3H, CH3-H-2"").* 13C
NMR (126 MHz, CD30D): § 172.7 (C(O)NR2), 170.6 (C(O)NHR), 147.5 (C5’), 144.9
(C2%), 140.0 (C1’), 135.9 (C-1"""), 135.5 (C10’*"), 133.2 (naphthalene C), 132.2 (C5°"’),
129.9 (C6°”’), 129.1 (C4’”’), 127.3 (naphthalene C), 126.8 (naphthalene C), 126.4
(naphthalene C), 125.5 (C6’), 124.0 (C9°*’), 123.5 (naphthalene C), 122.8 (C4’), 54.8
(azetidine CH>), 52.3 (azetidine CH>), 46.2 (C17’), 34.1 (azetidine CH), 21.3 (C2”’), 19.5
(CHz-aryl).* HRMS (ESI) m/z: Calcd for [C24H2304N3Na]" [M+Na]* 440.1581; Found
440.1571. *Where doubling of '3C resonances is seen in the azetidine only one signal is

reported.” 10

(R)-1’-(5’-Amino-2’-methylbenzoyl)-V-(1°’-(naphthalene-1""-yl)ethyl)azetidine-3-

caboxamide (51).

H N Pd/C, H, (balloon)
N
dioxane, r.t.
CO

To a stirred solution of (R)-1’-(2’-methyl-5’-nitrobenzoyl)-N-(1"’-(naphthalene-1"’-

yl)ethyl)azetidine-3-carboxamide 50 (120 mg, 0.29 mmol) in dioxane (6 mL) was added
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Pd/C (10% wt) (12 mg, 0.11 mmol). The vessel was purged with H (3X), after which, H»
was allowed to continuously flow into the stirred vessel for 12 hr. After such time, the
reaction mixture was filtered over Celite and washed with MeOH (10 mL). The filtrate was
concentrated in vacuo and the residue obtained was subjected to flash column
chromatography on silica (eluent: 10:90 MeOH:DCM — 100:0 MeOH:DCM) to afford the
title compound (92 mg, 0.24 mmol, 82%) as a pink solid. R¢ = 0.05 (1:9 MeOH:DCM).
[a]p?! = +60.0 ° (¢ = 1.0, CHCl3). 'H NMR (500 MHz, CD30D): § 8.07 (t, /= 10.0 Hz,
1H, H-9""), 7.91 - 7.83 (m, 1H, H-6°""), 7.78 (dd, /= 11.3, 8.2 Hz, 1H, H-4"""), 7.56-7.39
(m, 4H, H-2>’, H-3"*’, H-8"*’, H-7"""), 6.97 (t, /= 8.8 Hz, 1H, H-3"), 6.68 (tt, /= 8.1, 2.4
Hz, 1H, H-4"), 6.59 (dd, J = 16.6, 2.3 Hz, 1H, H-6’), 5.83 (q, /= 7.0 Hz, 1H, H-1""), 4.23
(dd, J=30.3, 8.3 Hz, 1.5H, azetidine CH»), 4.11 (t, J = 6.2 Hz, 1H, azetidine CH>), 4.04
(t, J= 8.9 Hz, 0.5H, azetidine CH>), 3.95 (d, J = 7.2 Hz, 1H, azetidine CH>»), 3.40 (q, J =
7.5, 6.7 Hz, 1H, azetidine CH), 2.18 (dd, J = 12.4, 2.0 Hz, 3H, CH3-aryl), 1.62 — 1.55 (m,
3H, CH3-H2”’).* 3C NMR (126 MHz, CD30D): § 173.9 (C(O)NR3), 172.8 (C(O)NHR),
146.9 (C5”), 140.1 (C1”), 135.5 (C-1"""), 134.8 (C10°*"), 132.6 (C3’), 132.2 (C-5"""), 129.9
(C6°*), 129.0 (C4°*’), 127.3 (naphthalene C), 126.8 (naphthalene C), 126.4 (naphthalene
C), 124.9 (C2’), 124.0 (C9’’), 123.5 (naphthalene C), 118.2 (C4’), 114.1 (C6’), 54.8
(azetidine CH>), 52.0 (azetidine CH>), 46.2 (C1°’), 33.9 (azetidine CH), 21.4 (C2”’), 18.2
(CHz-aryl).* HRMS (ESI) m/z: Caled for [C24H2602N3]" [M+H]" 388.2019; Found

388.2015.

*As a result of the dynamic conformational assembly about the azetidine ring due to
pyramidalization, doubling of '3C resonances and splitting of azetidine protons was

observed. Where doubling of '3C resonances appear, one signal is reported.” 1
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7-Phenyl-2-tosyl-6,8-dioxa-2-azaspiro[3.5]|nonane (53).

MsQO
TsNH, 5 & & 9 4 6" 5"
o) Kl 1 o I
DMF 3 2 4 5 3 O »
A

A stirred suspension of NaH (60 % dispersion in mineral oil) (262 mg, 6.57 mmol) in
anhydrous DMF (20 mL) was treated with KI (43.6 mg, 0.263 mmol) followed portion-
wise by TsNH> (495 mg, 2.89 mmol) and then was stirred for 0.5 hr at 20°C. 2-Phenyl-1,3-
dioxane-5,5-diyl)bis(methylene) dimethanesulfonate 52'! (1g, 2.63 mmol) was then added
and the reaction mixture stirred overnight (16 h) at 140°C. After cooling to room
temperature, the reaction then was quenched with brine (20 mL) and the reaction mixture
was extracted with Et2O (3%30 mL). The combined organic layers were washed with brine
(60 mL), dried over MgSQs, and concentrated to dryness. The crude product was purified
by flash column chromatography over silica gel (eluent: hexanes : EtOAc (EtOAc, 0 — 30
%)) to give the title compound as a white solid (550 mg, 58 %). Rr0.36 (hexanes : EtOAc
7 : 3 (v/v); UV). 'TH NMR (500 MHz, DMSO-d6) & 7.76 (d, J= 8.2 Hz, 2H, H-6"*, H-2""),
7.52 (d, J=8.0 Hz, 2H, H-3"’, H-5""), 7.33 (s, SH, C¢HsCH), 5.38 (s, 1H, CsHsCH ), 3.74
(d, J=8.8 Hz, 4H, 2xH-9, 2xH-5), 3.66 (d, J = 11.2 Hz, 2H, H-1, H-3 ), 3.36 (s, 2H, H-1,
H-3)!, 2.44 (s, 3H, CH3). *C NMR (126 MHz, DMSO-d6)  144.8 (C-4°), 138.4 (C-1"),
131.3 (C-1""), 130.6 (C-3", C-5""), 129.3 (C-5°, C-3°), 128.8 (C-4"), 128.5 (C-6"’, C-2""),
126.6 (C-6’, C-2’), 100.7 (PhCH), 72.5 (C-9), 60.2 (C-3), 53.8 (C-1), 32.1 (C-4), 21.6

(CH3). HRMS (ESI) m/z: Calcd for C19H21NNaO4S [M+Na]* 382.1089; Found 382.1072.

! Peak overlaps with residual signal of DMSO-d6
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(1-Tosylazetidine-3,3-diyl)dimethanol (54).

1' 2 2" 311
o 90% aq. TFA  HO 1 Q
NTs > 3 N—S— —
o) CH20|2 HO n1 4
0 oC 1" 4 O 6" 5"

7-Phenyl-2-tosyl-6,8-dioxa-2-azaspiro[3.5]nonane 53 (500 mg, 1.39 mmol) was dissolved
in CH2Cl> (20 mL) and the reaction mixture was cooled down to 0°C before TFA (90% aq.
solution) (4 mL) was added and the reaction mixture was stirred for 1.5 hr at 0°C. After
completion of the reaction, detected by LCMS, the reaction mixture was concentrated to
dryness and the crude product was purified by flash column chromatography over silica
gel (eluents: hexanes : EtOAc (EtOAc, 0 — 30 %); CH2Cl> : MeOH (MeOH 0 — 20 %))
to give the title compound as a colorless syrup (270 mg, 71 %). Ry 0 (hexanes : EtOAc 7 :
3 (v/v); CAM). 'HNMR (500 MHz, CD30D) & 7.77 - 7.71 (m, 1H, H-2""), 7.71 — 7.65 (m,
1H, H-6"), 7.43 (d, J= 8.0 Hz, 1H, H-3"), 7.30 (d, /= 8.1 Hz, 1H, H-5""), 3.49 (s, 2H, H-
1%), 3.38 (s, 2H, H-17), 2.43 (s, 2H, H-2), 2.37 (s, 2H, H-4)."*C NMR (126 MHz, CD30D)
0 144.4 (C-1), 131.6 (C-4""), 129.7 (C-37’, C-57"), 128.3 (C-2"°, C-4"’), 62.8 (C-4), 54.2
(C-2), 39.7 (C-3), 35.7 (C-17), 30.4 (C-17), 20.3 (CH3). HRMS (ESI) m/z: Calcd for

C12H17NNaO4S [M+Na]* 294.0776; Found 294.0763.
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(R)-2-(1-(Naphthalen-1-yl)ethyl)-6-tosyl-2,6-diazaspiro[3.3]heptane (55).

Tf,0

HO DIPEA
NTs 5"
HO NH,

0°C

(1-Tosylazetidine-3,3-diyl)dimethanol 54 (250 mg, 0.921 mmol) was dissolved in
anhydrous MeCN (3 mL) and the reaction mixture was cooled down to 0°C with stirring.
Subsequently, T£,0 (324 uL, 1.93 mmol) was added followed dropwise by DIPEA (400
puL, 2,39 mmol). After formation of the ditriflate (15 min), detected by LCMS, further
DIPEA (400 puL, 2,39 mmol) was added dropwise followed by slow addition of (R)-1-
(naphthalen-1-yl)ethan-1-amine (147 pL, 0.921 mmol). The reaction mixture then was
stirred for 10 min at 0°C and then refluxed for 3 hr. After completion, detected by LCMS,
the reaction mixture was quenched with sat. aq. NaHCO; (10 mL) and extracted with
EtOAc (3%x20 mL). The combined organic layers were washed with brine (50 mL), dried
over MgSOQs, and concentrated to dryness. The crude product was purified by flash column
chromatography over silica gel (eluent: hexanes : EtOAc (EtOAc, 0 — 30 %)) to give the
title compound as white solid 260 mg (70 %). Ry 0.56 (hexanes : EtOAc 7 : 3 (v/v); UV).
[a]p?®22 - 9.6 (¢ 7.5, CHCl3). '"H NMR (500 MHz, CDCls) & 8.64 — 8.58 (m, 1H, H-8""),
8.09 — 7.94 (m, 1H, H-5"’), 7.88 (d, J = 8.0 Hz, 1H, H-4"* ), 7.81 (d, J = 8.2 Hz, 1H, H-
7°), 7.68 —7.60 (m, 2H, H-2""*, H-6"""), 7.58 — 7.44 (m, 2H, H-3"’, H-2""), 7.40 — 7.28 (m,
3H, H-3"’, H-5""’, H-6""), 3.25 (s, 2H, H-5, H-6), 3.16 (s, 2H, H-5, H-6 ), 2.95 (d, /= 1.1

Hz, 2H, H-4, H-2), 2.87 (d, /= 1.1 Hz, 2H, H-4, H-2), 2.40 (s, CH3), 1.50 (d, J = 6.5 Hz,
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3H, H-1), 1.35-1.31 (m, 1H, H-2"). 3C NMR (126 MHz, CDCl3) 6 149.1 (C-1"""), 144.5
(C-4’"), 133.4 (C-4a”), 131.1 (C-8a”’), 130.8 (C-1"), 129.9 (C-3"’, C-5"""), 129.6 (C-
4),129.4 (C-5""),128.4 (C-2>",C-6"""), 128.2 (C-7""), 126.0 (C-6"), 125.9 (C-3""), 124.0
(C-8), 121.8 (C-2""), 61.7 (C-4, C-2), 59.7 (C-27), 45.9 (C-6,C-5), 31.8 (C-3), 21.6 (C-
2%), 20.7 (C-1"). HRMS (ESI) m/z: Caled for C24H27N20,S™ [M+H]" 407.1788; Found

407.1775.

(R)-(6-(1-(Naphthalen-1-yl)ethyl)-2,6-diazaspiro[3.3]heptan-2-yl)(pyridin-3-

y)methanone (56).

sonication
N<><>NTS 20 °C
CO 2.nicotinic acid

EDCI
HOBt
DIPEA
CH,Cl,

0°C - 20°C

A stirred solution of (R)-2-(1-(naphthalen-1-yl)ethyl)-6-tosyl-2,6-diazaspiro[3.3 Jheptane
55 (110 mg, 0.271 mmol) in MeOH (10 mL) was treated with Mg turnings (52.5 mg, 2.17
mmol) and sonicated (40 kHz) for 1.5 hr at 20°C. After completion, detected by LCMS,
the reaction mixture was diluted with Et;O (20 mL) and filtered on Celite. The filter cake
was additionally washed with Et;O (3%20 mL), and the filtrate was dried over MgSO4 and
concentrated to dryness. The residue (80 mg, 0.317 mmol) was taken up in anhydrous
CH:Cl; (2 mL) and added at 0°C to a stirred solution of nicotinic acid (39 mg, 0.317 mmol),
EDCI (76 mg, 0.396 mmol) and HOBt (53.5 mg, 0.396 mmol) in anhydrous CH>Cl (4
mL), followed by addition of DIPEA (220 pL, 1.26 mmol). The reaction mixture then was

allowed to warm up to 20°C and was stirred for 16 hr before it was quenched with H>O (5
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mL) and extracted with CH>Cl» (3%10 mL). The combined organic layers were dried over
MgSO4 and concentrated to dryness. The crude material was purified by flash column
chromatography over silica gel (eluents: hexanes : EtOAc (EtOAc, 0 — 30 %); CH2Cl; :
MeOH (MeOH 0 — 10 %)) to give the title compound as a colorless syrup (35 mg, 36 %
over 2 steps). Rr0.50 (CH2Cl> : MeOH 99 : 1 (v/v); UV). [a]p?*?? + 4.5 (¢ 5, MeOH). 'H
NMR (500 MHz, CD3;0D) 6 8.80 (dd, J = 2.2, 0.9 Hz, 1H, H-2"""), 8.66 (dd, J = 4.9, 1.6
Hz, 1H, H-6""), 8.24 — 8.18 (m, 1H, H-4*"), 8.08 (dt, /= 7.9, 1.9 Hz, 1H, H-8""), 7.86
(dd,J=8.2,1.5Hz, 1H, H-4""), 7.75 (d, J= 8.1 Hz, 1H, H-5""), 7.59 — 7.41 (m, 5H, H-2",
H-7’,H-5""’, H-3"’, H-6""), 4.52 — 4.44 (m, 1H, 2xH-3"), 4.26 (d, J = 13.9 Hz, 2H, 2xH-
1), 3.49 — 3.39 (m, 4H, 2xH-5, 2xH-7), 2.01 (s, 1H, H-1"), 1.36 — 1.27 (m, 3H, H-2"). 3C
NMR (126 MHz, CD3;0D) & 179.0 (CO), 167.8 (C-6’""), 151.1 (C-2""), 148.1 (C-3"""),
138.2 (C-4a”’), 136.1 (C-8a”’), 134.2 (C-1""), 131.2 (C-4"""), 129.4 (C-4""), 128.7 (C-5"),
127.3 (C-7), 125.7 (C-6"), 125.3 (C-3""), 125.2 (C-5""), 123.8 (C-8"), 122.7 (C-2""),
62.8 (C-1), 62.7 (C-3), 58.8 (C-5, C-7), 32.9 (C-4), 22.9 (H-17), 19.4 (H-2’). HRMS (ESI)

m/z: Calcd for C23H24N30 [M+H]" 358.1914; Found 358.1902.
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(2-tert-Butyloxycarbonyl)-3,6-dihydro-2H-1,2-0xazin-4-methanyl 4-methylbenzoate
(60) and (2-tert-Butyloxycarbonyl)-3,6-dihydro-2H-1,2-0xazin-5-methanyl 4-

methylbenzoate (61).
0] 0]
2 2
‘/j/\o/uw©3\ (j/\o)J\©3\
Boc” N ~0 6 4 O-N 6 4
5 ! 5
Boc

A mixture of 2-(tert-butyldimethylsilylmethylene-3-buten-1-0l) 57'2 (0.080 g, 0.4 mmol)
and p-toluenesulfonic acid (13.8 mg, 0.08 mmol) were dissolved in moist acetonitrile (2
mL) and heated to reflux until completion (1 hr). After cooling to room temperature,
saturated aqueous NaHCO3; was added dropwise until the effervescence stopped. The
resultant suspension was diluted with DCM (3 mL) and extracted with saturated aqueous
NaHCOs; (3 mL). The organic layer was separated, dried on Na>xSO4 and filtered. The
filtrate was then immediately transferred into a reaction flask containing N-Boc-
hydroxylamine (0.079 g, 0.60 mmol) and the resulting stirred solution was cooled to 0°C
before a solution of BusNIO4 (0.2 g, 0.047 mmol) in DCM (1 mL) was added dropwise
over 1 hr at 0°C. The reaction mixture was allowed to stir at 0°C for 2 hr and then at room
temperature for an additional 2 hr before saturated aqueous Na>S>03 (3 mL) was added.
The aqueous phase was extracted with DCM (2 x 5 mL), the combined organic phases
were washed with brine (10 mL), dried over Na,SOs, filtered, and concentrated, and the
residue was purified by column chromatography over silica gel with EtOAc:Hexane
(30:70) as the eluent to give an inseparable (1:6.3) mixture of two regiosomeric oxazines

58 and 59 (0.045 g, 48 % combined yield). HRMS (ESI) (m/z): Caled for Ci0H17NO4Na
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[M+Na]* 238.1049; Found 238.1044. The major isomer was 2-tert-butyloxycarbonyl-5-
(hydroxymethyl)-3,6-dihydro-2H-1,2-oxazine 59 and had 'H NMR (500 MHz, CDCls) &
5.85-5.78 (m, 1H, CH=C), 4.45 (q, J = 2.4 Hz, 2H, CH»-O-N), 4.11 (d, J = 3.4 Hz, 4H,
CH>-OH, CH»-N), 1.50 (s, 9H, (C(CH3)3); *C NMR (126 MHz, CDCl3) § 154.8 (N-CO),
135.7 (C=CH), 118.2 (CH=C), 81.7 (C(CHs)3), 68.5 (CH2-N-0), 63.1 (CH2-OH), 44.6 (O-

N-CH,), 28.3 (CHs)s.

The above (6.3:1) mixture of regioisomeric oxazines 58 and 59 (40 mg, 0.18 mmol) and
pyridine (29 mg, 0.37 mmol) was dissolved in DCM (2 mL), cooled to 0°C and a solution
of p-toluoyl chloride (31 mg, 0.20 mmol) in DCM (1 mL) was added dropwise with stirring
over 5 min. The reaction mixture was stirred at room temperature for 1 hr and then was
diluted with 5 mL of DCM and washed with saturated aqueous NaHCO3, brine and H»O.
The organic layer was dried on Na>SO4 and evaporated under reduced pressure and the
residue was subjected to column purification over silica gel eluting with EtOAc:hexane
(20:80) to afford (2-fert-butyloxycarbonyl)-3,6-dihydro-2H-1,2-oxazin-4-methanyl 4-
methylbenzoate 60 (7 mg, 11%) and (2-tert-butyloxycarbonyl)-3,6-dihydro-2H-1,2-

oxazin-5-methanyl 4-methylbenzoate 61 (49 mg, 82%) both as colorless oils.

(2-tert-Butyloxycarbonyl)-3,6-dihydro-2H-1,2-oxazin-4-methanol 4-methylbenzoate
60: '"H NMR (500 MHz, CDCl3) & 7.92 (d, J = 8.2 Hz, 2H, H2,H6), 7.23 (d, J = 8.0 Hz,
2H, H3, H5), 5.99 — 5.94 (m, 1H, CH=C)), 4.78 (d, J= 1.8 Hz, 2H, CH>-O-N), 4.45 (dq, J
=2.6, 1.3 Hz, 2H, CH>-N-0), 4.15 (q, J = 2.3 Hz, 2H, CH>-O-CO-Tol), 2.40 (s, 3H, (CHzs-
Tol), 1.48 (s, 9H, C(CH3)3); *C NMR (126 MHz, CDCl;3) & 166.3 (O-CO), 155.0 (N-CO),

144.1 (C4), 130.2 (C1), 129.8 (C2), 129.3, 127.1 (C3), 123.0, 82.0 (C(CHs)s), 67.7 (CHa-
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O-N), 65.1 (CH2-O-CO), 46.0 (CH>-N-O), 29.8, 28.4 (CH3-C4), 21.8 (C(CH3)3; HRMS

(EST) (m/z): Calcd for C1sH23NOsNa [M+Na]* 356.1468; Found 356.1465.

(2-tert-butyloxycarbonyl)-3,6-dihydro-2H-1,2-oxazin-5-methanol 4-methylbenzoate
61: 'H NMR (500 MHz, CDCl3) 4 7.90 (dd, J= 7.9, 1.7 Hz, 2H, H2,H6), 7.29 — 7.17 (m,
2H, H3, HS), 5.95 (td, J= 3.3, 1.7 Hz, 1H, CH=C), 4.75 (s, 2H, CH>-O-N), 4.48 (t, J=2.1
Hz, 2H, CH>-O-CO), 4.16 — 4.07 (m, 2H, CH>-N-0O), 2.40 (d, J = 1.4 Hz, 3H, CH5-C4),
1.49 (d, J = 1.7 Hz, 9H, C(CHs3)3); '3C NMR (126 MHz, CDCl3) 8 166.2 (O-CO), 154.9
(N-CO), 143.9 (C4), 131.5 (C1), 129.6 (C2), 129.1, 126.9 (C3), 121.6, 81.8 (C(CH3)3),
68.6 (CH2-O-N), 64.3 (CH>-O-CO), 44.7 (CH>-N-O), 28.2 (CH;-C4), 21.6 (C(CH3)3;

HRMS (ESI) (m/z): Calcd for Ci1sH23NOsNa [M+Na]" 356.1468; Found 356.1456.

tert-Butyl 5-(hydroxymethyl)-3,6-dihydro-2H-1,2-oxazine-2-carboxylate (59).

OH

A solution of 61 (0.4 g, 1.2 mmol) in MeOH (2.5 mL), was treated with K,COs3 (3.3 mg,
0.024 mmol), and stirred at room temperature until completion (4 hr). The solvents were
evaporated under vacuum and the residue was dissolved in DCM (5 mL), filtered and
concentrated under reduced pressure. The residue was purified by column chromatography
over silica gel eluting with EtOAc:Hexane (40:60) to give the title compound (0.220 g,
85%) as an oil. '"H NMR (600 MHz, CDCl3) 6 5.79 (s, 1H, CH=C), 4.43 (d, J=2.2 Hz, 2H,
CH»0), 4.08 (s, 4H, CH>-N, CH,OH) 1.49 (s, 9H, C(CHs3)3); 3*C NMR (151 MHz, CDCl3)

5 155.0 (CO), 135.8 (C=CH), 117.9 (C=CH), 81.9 (C(CH3)3), 68.7 (CH»-OH), 62.9 (CH>-
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0), 44.6 (CH2-N), 28.3 (C(CHz3)3); HRMS (ESI) (m/z): Calcd for CioH17NO4Na [M+Na]*
238.1049; Found: 238.1046.
2-(tert-Butoxycarbonyl)-3,6-dihydro-2H-1,2-oxazine-5-carboxylic acid (62).

O~_OH

A solution of 59 (0.120 g, 0.55 mmol) in DCM (5 mL) was treated with Dess-Martin
periodinane (0.354 g, 0.83 mmol) and stirred at room temperature for 2 hr before a 1:1
solution (12 mL) of saturated aqueous NaHCO3 and saturated aqueous Na,S>03 was added.
The resulting suspension was diluted with DCM (10 mL) and stirred for 30 min before the
organic layer was separated, dried on Na;SO4 and concentrated under vacuum to afford a
crude aldehyde, which was dissolved in a mixture of THF/~-BuOH (1:1, 3 mL) and cooled
to 0°C. Water (1.5 mL) and 2-methyl-2-butene (1 mL) were added, followed by NaH>PO4
(0.472 g, 3.9 mmol) and NaClO; (0.5 g, 5.6 mmol) and the mixture was stirred at 0°C for
2 hr before it was diluted with EtOAc (30 mL) and acidified with HCI (IN, 10 mL). The
organic phase was washed with brine, dried over Na,SO4, and purified over silica gel
eluting with 2:98 MeOH:DCM to afford the title compound (0.105 g, 82%). "H NMR (600
MHz, CDCl3) 6 7.12 (t,J = 1.8 Hz, 1H, CH=C), 4.61 (d, J = 2.2 Hz, 2H, CH-0), 4.27 (d,
J = 3.0 Hz, 2H, CH>-N), 1.51 (s, 9H, C(CHs3)3); *C NMR (151 MHz, CDCl3) & 167.7
(COOH), 154.6 (CO), 136.4 (C=CH), 127.9 (C=CH), 82.4 (C(CH3)3), 67.2 (CH»-0), 45.1
(CH»2-N), 28.3 (C(CH3)3); HRMS (ESI) (m/z): Calcd for C1oH1sNOsNa [M+Na]" 252.0842;

Found: 252.0839.
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N-((2-Methoxypyridin-4-yl)methyl) 2-tert-butyloxycarbonyl-3,6-dihydro-2H-1,2-

1
Kj)kN 1| N OMe
/N\ H /N

A solution of 62 (0.1 g, 0.4 mmol) in DCM (2 mL) was treated with, N-(3-

oxazine-2-carboxamide (63).

dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) (0.108 g, 0.56 mmol),
and 1-hydroxybenzotriazole hydrate (HOBT) (0.076 g, 0.56 mmol). The suspension was
stirred for 5 min at room temperature then cooled to 0°C and treated dropwise with a
mixture of 2-methoxypyrdin-4-yl methylamine (0.078 g, 0.56 mmol) and
diisopropylethylamine (0.281 g, 2.1 mmol) in DCM (1 mL). The reaction mixture was then
allowed to warm at room temperature and stirred for additional 16 hr before it was
quenched with water (10 mL) and extracted with DCM (2 x 10 mL). The organic layers
were separated, dried over Na;SQOs4, and concentrated under reduced pressure. The residue
was purified by silica gel column chromatography eluting with EtOAc:Hexane (35:65) to
afford the title amide as an oil (0.105 g, 69%). '"H NMR (600 MHz, CDCl3) & 8.08 (d, J =
5.4 Hz, 1H, H3), 6.76 (dd, J= 5.3, 1.5 Hz, 1H, H2), 6.63 (t,J = 5.9 Hz, 1H, NHCO), 6.62
—6.60 (m, 1H, H1), 6.57 (dq, J= 3.4, 1.7 Hz, 1H, NH), 4.67 — 4.63 (m, 2H, CH>-0), 4.43
(d, J=6.1 Hz, 2H, CH»-OH), 4.18 (d, J= 3.0 Hz, 2H, CH>-N), 3.91 (s, 3H, OMe), 1.49 (s,
9H, C(CHs3)3)); *C NMR (151 MHz, CDCI3) 8 164.9 (NHCO), 164.6 (C-OMe), 154.7
(CO), 149.9 (C3), 147.2 (C1°), 132.0 (C=CH), 127.1 (CH=C), 115.6 (C2), 108.9(C1), 82.3
(C(CH3)3), 67.6 (CH2-0), 53.5 (C-OMe), 44.4 (CH2-N), 42.2 (CH2-NHCO), 28.2

(C(CH3)3); HRMS (ESI) (m/z): Calcd for C17H24N305 [M+H]* 350.1704; Found: 350.1701.
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N-((2-Methoxypyridin-4-yl)methyl) 2-tert-butyloxycarbonyl-2H-1,2-0xazinane-2-

1
Kj)KN 1| ~OMe
H
_N. 2SN

A solution of 63 (0.080 g, 0.22 mmol) in MeOH (2 mL) was treated with 10% Pd(C) (7

carboxamide (64).

mg) and stirred under a hydrogen atmosphere until completion (1.5 hr). The reaction
mixture was filtered through a Celite® pad and the filtrate was concentrated under reduced
pressure, and the residue purified by silica gel column chromatography eluting with
EtOAc:Hexane (1:1) to furnish the title compound as an oil (0.074 g, 92%). '"H NMR (600
MHz, CDCls) & 8.06 (d, J= 5.3 Hz, 1H, H3), 6.73 (dd, J=5.3, 1.5 Hz, 1H, H2), 6.69 (d, J
= 6.0 Hz, 1H, NHCO), 6.62 — 6.55 (m, 1H, HI), 4.36 (qd, J = 15.8, 6.0 Hz, 2H, CH,-
NHCO), 4.13 (dd, J=11.7,4.2 Hz, 1H, CH»-OH), 4.00 (dd, /= 11.8, 9.0 Hz, 1H, CH>-0),
3.94 (dt, J=13.7, 4.5 Hz, 1H, CH>-N), 3.89 (s, 3H, OMe), 3.37 (ddd, J = 13.6, 10.1, 3.5
Hz, 1H, CH>-N), 2.71 (tt, J=9.1, 4.4 Hz, 1H, CH-CO), 2.04 — 1.95 (m, 1H, CH>-CHCO),
1.94 — 1.86 (m, 1H, CH>-CHCO), 1.47 (s, 9H, C(CHs3)3)); *C NMR (151 MHz, CDCl3) §
171.8 (NHCO), 164.6 (C-OMe), 154.8 (CO), 150.0 (C3), 147.1 (C1”), 115.6 (C2), 108.8
(C1), 108.8, 82.0 (C(CH3)3), 71.9 (CH2-O), 53.4 (C-OMe), 45.0 (CH2-N), 42.1 (CH»-
NHCO), 41.5 (C-CO), 28.2 (C(CHs)3), 25.8 (CH2-CHCO); HRMS (ESI) (m/z): Calcd for

C17H25N305Na [M+Na]" 374.1681; Found: 350.1682.
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N-((2-Methoxypyridin-4-yl)methyl)-1,2-oxazinane-5-carboxamide (65).

A stirred solution of 64 (0.040 g, 0.11 mmol) in DCM (3 mL) was treated with
trifluoroacetic acid (1 mL) at room temperature and stirred for 2 h, before it was diluted
DCM (5 mL), and washed with saturated aqueous NaHCOs3 until effervescence stopped.
The organic layer was dried on Na;SO4 and evaporated to dryness to give a residue that
was subjected to flash chromatography over silica gel eluting with MeOH:DCM (2:98) to
give 65 (26.7 mg, 93%) as an oil. '"H NMR (600 MHz, CDCls) § 8.08 (d, J = 5.2 Hz, 1H,
H3),6.78 — 6.71 (m, 1H, H2), 6.58 (s, 1H, H1), 6.48 (d, J = 6.1 Hz, 1H, NH-CH>), 4.42-
4.35 (m, 2H), 4.12 (dd, J=11.9, 4.0 Hz, 1H, CH>-NHCO), 3.95 (dd, J=11.9, 8.0 Hz, 1H,
CH>-0),3.99-3.34 (m, 1H, CH>-0), 3.90 (s, 3H, MeO), 3.22 (dt,J=13.3,4.8 Hz, 1H, CH>-
N), 3.13 (ddd, J = 13.1, 8.7, 3.9 Hz, 1H, CH>-N), 2.62 (tt, J = 8.6, 4.5 Hz, 1H, CHCO),
2.12-1.90 (m, 2H, CH>-CO)); 3*C NMR (151 MHz, CDCl3) 8 172.6 (CO-NH), 164.6 (C-
OMe), 150.0 (C3), 147.2 (C1°), 115.6 (C2), 108.9 (C1), 71.9 (CH2-0), 53.5 (C-OMe), 47.1
(CH2-N), 42.1 (CH2-NHCO), 41.8 (CH-CO), 26.7 (CH2-CHCO); HRMS (ESI) (m/z):

Calcd for C12H sN3O3 [M+H]" 252.1343; Found: 252.1339.
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(£)-N-((2-Methoxypyridin-4-yl)methyl) 2-(1-(naphthalen-1-yl)ethyl)-1,2-oxazinane-

5-carboxamide (66).

7 2
a
6 X 3
5 4

A mixture of 65 (0.015 g, 0.059 mmol) and 1-acetonaphthone (0.015 g, 0.089 mmol) was
dissolved in MeOH (2 mL) and stirred at room temperature for 4 hr before it was treated
sequentially with NaCNBH3 (0.011 g, 0.17 mmol) and glacial acetic acid (0.18 g, 0.29
mmol) and stirred at room temperature for 36 hr. Saturated aqueous NaHCO3; was added
and the mixture extracted with DCM (2 x 8 mL). The combined organic layers were dried
on Na>SO4 and evaporated under reduced pressure to give an oil, which was purified by
column chromatography over silica gel eluting with 1:1 EtOAc:Hexane to afford the title
compound as a clear oil (8.3 mg, 34%) . '"H NMR (600 MHz, MeOH-d4) § 8.43 (d, J= 8.5
Hz, 1H, HS), 8.05 (dd, J=5.4, 0.7 Hz, 1H, H4"), 7.98 — 7.84 (m, 1H, HS5), 7.79 (d, /= 8.1
Hz, 1H, H4), 7.59 (d, J=7.1 Hz, 1H, H2), 7.55 - 7.42 (m, 4H, H3, H6, H7, H3"), 6.85 (dd,
J=54,14Hz 1H,HI"), 6.68 (dt,J=1.7,0.8 Hz, 1H, NH), 4.43 (d, /= 6.7 Hz, 1H, NCH),
4.35 (s, 2H, CH>-NH-CO), 4.23 —4.20 (dd, J=11.5,4.7 Hz, 1H), 4.16-4.13 (dd, J=11.5,
10.0 Hz, 1H), 3.89 (s, 3H), 2.84 (dt, J=12.0, 4.0 Hz, 1H), 2.64 (m, 1H), 2.03 (m, 1H), 1.85
(bs, 1H), 1.58-1.58 (d,J= 6.5 Hz, 3H, CH3); *C NMR (151 MHz, MeOH-d4) & 174.2 (CO-
NH), 164.8 (C-OMe), 151.5 (C4’), 146.3 (C4’), 138.7 (C1), 134.2 (C9), , 131.1 (C2"),
128.4, 127.4 (C5), 125.3, 125.1, 125.1(C4), 125.0 (C7), 124.9 (C6), 123.7(C2), 115.4

(C3%), 108.1 (C1”), 108.1, 71.1 (CH-O-N), 63.9 (CHs-CH-N), 54.4 (CH,-N-0), 52.3 (C-
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OMe)41.3 (CH2-NHCO), 29.3 (CHCO), 27.1 (CH2-CHCO), 19.2 (CH3); HRMS (ESI)
(m/z): Calcd for C24H23N303 [M+H]" 406.2092; Found: 406.2099.

3-Ethoxy-4-((2-methyl-5-nitrophenyl)amino)cyclobut-3-ene-1,2-dione (67).

A solution of diethyl squarate (2.05 mL, 13.8 mmol) and 2-methyl-5-nitroaniline (2.00 g,
13.14 mmol) in ethanol was heated under microwave irradiation to 120°C for 4 hr. The
reaction mixture was then concentrated under vacuum, suspended in ether, and filtered.
The precipitate was washed with MeCN and the filtrate was concentrated to give the title
compound (0.647 g, 2.34 mmol, 18%) as a yellow solid. "H NMR (500 MHz, CDCls) &
8.23 - 8.16 (m, 2H, H-6", H-10), 7.95 (dd, J= 8.3, 2.3 Hz, 1H, H-4"), 7.37 (d, J = 8.3 Hz,
1H, H-3"), 4.89 (q, /= 7.0 Hz, 2H, H-1"), 2.49 (s, 3H, H-7"), 1.50 (t,J= 7.0 Hz, 3H, H-2").
3C NMR (126 MHz, CDCl3) & 188.8 (C-1), 184.8 (C-2), 179.0 (C-3), 168.5 (C-4), 147.0
(C-5"), 136.1 (C-1", C-2"), 131.7 (C-3"), 120.0 (C-4"), 116.1 (C-6"), 71.1 (C-1"), 18.2 (C-
7"), 15.8 (C-2"). HRMS (ESI): m/z: Calcd for Ci3Hi3sN20s [M+H]" 277.0814; Found

277.0811.
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N-((2-Methyl-5-nitrophenyl)) N’-®-((1-(naphthalen-1-yl)ethyl))squaramide (68).

A solution of 3-ethoxy-4-((2-methyl-5-nitrophenyl)amino)cyclobut-3-ene-1,2-dione 67
(0.304 g, 1.10 mmol) and (R)-(+)-1-(1-naphthyl)ethylamine (0.19 mL, 1.2 mmol) in
ethanol (3 mL) was heated under microwave irradiation to 50°C for 15 min. The reaction
mixture was concentrated and adsorbed on Celite® followed by purification over silica gel
eluting with ethyl acetate to give the title compound (0.348 g, 0.87 mmol, 79%) as a yellow
solid. [a]p* = -140.3 (¢ = 1.0, CHCI3), '"H NMR (500 MHz, CDCI3) & 8.78 (s, 1H, NH),
8.56 (d,J=7.8 Hz, 1H, NH"), 8.24 (d, /= 2.3 Hz, 1H, H-6"), 7.97 (d, J = 8.5 Hz, 1H, H-
9°°°),7.74 (dd, J=8.1, 1.4 Hz, 1H, H-6"""), 7.64 (d, /= 8.2 Hz, 1H, H-4"""), 7.57 (dd, J =
8.3,2.3 Hz, 1H, H-4"), 7.48 — 7.41 (m, 2H, H-2""’, H-8"""), 7.38 (t,J= 7.4 Hz, 1H, H-7"""),
7.28 (t,J=17.7Hz, 1H, H-3"""), 6.98 (d, /= 8.3 Hz, 1H, H-3"), 6.04 (p, /= 6.9 Hz, 1H, H-
1°%), 2.05 (s, 3H, H-7"), 1.70 (d, J = 6.7 Hz, 3H, H-2""). 3C NMR (126 MHz, CDCl3) §
182.6 (C-1), 181.3 (C-2), 170.9 (C-3), 162.4 (C-4), 146.7 (C-57), 137.5 (C-1"""), 137.0 (C-
17), 135.0 (C-27), 134.0 (C-5"""), 131.1 (C-3"), 130.2 (C-10""), 129.1 (C-6"""), 128.8 (C-
47, 126.6 (C-87""), 125.9 (C-7""), 125.5 (C-3"""), 123.0 (C-2"""), 122.7 (C-9°*"), 118.4
(C-4°), 115.3 (C-6°), 51.0 (C-1""), 23.1 (C-2""), 18.1 (C-7"). HRMS (ESI) m/z: Calcd for

C23H19N304Na [M+Na]" 424.1268; Found 424.1261.
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N-((5-Amino-2-methylphenyl)) N’-(R)-((1-(naphthalen-1-yl)ethyl))squaramide (69).

Palladium on carbon (10 wt%, 2 mg) was added to a solution of N-((2-methyl-5-
nitrophenyl)) N’-(R)-((1-(naphthalen-1-yl)ethyl))squaramide 68 (20 mg, 0.05 mmol) in
1,4-dioxane (1 mL) and the reaction mixture was stirred under H» at atmospheric pressure
for 2 hr followed by addition of 10% aqueous acetic acid (1.0 mL). After an additional 0.5
hr stirring, palladium on carbon (10 wt%, 6.6 mg) was added and the reaction mixture was
stirred for 1 hr before it was filtered and concentrated under vacuum. The crude residue
was then dry loaded on Celite® and purified over silica gel eluting with 0 to 10% methanol
in CH>Cl, to give the title compound (7.9 mg, 0.02 mmol, 43%) as a brown solid. [a]p> =
-88.29 (¢ = 0.3, CHCI3), '"H NMR (500 MHz, CD30D) § 8.14 (br s, 1H, H-9"), 7.89 (dd, J
=8.2, 1.4 Hz, 1H, H-6"), 7.82 (d, J = 8.2 Hz, 1H, H-4"), 7.61 — 7.53 (m, 2H, H-2", H-8"),
7.51 —7.47 (m, 2H, H-3", H-7"), 6.85 (d, J= 8.1 Hz, 1H, H-3"), 6.74 (br s, 1H, H-6'"), 6.41
(dd, J = 8.1, 2.3 Hz, 1H, H-4"), 6.24 (br s, 1H, H-1"), 2.09 (s, 3H, H-7"), 1.76 (d, J = 6.8
Hz, 3H, H-2"). 3C NMR (126 MHz, CD;0D) & 184.1 (C-1), 181.5 (C-4), 168.3 (C-2),
164.8 (C-3), 146.4 (C-5"), 138.1 (C-1"), 136.5 (C-1"), 134.3 (C-5"), 130.9 (C-3"), 130.6 (C-
10™), 128.7 (C-6"), 128.3 (C-4"), 126.4 (C-8"™), 125.7 (C-3"), 125.2 (C-7™), 122.6 (C-9™),
122.3 (C-2"), 117.5(C-2"), 112.3 (C-4"), 108.7 (C-6"), 49.8 (C-1"), 22.0 (C-2"), 15.5 (C-7").

HRMS (ESI) m/z: Calcd for C23H22N302 [M+H]" 372.1707; Found 372.1700.
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3-[N’-(Naphthalen-1-yl)-/V’-methylhydrazinyl]-4-[(2-methyl-5-

nitrophenyl)amino]cyclobut-3-ene-1,2-dione (70).

Reagents and conditions: (a) EtOH, 20°C, 16 hr.

N-Methyl-N-(1-naphthyl)hydrazine 18 (90 mg, 0.52 mmol) and 3-ethoxy-4-((2-methyl-5-
nitrophenyl)amino)cyclobut-3-ene-1,2-dione 67 (173 mg, 0.63 mmol) were taken up in
ethanol (1.7 mL) and stirred at 20°C for 16 hr. The reaction mixture was concentrated and
purified by silica gel column chromatography (20 - 60% ethyl acetate/hexane) to yield the
title product (63.1 mg, 30%) as a dark brown syrup. "H NMR (500 MHz, CDCls) § 9.64 (s,
1H, H-6"), 8.45 (s, 1H, H-8'), 8.08 (d, /= 7.9 Hz, H-5"), 7.89 (d, J = 7.9 Hz, 1H, H-4),
7.73 (m, 2H), 7.52 (m, 4H), 7.14 (d, J = 8.3 Hz, 1H), 3.40 (s, 3H, CH3), 1.90 (s, 3H, -
NCHj3). *C NMR (126 MHz, CDCl3) § 183.6 (C-1), 179.2 (C-2), 167.0 (C-3), 147.3 (C-
2),146.5 (C-5),136.7 (C-1), 134.9,134.4,131.1, 129.5, 127.0, 126.6, 126.6, 126.2, 121.6,
119.1, 116.1, 115.9, 48.3 (CH3), 17.7 (-NCH3). HRMS (ESI) m/z: [M + Na]" Calcd for

C2oH1sN4O4Na 425.1226; Found 425.1230.
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3-[N’-(Naphthalen-1-yl)-/V’-methylhydrazinyl]-4-[(5-amino-2-

methylphenyl)amino]cyclobut-3-ene-1,2-dione (71).

0
| ﬁo 6"
|‘ NO, a
N. "
N —°
H  HN

Reagents and conditions: (a) Pd/C, H», 1,4-dioxane, AcOH, 20°C, 5 hr.

To a stirred solution of 3-[N’-(naphthalen-1-yl)-N’-methylhydrazinyl]-4-[(2-methyl-5-
nitrophenyl)amino]cyclobut-3-ene-1,2-dione 70 (47.7 mg, 0.12 mmol) in a 1:1 mixture of
1,4-dioxane (1.2 mL) and 10% aqueous acetic acid (0.6 mL) was added Pd/C (6.31 mg,
0.01 mmol). The resulting mixture was stirred at 20°C under hydrogen (1 atm) for 5 h, then
was filtered and the filtrate concentrated to give a residue, which was purified by silica gel
column chromatography (20 - 60% ethyl acetate/hexane) to furnish the title product (38.4
mg, 87%) as an off-white solid. '"H NMR (500 MHz, CDCIl; + CDs0D) § 8.00 (br s, 1H,
H-8"), 7.83 (d, J=9.5 Hz, 1H, H-5"), 7.66 (d, J = 8.0 Hz, 1H, H-4"), 7.47 (m, 2H, H-6",
H-3"),7.43 (d,J=7.9 Hz, 1H, H-2"), 7.39 (t,J = 7.7 Hz, 1H, H-7"), 7.02 (br s, 1H, H-6"),
6.77 (d, J = 8.3 Hz, 1H, H-3'), 6.33 (dd, J = 8.3, 2.3 Hz, 1H, H-4"), 3.27 (s, 3H, -NCH}),
1.78 (s, 3H, -CH3). 1*C NMR (126 MHz, CDCl3 + CD3;O0D) & 182.4 (C-1), 166.7 (C-2),
146.2 (C-5"), 136.3 (C-1"), 134.9 (C-4a"), 131.3 (C-3"), 129.1 (C-8a"), 126.9 (C-5"), 126.5
(C-4"),126.5 (C-3"), 125.6 (C-2"), 122.1 (C-8"), 115.0 (C-7"), 112.2 (C-4"), 107.9 (C-6"),
47.7 (-NCHj3), 16.4 (CH3). HRMS (ESI) m/z: [M + H]" Caled for C22H20N402 373.1659;

Found 373.1680.
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N!-(2-Methyl-5-nitrophenyl) N?-(R)-(1-(naphthalen-1-yl)ethyl)oxalamide (72).

NO,

A solution of 2-methyl-5-nitroaniline (101 mg, 0.66 mmol) in CH2Cl> (3 mL) was added
to a stirred solution of oxalyl chloride (0.17 mL, 1.98 mmol) and K>.CO3 (0.273 g, 1.98
mmol) in CH>Cl, (3 mL) at 0°C. After 10 min the reaction mixture was concentrated under
vacuum and dissolved in CH>Cl> (12 mL) followed by addition of (R)-(+)-1-(1-
naphthyl)ethylamine (0.11 mL, 0.69 mmol) at 0°C. The reaction mixture was stirred for 15
min then diluted with EtOAc and washed with 1N HCI and brine. The organic layer was
dried with Na;SOs, filtered, and concentrated. The crude residue was adsorbed on Celite®
and purified over silica gel eluting with 70% to 100% CH>Cl in hexanes to give the title
compound (0.151 g, 0.40 mmol, 60%) as a white solid. [a]p>} = -59.71 (c = 0.07, CHCl5),
'"H NMR (500 MHz, CDCl3) 6 9.42 (s, 1H, NH), 8.99 (d, J = 2.4 Hz, 1H, H-6"), 8.07 (d, J
=8.5 Hz, 1H, H-9"), 7.95 (dd, J = 8.4, 2.4 Hz, 1H, H-4"), 7.90 — 7.85 (m, 2H, NH', H-4"),
7.82 (d, J= 8.2 Hz, 1H, H-6™), 7.59 — 7.54 (m, 2H, H-2", H-3"), 7.53 — 7.44 (m, 2H, H-
7", H-8"), 7.34 (d, J = 8.4 Hz, 1H, H-3"), 5.93 (qd, /= 6.9, 6.9, 1.6 Hz, 1H, H-1""), 2.42
(s, 3H, H-7"), 1.77 (d, J = 6.9 Hz, 3H, H-2"). 3C NMR (126 MHz, CDCl3) 3 158.5 (C-2),
157.7 (C-1), 147.1 (C-5"), 137.1 (C-1"), 135.4 (C-1"), 135.2 (C-2"), 134.1 (C-5"), 131.2 (C-
3", 130.8 (C-10"), 129.2 (C-4™), 128.9 (C-6™), 126.8 (C-3™), 126.1 (C-8™), 125.4 (C-7"),
122.8 (C-2"), 122.8 (C-9"), 120.2 (C-4"), 115.9 (C-6"), 46.0 (C-1"), 21.1 (C-2"), 17.8 (C-

7"). HRMS (ESI) m/z: Calcd for C21H19N304Na [M+Na]" 400.1269; Found 400.1263.
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N!-(5-Amino-2-methylphenyl) N°-(R)-(1-(naphthalen-1-yl)ethyl)oxalamide (73).

NH,

Palladium on carbon (10 wt%, 5.2 mg) was added to a solution of N’-(2-methyl-5-
nitrophenyl) N’-(R)-(1-(naphthalen-1-yl)ethyl)oxalamide 72 (33.7 mg, 0.09 mmol) in 1,4-
dioxane (2 mL) and the reaction mixture was stirred under H» for 1 hr followed by addition
of further palladium on carbon (11 mg). After an additional 1 hr of stirring glacial AcOH
(0.25 mL) was added, and the reaction mixture was stirred for 9 hr before filtration and
concentration under vacuum. The residue was adsorbed on Celite® and purified over silica
gel eluting with 25% to 100% ethyl acetate in hexanes to give the title compound (16.3 mg,
0.05 mmol, 53%) as a yellow film. [a]p?} = -40.34 (¢ = 0.7, CHCl3), 'H NMR (500 MHz,
CDCl3) 6 9.27 (s, 1H, NH), 8.09 (d, J= 8.4 Hz, 1H, H-9™), 7.92 (d, /= 8.5 Hz, 1H, NH"),
7.87 (dd, J = 8.1, 1.4 Hz, 1H, H-6"), 7.81 (d, J = 8.2 Hz, 1H, H-4"), 7.59 — 7.53 (m, 2H,
H-2", H-8"), 7.52 — 7.48 (m, 2H, H-6', H-7"), 7.46 (dd, J = 8.2, 7.2 Hz, 1H, H-3"), 6.95
(d,J=8.1 Hz, 1H, H-3"), 6.42 (dd, J=8.1,2.4 Hz, 1H, H-4"), 5.92 (dq, /= 8.5, 6.9 Hz, 1H,
H-1"), 2.22 (s, 3H, H-7"), 1.74 (d, J = 6.9 Hz, 3H, H-2"). 3C NMR (126 MHz, CDCl3) &
159.3 (C-2), 157.2 (C-1), 145.3 (C-5"), 137.4 (C-1"), 135.2 (C-1"), 134.1 (C-5"), 131.2 (C-
3", 130.9 (C-10"), 129.1 (C-6"), 128.7 (C-4™), 126.8 (C-8™), 126.0 (C-7"), 125.4 (C-3"),
122.9 (C-9™), 122.8 (C-2"), 117.7 (C-2"), 112.4 (C-4"), 107.8 (C-6"), 45.8 (C-1"), 21.1 (C-
2"), 16.5 (C-7"). HRMS (ESI) m/z: Caled for C21H21N302Na [M+Na]™ 370.1526; Found

370.1518.
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(E/Z)-2-Methyl-N'-(1-(naphthalen-1-yl)ethylidene)-5-nitrobenzohydrazide (75).

0°C —>20 °C

(E/Z)-(1-(Naphthalen-1-yl)ethylidene)hydrazine 74'3 (4 g, 21.71 mmol) was dissolved in
pyridine (3 mL) and anhydrous CH>Cl> (2 mL) and cooled down to 0°C before 2-methyl-
5-nitrobenzoyl chloride (4.77 g, 23.88 mmol) in anhydrous CH>Cl> (4 mL) was added
dropwise. The reaction mixture then was allowed to warm up to 20°C and was stirred for
15 min before it was filtered and the white precipitate was washed with cold CH>Cl, (3x10
mL) and hexanes (3x10 mL) to give a mixture of (E/Z)-isomers of the title compound as a
white solid (6.8 g, 90 %). 'H NMR (500 MHz, DMSO-d6) & 11.38 (s, 1H, NH), 11.13 (s,
1H, NH(a)?), 8.37 (d, J= 2.5 Hz, 1H, H-6""), 8.30 — 8.25(m, 2H, H-4"*, H-5"), 8.21 (d, J =
2.5Hz, 1H, H-6(a)’’), 8.08 (dd, J=8.5, 2.5 Hz, 1H, H-4(a)’’), 8.03 — 7.96 (m, 2H, H-5(a)’,
H-4%),7.92 - 7.81 (m, 3H, H-4(a)’, H-8’, H-8(a)’), 7.67 — 7.53 (m, 5H, H-3"’, H-3(a)”’, H-
7’,H-7(a)’, H-3), 7.51 — 7.39 (m, 4H, H-3(a)’, H-2’, H-2(a)’, H-6"), 7.23 (td, /= 6.8, 3.3
Hz, 1H, H-6(a)’), 2.55 (s, 3H, 3xH-1), 2.46 (s, 6H, CH3, CHs(a)), 2.38 (s, 3H, 3xH-1a).
3C NMR (126 MHz, DMSO-d6) 8 170.1 (C-5), 163.7 (C-5(a)), 157.7 (C-2), 152.0 (C-
2(a)), 145.3 (C-57"), 145.2 (C-5(a)”’), 144.5 (C-2"), 142.5 (C-2(a)*), 138.2 (C-4a’), 137.5
(C-4a(a)’), 136.7 (C-8(a)’, C-8a’), 133.4 (C-4"), 133.3 (C-4(a)’), 131.9 (C-1""), 131.3 (C-

1(a)’”), 130.0 (C-1), 129.6 (C-1(a)’) , 129.0 (C-5°, C-5(a)’), 128.4 (C-7), 128.3 (C-7(a)’),

2 a — corresponds to the second isomer
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126.6 (C-3”’, C-3(a)’’), 126.1 (C-6), 126.0 (C-6(a)’), 125.93 (C-8’), 125.88 (C-8(a)’),
125.6 (C-37), 125.3 (C-3(a)’), 125.2 (C-2’), 125.1 (C-2(a)’), 124.3 (C-4"’), 123.30 (C-
4(a)’’), 122.8 (C-6""), 121.8 (C-6(a)’’), 19.7 (CHs), 19.67 (CHs(a)), 19.2 (C-1), 18.8 (C-
1(a)). HRMS (ESI) m/z: Caled for C20HsN303 [M+H]" 348.1343; Found 348.1337.

2-Methyl-NV'-(1-(naphthalen-1-yl)ethyl)-5-nitrobenzohydrazide (76).

o)
_N. NaBH5CN

AcOH
NO, 20 °C

(E/Z)-2-Methyl-N'-(1-(naphthalen-1-yl)ethylidene)-5-nitrobenzohydrazide 75 (2.3 g, 6.62

mmol) was suspended in MeOH—THF (1 : 1, (v/v)) (20 mL) and NaBH3CN (428 mg, 6.81
mmol, 1.03 eq.) was added followed by drop-wise addition of glacial AcOH (570 uL, 9.97
mmol) until pH 4—5. The reaction mixture was stirred 16 hr at 20°C (completion was
detected by LCMS) and then quenched with 1M aq. NaOH (60 mL) and extracted with
Et,0 (3%x80 mL). The combined organic layers were dried over MgSO4 and concentrated
to dryness. The crude product was purified by flash column chromatography over silica gel
(eluent: hexanes : EtOAc (EtOAc, 0 — 30 %)) to give the title compound as a yellowish
solid (1.55 g, 67%).Rr0.49 (hexanes : EtOAc 7 : 3 (v/v); UV). 'HNMR (500 MHz, DMSO-
d6) 6 9.95 (s, 1H, NHCO), 8.32 (t,/ =4.2 Hz, 1H, H-6""), 8.13 (dd, J = 8.4, 2.5 Hz, 1H,
H-4"), 7.96 — 7.90 (m, 2H, H-8’,H-5"), 7.85 — 7.78 (m, 2H, H-4’, H-2’), 7.58 — 7.48 (m,
3H, H-6’, H-3’, H-7"), 7.46 (d, J = 8.4 Hz, 1H, H-3""), 5.58 (br s, 1H, NH-NHCO), 5.13
(g, J = 6.6 Hz, 1H, H-2), 2.25 (s, 3H, CH3), 1.49 (d, J = 6.6 Hz, 3H, H-1). 3C NMR (126

MHz, DMSO-d6) & 166.8 (C-5), 145.7 (C-5""), 144.7 (C-1""), 139.8 (C-1"), 137.0 (C-2""),
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134.0 (C-4a’), 132.4 (C-3""), 131.6 (C-8a’), 129.2 (C-4"), 127.8 (C-5"), 126.5 (C-7), 126.1
(C-6%), 126.0 (C-3"), 124.6 (C-8’), 124.3 (C-17), 123.7 (C-6"), 122.6 (C-4"’), 54.8 (C-2),
21.5 (CH3), 19.7 (C-1). HRMS-ESI: m/z calcd. for C20Hi9N3NaOs™ [M+Na]* 372.1324,

found 372.1308.

5-Amino-2-methyl-N'-(1-(naphthalen-1-yl)ethyl)benzohydrazide (77).

ZT
/
Iz

Pd/C
e o
1,4-dioxane
NO2  5pec

2-Methyl-N'-(1-(naphthalen-1-yl)ethyl)-5-nitrobenzohydrazide 76 (150 mg, 0.429 mmol)

was dissolved in 1,4-dioxane (4 mL) and Pd/C (10% wt) (27.4 mg, 0.025) was added. The
reaction mixture then was stirred for 4 hr under H, (balloon) at 20°C. After completion,
detected by LCMS, the reaction mixture was filtered through Celite and the filter cake was
additionally washed with Et,O (3%15 mL). The filtrate was concentrated to dryness and the
crude product was purified by flash column chromatography over silica gel (eluent:
hexanes : EtOAc (EtOAc, 0 — 30 %)) to give the title compound as a yellowish resin (69
mg, 51 %). Rr0.15 (hexanes : EtOAc 7 : 3 (v/v); UV). 'H NMR (500 MHz, CDCls) & 8.31
(d, J=8.3 Hz, 1H, H-8"), 7.86 (dd, J = 8.0, 1.6 Hz, 1H, H-4"), 7.79 — 7.69 (m, 2H, H-5’,
H-2%), 7.52 — 7.41 (m, 3H, H-2’, H-6°, H-3"), 7.16 (s, 1H, H-6"), 6.84 (d, /= 8.1 Hz, 1H,
H-3""), 6.47 (dd, J= 8.1, 2.5 Hz, 1H, H-4""), 6.28 (d, /= 2.5 Hz, 1H, H-6""), 5.15 (m, 1H,
H-1), 3.39 (br, 1H, NH), 2.11 (s, 3H, CH3), 1.56 (d, J = 6.6 Hz, 3H, H-2), 1.24 (br, 2H,
NH>). 3C NMR (126 MHz, CDCI3) 8 169.7 (CO), 143.9 (C-5""), 138.9 (C-2""), 134.7 (C-

4a’),134.0 (C-8a’,C-1°),131.7 (C-1°), 131.6 (C-4°), 128.9 (C-1""), 127.9 (C-57), 126.1 (C-

270



7), 125.7 (C-3""), 125.6 (C-6"), 123.8 (C-3"), 123.3 (C-8), 117.0 (C-6>), 113.7 (C-4"),
55.8 (C-1), 20.9 (CHs), 18.4 (C-2). HRMS (ESI): m/z Caled for Co0Ha1N3NaO [M+Na]*

342.1577; Found 342.1558.
5-(2-Methyl-5-nitrophenyl)-3-(1-(naphthalen-1-yl)ethyl)-1,3,4-oxadiazol-2(3H)-one

(78).

o
o
H M

N Cl,CcO” “OCCly
H NEt, ”
CC
NO2 (°c 5 20°C ¢

To a stirred solution of triphosgene (135.9 mg, 0.457 mmol) in anhydrous CH>Cl, (6 mL)

at 0°C was added 2-methyl-NV'-(1-(naphthalen-1-yl)ethyl)-5-nitrobenzohydrazide 76 (400
mg, 1.14 mmol) in anhydrous CH2Cl; (6 mL) and then, dropwise, NEt; (160 pL, 1.14
mmol). After warming to 20°C the reaction mixture was stirred for 4 hr under an Ar
atmosphere. The reaction then was quenched with H,O (20 mL), and the reaction mixture
was extracted with CH2Clz (3%x30 mL). The combined organic layers were dried over
MgSO4 and concentrated to dryness. The crude product was purified by flash column
chromatography over silica gel (eluent: hexanes : EtOAc (EtOAc, 5 — 25 %)) to give the
title compound as a yellow foam (310 mg, 72%). Rr0.20 (hexanes : EtOAc 9 : 1 (v/v); UV).
"H NMR (500 MHz, CDCls) $ 8.61 (d, J=2.5 Hz, 1H, H-6"""), 8.29 (d, /= 8.6 Hz, 1H, H-
37, 8.16 (dd, J= 8.6, 2.5 Hz, 1H, H-4"""), 7.91 — 7.83 (m, 2H, H-7’, H-6"), 7.79 — 7.74
(m, 1H, H-8""), 7.65 — 7.58 (m, 1H, H-4""), 7.56 — 7.49 (m, 2H, H-2*’, H-5""), 7.42 (d, J =
8.4 Hz, 1H, H-3""), 6.28 (q, J = 7.0 Hz, 1H, H-1), 2.66 (s, 3H, CH3), 2.02 (d, J= 7.0 Hz,

3H, CH3(H-2)). 1*C NMR (126 MHz, CDCls) 8 152.0 (C-5), 151.7 (C-2), 146.3 (C-5"""),
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144.8 (C-17"), 134.7 (C-2>"), 133.8 (C-4a°"), 132.8 (C-82°"), 130.7 (C-1°"), 129.1 (C-4""),
129.0 (C-57), 127.0 (C-77), 125.9 (C-3>"), 125.1 (C-6""), 125.0 (C-3""), 124.3 (C-8""),
123.8 (C-27), 122.8 (C-6>>"), 122.5 (C-4°"), 50.8 (C-17), 22.2 (CHz), 19.2 (C-2°). HRMS

(ESI) m/z: Calcd for C21H17N3NaO4 [M+Na]" 398.1113; Found 398.1097.

5-(5-Amino-2-methylphenyl)-3-(1-(naphthalen-1-yl)ethyl)-1,3,4-oxadiazol-2(3 H)-one

(79).

NO, Hy 7
OO 1,4-dioxane
20°C 6"

5-(2-Methyl-5-nitrophenyl)-3-(1-(naphthalen-1-yl)ethyl)-1,3,4-oxadiazol-2(3H)-one 78

(132 mg, 0.35 mmol) was dissolved in 1,4-dioxane (4 mL) and Pd/C (10% wt) (22.4 mg,
0.021 mmol) was added. The reaction mixture was stirred for 4 hr under H» (balloon) at
20°C. After completion, detected by LCMS, the reaction mixture was filtered through
Celite and the filter cake was additionally washed with Et;O (3x15 mL). The filtrate was
concentrated to dryness and crude product was purified by flash column chromatography
over silica gel (eluent: hexanes : EtOAc (EtOAc, 0 — 30 %)) to give the title compound
as a yellow syrup (70 mg, 57 %). R;0.43 (hexanes : EtOAc 7 : 3 (v/v); UV). 'HNMR (500
MHz, CDCl3) 6 8.27 (d, J = 8.6 Hz, 1H, H-8"), 7.89 — 7.79 (m, 2H, H-4"’, H-5"’), 7.76 —
7.70 (m, 1H, H-2""), 7.59 (ddd, J = 8.6, 6.8, 1.4 Hz, 1H, H-7""), 7.55 — 7.44 (m, 2H, H-
6’’,H-3""), 7.06 (d, J= 2.6 Hz, 1H, H-6"""), 7.01 (d, J = 8.2 Hz, 1H, H-3""), 6.66 (dd, J =
8.1, 2.5 Hz, 1H, H-4’""), 6.21 (q, J = 7.0 Hz, 1H, H-1"), 3.21 (s, 2H, NH>), 2.41 (s, 3H,

CHs), 1.96 (d, J = 7.0 Hz, 3H, H-2"). 3C NMR (126 MHz, CDCl5) & 153.8 (C-5) , 152.8
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(C-1), 144.3 (C-5""), 135.37 (C-2"""), 133.8 (C-4a’’), 132.6 (C-8a’’), 130.8 (C-1""), 129.0
(C-47"), 128.9 (C-57), 127.5 (C-7"’), 126.9 (C-3"""), 125.9 (C-6""), 125.2 (C-3"’), 124.3
(C-8), 123.1 (C-1"""), 122.8 (C-1"’), 117.9 (C-6’""), 114.0 (C-5""), 50.6 (C-2"), 20.9
(CH3), 19.4 (C-2’). HRMS (ESI) m/z Calcd for C21Hi19N3NaO> [M+H]" 346.1550; Found

346.1532.
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APPENDIX C

SUPPLEMENTARY MATERIAL FOR CHAPTER 5
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Table S5.1 Data collection and refinement statistics

Chicken OASL Ubl

Data collection
Space group P2,
Cell dimensions

a, b, c(A) 28.9,100.9, 55.8

a, By (9 90.0, 105.0, 90.0
Resolution (A) 28.53-2.23 (2.29-2.23)
Rimerge(%) 8.3 (103.6)
cci2 0.993 (0.775)
ViJ4 8.30 (1.30)
Completeness (%)  93.8 (80.0)
Redundancy 2.9 (2.3)
Refinement
Resolution (A) 27.9-2.23 (2.31-2.23)

No. reflections

Rwork(%)/ Rfree(%)

No. atoms
Protein
Ligand/ion
Water

B-factors
Protein
Ligand/ion
Water

R.m.s deviations
Bond lengths (A)
Bond angles (°)

13956
22.82/25.84

2556
0

60
48.8
39.2

0.007
0.85

*Highest resolution shell is shown in parenthesis.
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