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ABSTRACT

Accumulation and aggregation of intrinsically disordered proteins (IDPs), such as a-
synuclein, amyloid B, and tau, is associated with the pathogenesis of several neurodegenerative
diseases, including Parkinson’s disease and Alzheimer’s disease. The 20S proteasome is the
primary protease charged with regulating cellular levels of IDPs, but as humans age these proteins
can become dysregulated resulting in their accumulation and aggregation seen in
neurodegenerative diseases. Although the pathogenesis of these neurodegenerative diseases is still
under intense investigation, it has been shown that the oligomeric forms of IDPs, including a-
synuclein and amyloid f3, are toxic to neurons and can impair proteasome function. This leads to
additional accumulation of the IDPs, further promoting disease progression. Additionally, IDPs
released by degenerating neurons activate the native immune cells of the brain, microglia, and
induce their activation. These activated microglia release pro-inflammatory signaling molecules,
which when coupled with continued IDP accumulation and release results in chronic
neuroinflammation, contributing to further neuron degeneration.

The Tepe Lab aims to develop small molecule activators of the 20S proteasome that
enhance its ability to degrade IDPs, thus assisting in the prevention of their further accumulation
and aggregation. We propose that these small molecule 20S proteasome activators represent a
novel therapeutic method by which we may impede neurodegenerative disease progression. Here,
| report the identification of novel small molecule 20S proteasome activator scaffolds that
selectively enhance 20S proteasome activity. These activators enhance 20S-mediated degradation
of IDPs that are implicated in neurodegenerative disease development. The identification of these
novel activator scaffolds will enhance the chance of success while developing this novel

therapeutic strategy and permit development of additional analogues with promising activities and



drug-like properties.

With these activators in hand, several novel methods were developed that demonstrate the
potential of small molecule 20S proteasome activation as an innovative therapeutic strategy for
combating neurodegenerative diseases. It was demonstrated for the first time that small molecule
activators can protect against inhibition of the 20S proteasome by IDP oligomers associated with
neurodegenerative disease pathogenesis and that these oligomers can be reduced through 20S
proteasome activation in vitro. These results suggest that small molecule 20S proteasome
activation has the potential to assist in re-establishing proteostasis in diseased neurons.
Additionally, it was found that small molecule 20S proteasome activators can counteract the
accumulation of an overexpressed familial Parkinson’s disease related IDP, A53T a-synuclein, in
cells. This demonstrated that this method shows promise for translation into cellular systems. As
such, additional cellular models were conceived, and their development initiated to generate more
disease relevant models for further evaluating this method. Finally, small molecule 20S
proteasome activators were found to reduce IDP-induced release of the pro-inflammatory cytokine
TNF-o by microglia. Thus, this work begins to illuminate the great potential of small molecule
20S proteasome activators to counteract multiple IDP-driven aspects of neurodegenerative disease

pathogenesis.
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CHAPTER ONE

Proteostasis, the Proteasome and a Novel Therapeutic Strategy for Neurodegenerative
Diseases



1.1 Introduction
1.1.1 Proteostasis

The regulation of protein synthesis, folding, and degradation within a cell is collectively
known as protein homeostasis (proteostasis).! Proteostasis is maintained by a wide array of cellular
machinery (~2,000 proteins) that work in tandem to ensure that proteins are present in the proper
locations, forms, and amounts to perform their required functions.?® These processes also serve to
prevent the accumulation of redundant, misfolded or damaged proteins, which is necessary to
avoid their cytotoxic aggregation.” The maintenance of proteostasis in human cells is a
monumental task, considering the presence of over 10,000 proteins in human cells and significant
variations in proteome composition seen between cell types and tissues.® This is further
complicated by large protein-to-protein variations in terms of abundance, location, function and
half-life.%*2 Additionally, the cellular proteome is in constant flux over the lifetime of a cell, which
is necessary to permit proper cellular functions. This includes the ability of a cell to progress
through the cell cycle, differentiate, respond to extracellular signals, or signal to other cells. Each
of these processes involve transient modifications to the cellular proteome.! ' Balance must be
maintained through this constant flux in the proteome by the various components of the
proteostasis network, including protein synthesis machinery (ribosomes), protein folding
complexes (chaperones), and proteolytic systems, including the ubiquitin proteasome system
(UPS) and lysosome-autophagy system (autophagy, Fig. 1.1). >®

During protein synthesis, molecular chaperones participate in co-translational folding of
peptides as they exit the ribosome to promote proper folding into their final 3-dimensional (3D)
structure.*® * This is required for proper biological function for most proteins, apart from

intrinsically disordered proteins (IDPs), which will be discussed in more detail in a later section.



Similar chaperone proteins also assist in refolding of misfolded proteins when possible. These
activities help to prevent undesired interactions and aggregation of exposed hydrophobic regions
resulting from improper protein folding.*> *® When proteins cannot be properly refolded, are
damaged beyond repair or simply become redundant, they are recycled through the proteolytic
pathways (UPS and autophagy) to regenerate amino acids and avoid their accumulation.t”20 If
damaged, misfolded, or redundant proteins are not repaired or disposed of quickly they can
accumulate, which leads to aggregation, undesired signaling events and toxicity.*" 2123

The three main branches of the proteostasis network (synthesis, folding and degradation)
are functionally coupled to one another, allowing for constant crosstalk and rapid adaptation to
preserve the balance of proteostasis through a variety of pathophysiological states.'! 222" Despite
this, the proteostasis network is not infallible. The constant flux and complexity of the cellular
proteome, coupled with the accumulation of various internal and external stresses, inevitably result
in a decline of the capacity of the proteostasis network. The result of which, is loss of proteome
integrity and dysregulation of proteostasis.> 5 1% 2 This dysregulation of proteostasis is
responsible for many non-infectious and age-related human diseases.

The common association between proteostasis disruption and disease development,
especially in the context of age-related diseases, makes the various components of the proteostasis
network promising targets for therapeutic intervention.! 4 101228 As sych, methods that allow for
modulation of the activity of proteolytic machinery have garnered much attention.?* 2934
Specifically, the Tepe lab has developed an interest in exploring modulation of proteasome activity

as a novel route for addressing certain proteostasis-related diseases.
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Figure 1.1: Proteostasis network breakdown. During protein synthesis by the ribosomes,
nascent peptides are assisted with folding into their native conformations by molecular chaperones.
This process can generate a range of proteins with varying degrees of disorder all of which perform
key roles within a cell. Proteins that have become redundant, damaged, or misfolded, either during
initial folding or sometime thereafter, must then be degraded via autophagy or the proteasome
system. Failure to promptly remove these undesired proteins can lead to protein aggregation. Some
of these protein aggregates can be degraded through the autophagy pathway, however their
accumulation can become toxic and contribute to disease development. Created with

BioRender.com.




1.2 The ubiquitin proteasome system
1.2.1 Proteasome structural features

The UPS is the primary system responsible for selective regulation of protein levels within
a cell.*38 The UPS plays a critical role in maintaining cellular health through regulation of cell
cycle progression, genome integrity, transcriptional regulation, apoptosis, immune responses,
overall maintenance of proteostasis and other cellular processes.®® % 4 As a result, decline or
dysregulation of the UPS is associated with the pathogenesis of numerous human diseases.**’
The primary activity of the UPS centers around proteolytic cleavage of peptides by the massive
(~2,000 kDa) multi-subunit enzyme complex known as the proteasome. The proteasome exists in
multiple forms; however, the classical form is known as the 26S proteasome. The 26S proteasome
is made up of one 20S core particle (CP), often referred to as the 20S proteasome, and one or two
19S regulatory particles (RP), or caps (Fig. 1.2A).3% 4850 The 19S, 20S and 26S forms of the
proteasome are so named due to their sedimentation coefficients, as determined by density-
gradient centrifugation analysis. While a double capped proteasome (i.e., 19S-20S-19S) has a
sedimentation coefficient of 30S and a single capped proteasome (i.e., 19S-20S) of 26S, these two
forms are both commonly referred to as the 26S proteasome in the literature.>! For the sake of
maintaining consistency with the literature and simplicity of discussions, the same naming scheme
will be used herein.

The CP or 20S proteasome, is a 750 kDa enzyme complex made up 28 subunits organized
into four concentric heptameric rings (Fig. 1.2A), two a-rings (subunits al—a7, Fig. 1.2B) and two
B-rings (subunits B1-B7, Fig. 1.2C).#850.5254 The two B-rings of the 20S proteasome each contain
three different catalytic sites, for a total of six catalytic sites within one 20S proteasome. These

three sites provide three different threonine protease activities, one chymotrypsin-like (CT-L, B5-



subunit) that preferentially cleaves after hydrophobic residues, one trypsin-like (Tryp-L, B2-
subunit) that preferentially cleaves after basic residues, and one caspase-like (Casp-L, p1-subunit)
that preferentially cleaves after acidic residues (Fig. 1.2C).%8 These catalytic sites work
congruently to enable efficient proteolytic cleavage of a massive range of protein substrates at
numerous and varied sites. The resulting small peptide fragments can be further processed by other
proteases and recycled as amino acids. The two a-rings of the 20S proteasome act as docking sites
for the 19S caps and as a gating-mechanism that can restrict substrate access to the catalytic sites
of the 20S proteasome. The gating-mechanism is facilitated through the convergence of the N-
terminal residues of the a-subunits over the pore leading into the core of the 20S proteasome.3®: 9
In addition to the 19S cap, there exist other regulatory particles, like the 11S cap and PA200
(Proteasome activator 200 kDa), that also can associate with the a-rings of the 20S proteasome.%-
63 The 20S proteasome has often been referred to as the latent state of the proteasome, because of
the action of the a-ring gates and the lack of 19S caps, which promote ubiquitin-dependent
proteolysis. However, as will be discussed in coming sections, this notion is not entirely accurate,
as the 20S proteasome performs key roles in protein regulation without the need for binding of the
19S or other regulatory particles.25: 64-66

Upon binding to the a-rings of the 20S proteasome and formation of the 26S proteasome,
the 19S RPs are responsible for gate-opening, substrate detection, unfolding and movement into
the catalytic core for proteolytic cleavage.>* ¢7-%° The 19S RP is another large complex (~700 kDa)
that is composed of 19 subunits, that can be sub-divided into those associated with the base and
lid portions of the 19S. The base is made up of four non-ATPase subunits (Rpn 1, 2, 10 and 13)
and six ATPase subunits (Rpt1—6),**0 the latter of which interact with the a-ring of the 20S

proteasome via insertion of their C termini into hydrophobic inter-subunit pockets between the a-



ring subunits. The C termini of the Rpt1-6 subunits each have a hydrophobic-tyrosine-any residue
(HbYX) motif that bind to conserved regions within the inter-subunit pockets and induce a
conformational change that leads to gate-opening of the 20S proteasome.®”: %8 70 The exact
mechanism of this gate-opening is still not clear, however. Binding of the last eight residues of
Rpt5, including its HbYX-motif, is sufficient to allosterically induce conformational changes in
the a-ring needed for gate opening. The ATPase activities of Rptl-6 power the unfolding and
translocation of substrates into the 20S catalytic core, through coupled ATP (adenosine
triphosphate) hydrolysis.®” 6 7° Rpn1, 10 and 13 act as substrate receptors that reversibly associate
with ubiquitin. The presence of these multiple ubiquitin binding subunits allows the 26S
proteasome to recognize and degrade a wide range of poly-ubiquitinated substrates. The lid of the
19S is made up of nine subunits (Rpn3, 5-9, 11, 12 and Sem1).”* Rpnll functions as a
deubiquitinase, allowing for recycling of the ubiquitin tags removed from 26S proteasome
substrates as they enter the complex.”> The subunits of the lid also act as docking sites for other
proteins, like other deubiquitinating enzymes (Ubiquitin specific peptidase 14 (USP14) and
Ubiquitin C-terminal hydrolase 37 (UCH37)), that assist the 26S proteasome in substrate

recognition and trafficking.48 50 71. 73
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Figure 1.2: Proteasome structural overview. (A) The equilibrium between the 20S and 26S
proteasome is dictated by the ATP-dependent binding of the 19S caps. Shown are measurements
of the 20S proteasome (148 angstroms (A) x 113 A). (B) Cross sectional view of closed and open-
gated a-rings of the 20S proteasome, dictated by the conformation of the N-terminal tails of the a-
subunits (a1—a7). (C) Cross sectional view of a B-ring of the 20S proteasome with catalytic sites

labeled with red diamonds. Created with BioRender.com.




1.2.2 Ubiquitin-dependent proteolysis by the 26S proteasome

The classical proteasome pathway for regulation of protein levels within the cell involves
the 26S proteasome, a family of ubiquitin enzymes and occurs through ubiquitin-dependent
proteolysis. Ubiquitin-dependent proteolysis, as the name suggests, requires, and is initiated by the
polyubiquitination of proteins that are destined for degradation. The ubiquitin tags serve as a means
for the 26S proteasome to selectively identify, via Rpn10 and Rpn13 binding, and degrade proteins
that have become redundant or damaged. As the substrate protein is being unfolded by the ATPase
subunits of the 19S base,>* 87-% the ubiquitin tags are removed by deubiquitinases, such as the
Rpn1l, USP14 or UCH37, so that they may be recycled.”

Ubiquitin itself is an 8 kDa protein with seven lysine residues, at positions 6, 11, 27, 29,
33, 48 and 63, that can be conjugated to other ubiquitin molecules to allow for polyubiquitination.
The K48 residue is the primary binding site when conjugated to proteins that are destined for
degradation by the 26S proteasome, whereas the other positions are used when ubiquitin is
performing other roles.”"” The process of ubiquitination starts with activation of ubiquitin by an
E1 ubiquitin activating enzyme, which is an ATP-dependent process. Reaction between a cysteine
residue in the active site of E1 and the C-terminal end of ubiquitin results in a thioester-linkage.
Following this, the ubiquitin is passed to the E2 ubiquitin-conjugating enzyme, through formation
of a similar thioester bond with E2. Finally, the E3 ubiquitin ligase binds to both the E2-ubiquitin
complex and the protein substrate that requires ubiquitination. Together E2 and E3 catalyze the
transfer of the ubiquitin to the substrate protein, where a lysine residue of the target protein will
bind the C-terminal end of ubiquitin. Typically, for 26S proteasome degradation, several (4 or
more) ubiquitin molecules are attached to the substrate protein, in a chain, prior to its recognition

by the 26S (Fig. 1.3).75 7880
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Figure 1.3: Ubiquitin-dependent proteolysis by the 26S proteasome. Ubiquitin is first activated
by E1 in an ATP-dependent step. This is followed by transfer of the activated ubiquitin to E2,
which then associates with the E3-substrate complex. E2 and E3 facilitate the transfer of ubiquitin
to the substrate protein, which is repeated to achieve polyubiquitination of the substrate prior to its
unfolding, removal of ubiquitin tags and degradation by the 26S proteasome. The resulting peptide
fragments can be further processed by other proteases and recycled for use in protein synthesis.

The ubiquitin tags are also recycled. Created with BioRender.com.
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1.2.3 Intrinsically disordered proteins

The classical depiction of a protein involves a well-defined 3D structure, permitting for
highly specific interactions and functions.®* While this is the case for many proteins, not all
proteins fit this depiction. A more realistic view is that proteins exist on a continuum of order and
disorder (Fig. 1.4). On this continuum, there are those classical highly structured proteins, but
there are also proteins that lack any well-defined 3D structure, as well as everything in between.8>
8 Many proteins possess regions, known as intrinsically disordered regions (IDRs), that are unable
to fold into stable 3D structures. Other proteins, known as intrinsically disordered proteins (IDPs),
are comprised primarily of disordered regions and may have little, if any, well-defined 3D structure
or folded regions. A large portion of the proteome (~30%) is made up of IDPs or proteins with
substantial IDRs.% IDPs and IDRs are such because of biased amino acid compositions and low
sequence complexities. For instance, they tend to have low proportions of bulky hydrophobic
amino acids and high proportions of charged and hydrophilic amino acids. This results in their
inability to fold into stable 3D structures, since the driving force for formation of those structures
is generally hydrophobic interactions between amino acids.®-*° These commonalities associated
with specific amino acid proportions within IDPs and IDRs has allowed for the development of
predictive software for protein disorder. PONDR,* IUPred®? and SPOT-Disorder-Single®® are
examples of these types of software. Experimental confirmation of protein disorder can be
achieved through the use of nuclear magnetic resonance (NMR) spectroscopy® and circular

dichroism (CD).%®
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Intrinsically disordered Fully structured protein
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Figure 1.4: Continuum of protein disorder. Proteins exist in a variety of states of order and
disorder, where some have stable and well-defined 3D structures and others have large regions
that lack any defined 3D structure or stable folding. IDPs are proteins that have few if any stable

3D structured regions when free in solution.

Without substantial folding, IDPs and IDRs have very dynamic structures that can fluctuate
rapidly through many conformations. This flexible nature permits IDPs and IDRs to interact with
a range of binding partners and perform multiple roles within a cell or system. As such, IDPs are
often involved in, or act as, hubs in protein-interaction networks.%® " They are often signaling
molecules (about 75% of known IDPSs) or participate in the regulation of signaling pathways. For
this reason, their cellular abundance must be tightly regulated to ensure proper signaling occurs
for important cellular processes, like in the regulation of cell cycle progression, transcription, or
translation.®*8 Their critical involvement with these pathways is evident in that dysregulation of
IDPs is associated with the development of a variety of human diseases.* 8 9. 190 ynder healthy
conditions, the abundance of IDPs is tightly regulated through proteolytic cleavage by the 20S
proteasome.% 101103 However, in human diseases associated with IDPs, they often begin to

accumulate as some aspect of their regulation breaks down. These accumulated IDPs can cause
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toxic signaling and are prone to aggregation, as seen in neurodegenerative diseases.” 10 104110 pye
to their high degree of flexibility and lack of well-defined binding pockets, IDPs have often been
thought of as “undruggable”. As such, activation of 20S proteasome-mediated degradation of IDPs
seems like a promising target for therapeutic intervention in diseases associated with their
dysregulation.
1.2.4 20S proteasome-mediated regulation of IDPs and other unfolded peptides through
ubiquitin-independent proteolysis

As was alluded to above, the 20S proteasome, while often considered the latent state of the
proteasome, plays a critical role in the regulation of cellular levels of IDPs, as well as some
misfolded and oxidatively damaged proteins, through proteolytic cleavage. These processes do not
require the unfolding activity of the 19S RP, nor the ubiquitination of the protein substrates as seen
with the 26S proteasome.!*"113 As a result, the 20S proteasome can unremittently degrade these
substrates without the need for RPs, however some natural activators exist that can assist with this
process.8-% The 20S proteasome exists primarily in a closed-gated conformation, by way of the
a-ring gates, which restricts access to the catalytic core.** However, it is believed that direct
interaction of protein substrates with the a-ring can bring about a conformational change that
permits gate-opening and substrate degradation.® Despite this, the activity of the 20S proteasome
towards its substrates can be enhanced via methods that promote open-gate conformations. Native
examples of this can be seen through the action of non-ATPase regulatory particles of the
proteasome, such as the 11S cap and PA200. Their association with the 20S proteasome leads to
open-gate conformations that can promote proteolysis of 20S proteasome substrates.®*¢% In light
of these native activating factors, similar activation of the 20S proteasome, via small molecules

that induce open-gate conformations, could allow for enhancement of its activity and therapeutic
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intervention in diseases where accumulation of its substrates, like IDPs, contribute to disease
progression.
1.3 Proteostasis disruption contributes to aging and neurodegenerative diseases
1.3.1 Aging and proteostasis decline

Age-related cellular dysfunction and degenerative diseases are thought to be the result of
an age-dependent decline in a cells ability to maintain proteostasis. This decline in the capacity of
the proteostasis network is complex, but is likely rooted in changes in expression and activity of
proteostasis machinery and an increasing burden of oxidatively damaged and misfolded proteins.?
412,28 Thjs results in an accumulation of these and other proteins, like IDPs, which are similarly
regulated by the 20S proteasome. This accumulation eventually leads to their aggregation and
further disruption of proteostasis through inhibition of the proteasome by some of these aggregate
forms.1t>12% This initiates a cycle of continuing accumulation, aggregation, and disruption of
proteostasis, which ultimately results in cellular toxicity and death. These effects are especially
pronounced in nondividing, long-lived cells like neurons, where high levels of oxidative stress and
an extended duration of accumulation exacerbate the problem.® 2% 122 The disruption of
proteostasis can spread from cell to cell, through seeding of aggregation, leading to widespread
degeneration of neurons.'?*1?° The result of this spreading disruption of proteostasis and neuron
death is the onset of neurodegenerative diseases, such as Parkinson’s disease (PD), Alzheimer’s
disease (AD), and Huntington’s disease (HD). The development of each of these diseases is
thought to be associated with the accumulation and aggregation of IDPs, such as a-synuclein,
amyloid B and huntingtin protein,104 130-133
To combat the declining proteostasis network seen in neurodegenerative diseases and to

help re-establish normal levels of disease related IDPs, 20S proteasome activation has been
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proposed as a therapeutic strategy to selectively target IDPs for degradation through the native
mechanism for their disposal.?®> *+1% This proposed strategy is supported by studies done in
animal models, where genetic manipulation of the proteasome system suggests that stimulation of
its activity could aid in treatment of these diseases.*™ ¥ As humans age, the 20S proteasome
becomes increasingly more prevalent than its 26S counterpart, so targeting of the 20S proteasome
may prove to be more beneficial in these age-related diseases.*” 1814 The strategy of targeting
the 20S proteasome specifically, looks even more promising when it is considered that the proteins
involved in the pathogenesis of neurodegenerative diseases, like a-synuclein and amyloid B, are
IDPs and thus likely substrates of the 20S proteasome. 1% 134 141 Additionally, selective activation
of the 20S proteasome should provide a degree of specificity towards its usual substrates,
oxidatively damaged proteins and IDPs, whereas activation of all proteasomal degradation may
result in undesired degradation of other proteins. Indeed, it has been recently demonstrated that
activation of the 20S proteasome only enhances the degradation of it normal substrates, with highly
disordered proteins being most quickly degraded.*? Furthermore, it has been demonstrated that
desirable IDPs can be protected from ubiquitin-independent degradation by the 20S proteasome
through what has come to be known as the “nanny model”.**3 In this model, it was hypothesized
and later shown that protection of IDPs occurs through transient binding to nanny proteins that
protect their disordered regions from being able to be degraded by the 20S proteasome so that they
can performed necessary functions.*® In the cases of neurodegenerative diseases, the capacity of
the nanny proteins is likely quickly exceeded with the accumulating levels of pathogenic IDPs.
1.3.2 Parkinson’s disease

PD is the second most common neurodegenerative disease overall*** and the most common

neurodegenerative disease primarily associated with decline of motor functions.!* Early
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symptoms of PD are commonly tremors, loss of balance and rigidity. As the disease progresses,
additional symptoms can arise that include cognitive changes, like mood disorders and depression,
in addition to further degeneration of motor function, including difficulty swallowing, chewing,
and speaking. These symptoms are a result of degeneration of dopaminergic neurons within the
substantia nigra pars compacta (SNpc) and resulting loss of dopamine signaling in the striatum.4¢
147

There is currently no cure for PD, nor any treatments that can hinder disease progression.
So, treatments are focused on relieving symptoms and improving quality of life. The most common
treatments for PD are related to the restoration of dopamine levels to make up for loss of dopamine
signaling, which is a major causative factor for the motor-related symptoms.'*® This is often done
through treatment with a combination of Levodopa, also known as L-DOPA, and Carbidopa.
Levodopa is a dopamine precursor, that once it has entered the brain can be metabolized into
dopamine, by aromatic L-amino acid decarboxylase, and subsequently used for dopamine
signaling. Carbidopa, on the other hand, is a Levodopa mimic that cannot pass the blood-brain
barrier (BBB) and serves to boost the exposure of Levodopa to the brain and reduce side effects
through inhibition of Levodopa’s premature metabolism outside of the brain. 8% In addition to
Levodopa/Carbidopa, there are other methods that are used to increase dopamine signaling, like
treatment with dopamine receptor agonists or dopamine metabolism inhibitors. In cases where
methods to restore dopamine signaling are not as effective, or certain symptoms, like tremors, are
persistent, other more invasive therapies can be applied. This includes things like deep brain
stimulation and lesion surgery, which can in some cases help to alleviate these persistent
symptoms. Regardless of which current treatment method is used, however, PD continues to

progress, and treatment efficacy will decline. For this reason, novel treatments are desperately
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needed to not only combat the devastating symptoms of this disease, but also to provide hope for
disease-modifying treatments.4®

Although the pathogenesis of PD is not yet fully understood, it is widely accepted that
proteostasis disruption in the afflicted neurons is closely linked to disease development.t® The
initial disruption of proteostasis is thought to be due in part to the age-related decline in proteasome
function in dopaminergic neurons of the SNpc, as a result of decreasing subunit levels and
reduction in proteolytic activity.®> 153 This reduction in proteasome activity is thought to make
these neurons susceptible to the disruption of proteostasis by the ever-present need for clearance
of oxidatively damaged proteins and regulation of native proteins, such as the IDP a-synuclein.®>*
When proteostasis falls out of balance, a-synuclein and other proteins begin to accumulate and
aggregate, which is thought to lead to further disruption of proteasome activity and proteostasis in
general. This results in a vicious cycle of proteasome impairment and proteotoxicity in PD.2% 15
159 As such, the maintenance of proteasome function, and thus proteostasis, is critical to preventing
the constant accumulation and aggregation of unwanted proteins seen in PD progression.

One of the major hallmarks of PD is the accumulation and aggregation of the IDP a-
synuclein. a-Synuclein is a 140 amino acid IDP that is predicted to be approximately 91%
disordered, according to the PONDR software, 9 104 130, 146, 147, 138, 160-162 Thg normal function of a-
synuclein in non-diseased neurons is not well understood, despite substantial efforts to elucidate
it.18> What is known is that a-synuclein appears to play a role in membrane curvature, vesicle
trafficking and vesicle budding. This would explain its relative abundance in neuron synapses and
association with lipid membranes and SNARE complexes, but additional studies are required to

fully understand its role in these processes and any other potential roles that it may play.1%3168

Regardless of its normal function, in PD a-synuclein has been implicated as a likely contributor to
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disease progression due to the association of duplication,*®® triplication'’® 1* and mutations in the

SNCA gene, encoding for a-synuclein, /217

with early onset forms of PD. Additionally, a-
synuclein accumulation, aggregation and presence as the primary protein within Lewy bodies,
which are large protein aggregates seen in the cytoplasm of neurons in a PD afflicted brain, further
implicate it in disease pathogenesis.t30 147: 158

In PD, a-synuclein exists in multiple forms upon its accumulation, including monomers,
various oligomers, aggregates, and fibrils.1% 1" 178 While early identification of Lewy bodies and
large fibrils suggested they might be responsible for the neuron degeneration and toxicity,
mounting evidence suggests that it is the smaller soluble oligomeric forms of a-synuclein that are
the more toxic species. Whereas, the larger fibril and aggregate forms may serve a more
neuroprotective role, by sequestering the small toxic oligomers.?” 17°-181 However, their presence
is still a hallmark of disease development and progression, considering in a healthy system they
should not be present.*3® 47 Furthermore, it has been recently shown that some of the soluble
oligomeric forms of a-synuclein are also responsible for direct binding to and inhibition of the
proteasome, leading to further proteostasis disruption.'t® 11615, 15 Compounding the issue, o-
synuclein is known to be a substrate of the 20S proteasome, so through proteasome inhibition
additional a-synuclein accumulation and aggregation is promoted. This leads to the vicious cycle
of proteasome inhibition and IDP accumulation, mentioned previously.*>*>” The involvement of
a-synuclein with PD pathogenesis, and its place as a natural substrate for the 20S proteasome make
it a promising target for therapeutic intervention through the activation of its degradation by the

20S proteasome. Activation of the 20S proteasome could also assist in the clearance of other

accumulating disordered or damaged proteins and help to re-establish proteostasis in PD. For these
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reasons, the Tepe lab has begun exploring small molecule activation of the 20S proteasome as a
novel therapeutic strategy for PD.
1.3.3 Alzheimer’s disease

AD is the most common neurodegenerative disease, affecting approximately 45 million
people worldwide. Early symptoms of AD are primarily cognitive, including progressive memory
loss, difficulty multi-tasking and finding the right words, etc. Later in disease progression, these
cognitive problems continue to worsen and additional symptoms, such as behavioral changes,
impairment of mobility, hallucinations, and seizures, may develop.®? 18 Memory loss can become
extreme, to the extent that a patient cannot recognize people that they have known their entire life.
The devastating symptoms, poor prognosis, and lack of disease modifying treatments make AD an
extremely difficult disease to cope with for the patient and their loved ones. This also means that
development of novel therapeutic strategies that provide hope for disease modifying treatments is
of great importance.

Similar to what is seen with PD, the major hallmark of AD is also IDP accumulation and
aggregation. In the case of AD, the primary IDP involved with its pathogenesis is amyloid 3,
instead of a-synuclein. Amyloid plaques are extracellular aggregates that are primarily composed
of amyloid P and represent the final large aggregate form of the IDP. Amyloid B is a peptide by-
product of the metabolism of the amyloid precursor protein (APP) and commonly is either 40 or
42 amino acids, with the 42 amino acid form being the primary component of amyloid plaques,
due to a faster rate of aggregation.'3418 The leading theory of AD pathogenesis is known as the
amyloid hypothesis, which suggests that the accumulation of pathological forms of amyloid 3,
resulting from the cleavage of APP by B- and y-secretase enzymes, is caused by an imbalance

between its production and degradation.!® 184 187 As was discussed above, a reduction in
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proteasome activity during the aging process could be one factor that contributes to the eventual
disruption of proteostasis in regard to amyloid B peptides. Upon their accumulation, amyloid 3
peptides can form a variety of aggregates, much like what is seen with a-synuclein.!881%0 Also
similar to a-synuclein in PD, it is thought that soluble oligomeric forms of amyloid B are likely the
more toxic species, instead of the larger aggregates and fibrils.2%1% Additionally, amyloid B
oligomers have been shown to directly bind to and inhibit the 20S proteasome, further contributing
to amyloid B accumulation and disease progression.*> 116 The similarities between PD and AD, in
regard to IDPs and proteostasis disruption, make both promising targets for treatment through 20S
proteasome activation.
1.3.4 Other neurodegenerative diseases associated with IDP accumulation and aggregation
Other neurodegenerative diseases, like Huntington’s disease and amyotrophic lateral
sclerosis (ALS), also share some similarities with PD and AD. They are also associated with
accumulation and aggregation of IDPs and misfolded proteins, as well as proteostasis
disruption.32 19. 197 Qligomers of the Huntingtin protein have recently been shown to directly
inhibit the 20S proteasome, similar to a-synuclein and amyloid B.1*> In some familial forms of
ALS, associated with mutations in the gene for C9orf72, disordered dipeptide repeat proteins
accumulate, aggregate and can further disrupt proteasome function.'®”*% The similarities in
pathogenesis and the involvement of IDPs in these neurodegenerative diseases suggest that small
molecule 20S proteasome activation may represent a promising therapeutic strategy for multiple
neurodegenerative diseases. The studies herein will focus primarily on PD, however similar studies
can be envisioned for the other neurodegenerative diseases mentioned above. Studies focused on
other neurodegenerative diseases should be explored in the future to better understand the breadth

of potential disease targets for this proposed therapeutic method.
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1.3.5 Neuroinflammation in neurodegenerative disease pathogenesis

In recent years, growing evidence has been collected implicating neuroinflammation as
another major factor in the pathogenesis of neurodegenerative diseases. This has been
demonstrated in multiple neurodegenerative diseases, like PD, AD and ALS, and is thought to
result from activation of the native immune system in the brain by IDPs released from degenerating
neurons. While the degree to which neuroinflammation contributes to progression of these
neurodegenerative diseases is not fully understood, it likely plays a deleterious role through
causing further neuron degeneration via inflammatory signaling and further spreading of disease
pathology.'?® 200211 As such, during the exploration of novel methods for treatment of
neurodegenerative diseases the effects a novel treatment method has on this neuroinflammation
should also be evaluated, to gain a better understanding of the breadth of effects and potential
benefits. Treatments that can affect proteostasis disruption or IDP accumulation/aggregation, as
well as neuroinflammation may show greater promise for successfully modifying disease
progression, considering that each plays a part in the pathogenesis of these diseases.

In the brain, immune responses are primarily controlled by a cell type known as microglia.
Microglia act as specialized macrophages, but differ in several ways, including but not limited to
their origin, turnover rate, gene expression while in their resting state and that they are much more
tightly regulated spatially and temporally.?*2 Microglial cells perform a variety of roles within the
brain that are essential to healthy brain development and function. They are central to
neurodevelopment and plasticity through extracellular signaling to neurons.?'%-2'¢ They participate
in numerous extracellular signaling events related to inflammatory responses, anti-inflammatory
responses, antigen presentation, synaptic remodeling and cytotoxic signaling.?*>?'” They also act

similar to macrophages by probing and sensing their surroundings constantly and when activated
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they can scavenge and phagocytose foreign material and cellular debris.?'? 21 218 Their overall
role within the brain is to support neuron health and maintain brain homeostasis.?'? 219-221

Microglia can take on several forms associated with their degree of activation and location.
Perivascular and Juxtavascular microglia associate closely with the vasculature of the brain, as
their names suggest.?? 223 Standard microglia within the rest of the brain vary in form from their
resting, otherwise known as ramified, state through a continuum of activated forms based on the
degree of activation and type of activating stimuli.?'? 224225 Microglia become activated following
detection of pro-inflammatory stimuli, like cytokines, chemokines, necrosis factors, foreign
materials, or potassium level changes.?*? %2 During this progressive activation, which amplifies as
signals are continually detected, microglia begin to proliferate rapidly and undergo morphological
changes, becoming more ameboid-like and reducing processes used for detection.??* 2% They also
begin to upregulate Major Histocompatibility Complex (MHC) class I/ll proteins and secrete
cytotoxic factors, recruitment molecules and inflammatory signaling molecules.?*? 223 226 Upon
further activation, they can transition into phagocytic microglia, where they phagocytose foreign
material, cellular debris and dead or dying cells.?1? 222 224

Microglia can become significantly altered as humans age, resulting in what are called
“primed” microglia. Microglia can become primed via stimulation with inflammatory stimuli
throughout their lifespan. These primed microglia are associated with hyperactive inflammatory
responses upon re-exposure to activating stimuli.??” 228 Additionally, microglia from elderly
people tend to maintain an increased active state, relative to microglia found in younger
individuals. This is a result of differences in gene expression and increased basal release of pro-
inflammatory signaling molecules by the microglia.??” 2% 2% The changes seen in these aged

microglia also result in a reduced propensity to enter their phagocytotic form, instead favoring
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continued secretion of inflammatory signaling molecules.??” 22% 220 These effects together lead to
an overall weakening of the ability of microglia to maintain homeostasis and a propensity to cause
more severe inflammation in response to perturbations in the brain.?!°

Neuroinflammation seen in neurodegenerative diseases, like PD and AD, involves
activation of microglia by IDPs released from degenerating neurons. Multiple cell surface
receptors, such as toll-like receptors (TLR2 and TLR4) and CD36, have been implicated in the
detection of IDPs in the extracellular space by microglia.?®2%0-211 Following IDP detection, a pro-
inflammatory response is initiated through pro-inflammatory pathways, like the NF-kB pathway,
resulting in release of pro-inflammatory signaling molecules, like cytokines (i.e. TNF-a, IL-1pB)
and chemokines (i.e. IFN-y) and reactive oxygen species (ROS).2% 204 219, 231 These signaling
molecules and ROS promote further neuron degeneration, which in turn leads to more release of
IDPs. This results in a vicious cycle of increasing neuron degeneration and neuroinflammation
(Fig. 1.5).126.200-211 ynder normal circumstances neuroinflammation would be resolved following
clearance of the perturbing species that activated the microglia and re-establishment of brain
homeostasis.?'? However, aged and primed microglia are less capable of removal of these aberrant
proteins and cellular debris through phagocytosis and in neurodegenerative diseases neuron
degeneration and IDP release lead to persistent activation of microglia.?'® 227-20 The result is
chronic neuroinflammation, which is a hallmark of and a contributor to neurodegenerative disease
pathogenesis.!?: 200211 As sych, treatments aimed at modifying progression of these diseases

should be evaluated for their effects on microglia and neuroinflammation, in addition to neurons

and the other pathological aspects of these diseases.
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Figure 1.5: Vicious cycle of increasing neuron degeneration and neuroinflammation seen in
Parkinson’s disease pathogenesis. Degeneration of dopaminergic neurons in PD leads to release
of accumulated a-synuclein into the extracellular space. Resting microglia detect this aberrant
protein and become activated. Activated microglia secrete various inflammatory factors, which
contribute to further neuron degeneration, thus initiating a cycle of increasing neuron degeneration

and inflammation. Created with BioRender.com.

1.4 The 20S proteasome as a novel therapeutic target

The key involvement of the proteasome in the maintenance of proteostasis and in numerous
essential biological pathways has long garnered attention to it as a promising therapeutic target for
treatment of a variety diseases. 30 3%40. 134, 232-234 gpecific targeting of the 20S proteasome has been
proposed as a novel strategy to counteract the accumulation of IDPs associated with
neurodegenerative disease development.?> 3+ By targeting the 20S proteasome, IDPs and

oxidatively damaged proteins that accumulate in these diseases can be selectively targeted,
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considering the 20S proteasome’s limited substrate scope of unfolded proteins.'**3 20S
proteasome activation could assist in re-establishing proteostasis via clearing of accumulated IDPs
and maintain its activity in neurodegenerative diseases, where proteasome activity is known to be
reduced?* 1% and even inhibited.'*> 16 Additionally, the 20S proteasome becomes more prevalent
as humans age, relative to the 26S proteasome, so it may represent the more promising target in
these systems.*” 138140 The studies outlined herein will focus on the development of small molecule
20S proteasome activators as a novel therapeutic strategy for neurodegenerative diseases. As such,
a brief summarization of the history of this technology is required to set the stage for the upcoming
chapters.
1.4.1 Small molecule 20S proteasome activators

It was first demonstrated that the 20S proteasome could be activated using low
concentrations (0.04-0.08%) of sodium dodecyl sulfate (SDS), which proved to be a useful tool
for in vitro studies of the 20S proteasome. However, at higher concentrations SDS inhibits the
proteasome, suggesting that it is acting as a partial denaturant, allowing for easier access to the
catalytic core of the proteasome at low concentrations.®® * Other SDS-like activators of the
proteasome have since been identified, but due to their inability to be used in physiologically
relevant systems they are reserved for use as in vitro tools.?3%-2%7

Some years following the discovery of SDS as a means to activate the 20S proteasome,
researchers have begun focusing on the identification and development of more drug-like small
molecule activators of the 20S proteasome. Perhaps the next small molecule 20S proteasome
activator identified was betulinic acid (Fig. 1.6A).2% Betulinic acid, a triterpenoid, was found to
enhance the CT-L activity of the 20S proteasome in vitro. However, the development of analogues

of betulinic acid and investigation of its structure activity relationships (SAR) proved to be
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complicated due to changes in its structure resulting in inhibitors, as opposed to the desired
activators.”®® Additionally, it was later found that this apparent activity did not translate to the

degradation of IDPs.?*®

Following the discovery of betulinic acid as a 20S activator,?®

researchers began trying to
identify novel activators that have more drug-like properties and lack the issues seen with betulinic
acid. Among the first, was a study done by Kodadek et al.?*® where they developed a series of
assays designed to allow for screening of small molecules for 20S proteasome activation. Two
novel 20S proteasome activators, MK-866 (Fig. 1.6B) and AM-404 (Fig. 1.6C), were identified
in their screening. These small molecules were able to enhance the degradation of the IDP a-
synuclein in cell culture.?®® Extending upon this work, Coleman and Trader?*° identified additional
20S proteasome activators, including ursolic acid (Fig. 1.6D), a derivative of betulinic acid, and a
cytisine derivative (Fig. 1.6E).24

Concurrently, the Tepe lab identified their first small molecule 20S proteasome activator
and were working to identify additional novel 20S activator scaffolds using a combination of
biochemical assays and in vitro experiments.t® 13 The first 20S proteasome activators published
by the Tepe lab were identified in a high-throughput screen of the NIH clinical collection and
Prestwick library, where the neuroleptic agent Chlorpromazine (Fig. 1.6F) and other
phenothiazine derivatives were identified as novel 20S proteasome activators.'*® Several
analogues of Chlorpromazine were synthesized to diminish its dopamine D2 receptor activity and
enhance/maintain its 20S proteasome activity. These phenothiazine analogues were found to
enhance the rate of degradation of 20S proteasome substrates in biochemical and cellular assays,
and due to their drug-likeness, they represented some of the most promising candidates for drug

development at that time. 1%
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Prior to the discovery of the Chlorpromazine analogues as 20S proteasome activators, but
published thereafter, Njomen et al.®* discovered TCH-165 (Fig. 1.6G), to be a potent 20S
proteasome activator. TCH-165 was found to promote an open-gate conformation of the 20S
proteasome using atomic force microscopy (AFM) to visualize the gate-opening.**® This represents
the first and only biophysical data supporting this mechanism of small molecule 20S proteasome
activation. TCH-165 remains one of the most potent 20S proteasome activators identified and has

become a benchmark compound to which newly developed activators have been compared.**
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Figure 1.6: Selection of known small molecule 20S proteasome activators.135 136, 238-240

1.4.2 Continuing the investigation of small molecule 20S proteasome activation as a

therapeutic strategy
Despite the recent advances in the field of small molecule 20S proteasome activation, there
remains a great need for the identification of novel molecular classes of 20S activators, due to a

variety of limitations seen with previously identified activators. BBB permeability, low potency,
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non-translatable activity to physiologically relevant substrates or systems and target promiscuity,
represent some of the current limitations of previously identified activators. To overcome these
limitations, the Tepe lab continues to investigate novel analogues of Chlorpromazine,!*® TCH-
165 and other molecular scaffolds, discovered during the high-throughput screen that show 20S
proteasome activity.

Due to the field of small molecule 20S proteasome activation being relatively young, there
is still much to be discovered in terms of the utility and effects of 20S proteasome activators in
more disease relevant systems. For example, although it has been shown that these activators can
enhance the rate of degradation of IDPs in purified protein and cellular assays, it is not known
what effect these activators may have on the toxic oligomeric forms of IDPs that are associated
with many neurodegenerative diseases.8% 107 108, 133, 186, 241-246 |t jg thought that these oligomeric
IDPs exist in an equilibrium with the monomeric form.18-19.247 5o if 20S proteasome activators
can enhance clearance of monomeric IDPs in systems with various IDP forms, then they may also
reduce the toxic oligomeric forms. However, this has not yet been explored. Further complicating
this, it was recently found by Smith et al.!*® that the 20S proteasome can be inhibited by some
oligomeric forms of IDPs. A study examining if 20S proteasome activators can influence IDP
oligomer concentrations and maintain 20S proteasome activity in the presence of inhibitory
oligomers may provide invaluable support for 20S proteasome activators as a potential therapeutic
strategy for the treatment of neurodegenerative diseases.

The studies outlined herein were aimed at furthering the development of 20S proteasome
activators as a novel therapeutic strategy for treatment of neurodegenerative diseases. Chapters 2
and 3 focus on the identification of novel 20S proteasome activator scaffolds through collaboration

with Dr. Adam Mosey’s lab (Chapter 2) and from the high-throughput screen run by our lab
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previously (Chapter 3).1% Evaluation of these scaffolds sought to ensure that they show promising
levels of activity, activate all catalytic sites of the 20S proteasome and that their activity translates
to degradation of disease relevant substrates. Furthermore, these studies sought to begin to explore
these novel scaffolds in terms of their structure activity relationship (SAR) towards 20S
proteasome activation and pave the way for the development of future analogues, with promising
drug-like properties and potent activity. Chapter 4 will focus on the development of novel
methods for evaluating the activity and utility of 20S proteasome activators in more disease
relevant model systems. Additionally, these studies sought to further our understanding of the
potential effects that small molecule 20S proteasome activators may have in diseased systems,
where IDP oligomers, 20S proteasome inhibition and neuroinflammation all play a role.
1.5 Conclusions

The capability of a cell to maintain proteostasis is critical for it to properly perform its
functions and to its overall health.>® The disruption of cellular proteostasis is associated with the
development of numerous human diseases, with neurodegenerative diseases as a prime example.
4,10,12,28, 151,197,248 Ag g ch, there is great interest in the development of therapeutics that can assist
in re-establishing proteostasis in cells and diseases where it has been disrupted.®: 1% 1228 One of
the critical components of the proteostasis network that shows potential as a therapeutic target is
the proteasomelZS, 34, 134, 233, 234, 249, 250

The proteasome is one of the major protein degradation machineries within a cell. It is
responsible for helping to regulate protein levels to preserve proteostasis and allow for adaptation
of the proteome to the needs of a cell.3% 3% 40 |t has been demonstrated that enhancing the activity
of the proteasome can alleviate the burden of proteotoxic protein accumulation and can delay

aging®®2* and extend lifespan, %7 in cells,%: 258263 rodents?®42% and humans.?" 268
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Furthermore, enhancement of proteasome activity has great therapeutic potential for treatment of
proteotoxic diseases, like neurodegenerative diseases, where accumulation and aggregation of
aberrant proteins leads to toxicity.!%* 130-133 Specific targeting of the 20S proteasome should
provide an added level of selectivity, considering its activity is restricted to the degradation of
oxidatively damaged proteins and IDPs, relative to activation of all proteasomes or the 26S
proteasome.% 103 269 The pathogenesis of neurodegenerative diseases, like PD and AD, are
associated with the accumulation and aggregation of IDPs, which are natural substrates of the 20S
proteasome, so it is an especially promising target for these diseases. 0% 134 141

The field of small molecule 20S proteasome activation is relatively new and only a handful
of bona fide activator scaffolds have been identified.?> 135 136,239, 210272 Aq gych, the identification
of novel small molecule 20S proteasome activator scaffolds would greatly enhance the likelihood
of success during the development of this novel strategy and assist in overcoming some of the
limitations associated with previous scaffolds. Additionally, much remains unexplored regarding
the potential of this therapeutic strategy and the effects that it may have on a neurodegenerative
disease afflicted brain. These diseases are complex, involving multiple cell types, various forms
of IDPs oligomers and neuroinflammation, in addition to widespread proteostasis disruption.
Novel methods to evaluate the effects of small molecule 20S proteasome activators on these
various aspects of neurodegenerative disease pathogenesis will be essential to their further

development as a therapeutic strategy.
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CHAPTER TWO

Identification and Structure Activity Relationship of Dihydroquinazoline as a Novel 20S
Proteasome Activator Scaffold

Reproduced in part with permission from Fiolek, T.; Magyar, C.; Wall, T.; Davies, S.; Campbell, M.; Savich, C.; Tepe, J.; Mosey, R.
Dihydroquinazolines enhance 20S proteasome activity and induce degradation of a-synuclein, an intrinsically disordered protein associated with
neurodegeneration. Bioorganic & Medicinal Chemistry Letters 2021, 36, 127821. Copyright 2021 Elsevier Ltd.
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2.1 Introduction
2.1.1 Background

The proteasome has long been considered a promising target for drug intervention in a variety
of disease states involving disruptions of normal protein expression and regulation. This is due to
the proteasomes deep involvement in maintaining protein homeostasis (proteostasis) and in
numerous essential biological pathways.'® The proteasome has been theorized as a potential drug
target for the treatment of cancer,®*! neurodegenerative diseases,'?* and age-related diseases.'*
1" Modulation of proteasome activity with small molecule drugs was first approached via the use
of proteasome inhibitors.® 18-20

Proteasome inhibition has been proven as an effective therapeutic method for the treatment
of certain cancers, specifically multiple myeloma (MM).® 1820 The treatment of MM, a malignant
tumor of differentiated B-cells,? 2 via proteasome inhibition is made possible due to the
production of large quantities of immature immunoglobin by these cells.* This makes them highly
reliant upon the proteasome to clear these non-functional proteins and allow for the recycling of
the amino acids. Partial inhibition of the proteasome leads to build up of these redundant proteins
and disruption of proteostasis in these cancer cells.'® 1° 22 This disruption of proteostasis induces
cell cycle arrest, inhibition of angiogenesis, and eventual apoptosis of the MM cells preferentially
over healthy cells.!

Several competitive small molecule inhibitors of the proteasome have been approved by the
FDA, the first of which was bortezomib (BTZ) in 2003 (Fig. 2.1A).24% BTZ is a boronate peptide-
based competitive proteasome inhibitor that covalently binds to the active site threonine of the
proteasome to prevent substrate binding.?® These drugs, while effective in many cases at treating

MM and related cancers, suffer from problems associated with resistance and off-target toxicity.?’-
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30 These shortcomings led to efforts to develop non-competitive inhibitors of the proteasome,
which would hopefully avoid the development of resistance due to active site mutations or the
over-expression of the B-5 catalytic subunit.31-23

During the Tepe lab’s exploration of non-competitive inhibitors of the proteasome, it was
discovered that imidazolines, like TCH-165 (Fig. 2.1B),** * were actually able to enhance 20S
proteasome-mediated degradation of fluorogenic peptide substrates in vitro (Fig. 2.1C).% These
finding, while unexpected, were very exciting and warranted a detailed study to elucidate the

mechanism of TCH-165 mediated 20S proteasome activation.
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Figure 2.1: (A) Structure of Bortezomib. (B) Structure of TCH-165. (C) Concentration-
dependent induction of the proteolytic activity of the 20S proteasome by TCH-165. These

data were collected in triplicate (n=3). Error bars denote standard deviation.3®
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Several experiments were conducted to explore TCH-165"s mechanism of action on the 20S
proteasome.*® Firstly, the Tepe lab collaborated with Prof. Maria Gaczynska to perform atomic
force microscopy (AFM) imaging experiments of the 20S proteasome. In these experiments, 20S
proteasome particles were repeatedly scanned and imaged by oscillating (tapping) mode AFM in
liquid. Under these conditions the proteasomes constantly change between open and closed forms,
with a ratio of about 3:1 favoring the more stable close-gate conformation.®” % Interestingly, it
was found that TCH-165 treatment resulted in a concentration-dependent increase in open-gate
20S proteasomes (Fig. 2.2A/B).%¢

To begin exploring how this increase in open-gated conformations might be taking place, in
silico molecular docking models were employed by Dr. Corey Jones in the Tepe lab. The resulting
preferred docking poses suggested that TCH-165 is binding in the a1-2 inter-subunit pocket within
the o-rings of the 20S proteasome (Fig. 2.2C).%® These pockets are typically occupied by the Hb-
Y-X motifs of the C-terminal peptide tails, referred to as the Rpt peptides, of the 19S caps when
assembled into the 26S form of the proteasome.3® 4° These peptide tails allow for docking of the
19S caps and contribute to their ability to induce an open gate conformation of the 20S core particle
upon binding.*® The a1-2 inter-subunit pocket is typically occupied by the Rpt3 peptide of the 19S
cap.

It was hypothesized that TCH-165 binds in a similar manner to that of the Rpt3 peptide in the
a1-2 inter-subunit pocket and induces a conformational change that promotes a-ring gate-opening
or stabilization of the open-gate conformation. To further test this hypothesis, a competition
experiment was performed by Prof. Maria Gaczynska with TCH-165 and the Rpt3 peptide.
Treatment of the 20S with Rpt3 on its own does not lead to an increase in activity.*® This study

supported the hypothesis that TCH-165 is binding in the inter-subunit pocket when it was found
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that activation of the 20S proteasome by TCH-165 could be partially inhibited through the addition

of the Rpt-3 peptide (Fig. 2.2D).%¢

A B * P <0.05
80+ ** P<(0.01
Q *** P < 0,001 o
AN 604 %* % %
closed g * %
©
L) *
pos 404
(]
&
% A
o-

[TCH-165]

250+
200+
150+
100+

(%of control)

20S CT-L activity ©
o
<

(@]
1

Figure 2.2: TCH-165 stabilizes the open-gate conformation of the 20S proteasome,
presumably through interaction with the a1-2 inter-subunit pocket. (A) Tilted top-view AFM
images of standing 20S particles with closed- and open-gate conformations. (B) Percent of open-
gate 20S particles in populations of the 20S proteasome treated with TCH-165. Data are mean +
standard deviation of at least four fields with 120260 particles per field (one-way ANOVA,; *p <

0.05, **p < 0.01, ***p < 0.001). (C) Top view of the 20S a-ring showing the preferred docking
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site of TCH-165 utilizing Autodock Vina. (D) TCH-165 competition experiment with the Rpt3

peptide (which normally binds in the a1-2 pocket) for 20S proteolysis (n = 3, *p<0.05).%

The discovery and subsequent mechanistic studies of TCH-165 as a 20S proteasome activator
by the Tepe lab%® initiated an expanded investigation by our group to identify additional small
molecular activators. Despite the several literature reports demonstrating the clinical relevance of
20S proteasome activation for treatment of a variety of diseases,®*’ there are very few molecules
that had been identified as direct or indirect activators of the 20S proteasome. Additionally, many
of these activators suffer from limitations, such as low potency, off-target effects, and poor drug-
like properties.®® 44" The continued exploration of 20S proteasome activation as a therapeutic
method will require additional molecular scaffolds to be explored to identify new lead molecules
for testing in disease model systems.

As part of this effort to identify novel scaffolds of 20S proteasome activators, | began a
collaboration with Prof. Adam Mosey and his lab at Lake Superior State University. The novel
chemistry developed by Prof. Mosey’s lab allowed for rapid generation of a small library of
compounds with analogous structures to that seen in Fig. 2.3.% | screened the library of
dihydroquinazoline analogues for 20S proteasome activity using a fluorogenic peptide degradation

assay and evaluated the structure activity relationship (SAR) of the dihydroquinazoline scaffold.**-
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Figure 2.3: General structure of compounds synthesized by the Mosey group.
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2.1.2 Objective

The goals of this project were (1) to further explore the robustness of allosteric small
molecule 20S proteasome activation by evaluating a novel 20S activator scaffold, (2) to explore
the SAR of the dihydroquinazoline 20S activator scaffold and (3) demonstrate the translation of
20S activity seen by dihydroquinazoline analogues to the enhancement of intrinsically disordered
protein (IDP) digestion.
2.2 Results and Discussion
2.2.1 Synthesis of a small library of dihydroquinazoline analogues for exploration as 20S
proteasome activators

Synthesis of the dihydroquinazoline analogues was accomplished via Prof. Adam Mosey’s
recently reported one-pot multicomponent reaction of amides, amines and aldehydes (Scheme
2.1).8 This method involves in situ imine formation from an amine and an aldehyde in the presence
of molecular sieves, followed by tandem assembly of the heterocyclic ring through successive
Tf,O-mediated amide dehydration, imine insertion, and Pictet-Spengler-like cyclization. The
multicomponent nature of the method permits the construction of highly diverse
dihydroquinazolines due to the compatibility of a wide range of simple starting materials.

Scheme 2.1: Multicomponent synthesis of dihydroquinazoline analogues.

O
HJ\R4 H,N—R; 4 A mol. sieves,

CH20|2, rt, 18 h N
O -
Q P S then Tf,0, 2-CIPyr, R N/)\R
R1 R2 1 2

-41°Ctort, 24 h

A small library of dihydroquinazolines (Fig. 2.4) was generated using this multicomponent

method to begin probing the ability of members of this class of compounds to activate the 20S

61



proteasome. Compounds synthesized to populate the library used for this study differed in their
structural features at the 7-, 2- and 3-positions (R, R? and R?, respectively) of the heterocyclic
scaffold (Fig. 2.3). Variation at the 7- and 2-positions was accomplished using select amides (e.g.
1-9), while the substituents at the 3-position were introduced using chosen amines (e.g. 10 — 24).
R! and R? groups introduced from the starting amides provided preliminary SAR information
which was utilized for the construction of the remaining members of the compound library in
which the R® group was varied. Simple alkyl and alkoxy substituents were explored at RY, along
with the absence of any additional group at this location (e.g. 1 — 4), and the investigated R?
substituents included alkyl and cycloalkyl groups to compare them to the aromatic counterpart
(e.9. 5—9 vs 2). A range of R3 substituents were installed to include aryl and heteroaryl groups
(e.g. 10 — 13), tethered heteroaryl groups (e.g. 14 — 15), and alkyl groups with varying ring and

heteroatom placement (e.g. 16 — 24).
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Flgure 2.4: Structurally related dlhydroqumazolme analogues analyzed in this SAR study.
A set of dihydroquinazoline analogues were synthesized with a variety of functionalities on their

periphery to decipher a SAR for the activation of the 20S proteasome by this scaffold.
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2.2.2 Screening and SAR of related dihydroquinazoline analogues as 20S proteasome
activators

Screening of this small library of dihydroquinazolines (Fig 2.4) was performed in two
stages. In the first stage, each compound was screened at 3 concentrations (3, 10 and 30 uM) to
select lead agents. Secondly, lead agents were further analysed using full concentration responses
(6-point titration ranging from 1.25 uM-40 uM) for each of the three proteolytic activities of the
20S proteasome and a combination thereof.

The proteolytic activity of the 20S proteasome can be monitored in vitro by measuring the
increase in 7-amino-4-methylcoumarin (AMC) fluorescence over time, following the cleavage of
fluorogenic peptide substrates for each of the different catalytic sites of the proteasome.*® 5
Proteolysis of the peptide substrates is enhanced if an open-gate conformation of the 20S
proteasome is stabilized.®® A combination of chymotrypsin-like (CT-L, Suc-LLVY-AMC),
trypsin-like (Tryp-L, Boc-LRR-AMC) and caspase-like (Casp-L, Z-LLE-AMC) peptide
substrates, one for each of the three different catalytic sites of the 20S, were used in equal amounts
to provide a comprehensive look at the activation potential of each compound. In the initial screen,
pure human 20S proteasome was pre-treated with 3, 10 or 30 uM of the analogues or DMSO
(vehicle control) in 96-well plates for 15 minutes at 37 °C. To each sample was then added a
mixture of the three substrates (each at a concentration of 13.3 uM). The release of AMC was
measured every 5 minutes, over the course of 1 hour, and the resulting 20S activity changes were
determined by comparing to the DMSO treated 20S. Relative changes in activity were quantified
by calculating the fold-increase in activity over the vehicle control for each analogue at a given

concentration (Table 2.1).
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Table 2.1: 20S proteasome activity analysis of structurally related dihydroquinazoline analogues
(compounds 1-24).

30uM | 10puM | 3uM
Compound (fold of control)
1 4 1.9 15
2 7.9 3.5 2.2
3 8.1 2.8 1.6
4 2.8 2.8 2.6
5 6.5 3.8 1.8
6 2.7 15 1.3
7 2.3 15 1.4
8 1.8 2.8 1.8
9 1.8 1.1 0.7
10 9.5 48 2.1
11 6.9 35 1.3
12 5.9 2.4 1.2
13 5.3 4.2 2.8
14 2 1.4 1.3
15 2.8 1.7 1.3
16 6.7 3.2 1.6
17 1 1 0.9
18 7 4.1 2.9
19 1.1 0.9 0.8
20 1.6 1.4 1.2
21 8.2 3 1.6
22 2.7 1.3 0.6
23 2.3 1.3 0.9
24 1.3 15 1.6

The resulting data (Table 2.1) show a few insightful trends in the SAR of the
dihydroquinazolines. Small changes in substitution at the 7-position appear to have a significant
effect on activity of the dihydroquinazolines. Compound 1, which displays 4-fold (i.e. 400%)
increase over background 20S activity, lacks a substituent at the 7-position but is otherwise
identical to compounds 2 (7.9-fold increase) and 3 (8.1-fold increase). This small change results
in a reduction in 20S activity from 8-fold enhancement down to a 4-fold enhancement at 30 pM.
Similarly, the addition of a longer alkyl chain on compound 4 resulted in a steep drop in 20S

activity to 2.8-fold at 30 puM. Changes at the 2-position show similar effects to that of the 7-
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position, where most substitutions other than a phenyl group (compounds 5-9) caused marked
decreases in 20S activity. All have less than 3-fold activation at 30 uM, apart from compound 5
(6.5-fold increase).

Substitutions at the 3-position showed more flexibility to changes than either the 7- or 2-
positions, while still having a significant effect on the relative 20S activities of the analogues.
Many of the most active analogues, like compounds 2, 3, 5 and 10 (7.9, 8.1, 6.5 and 9.5-fold
increase of 20S activity, respectively), contain a phenyl or benzyl functionality at the 3-position.
Other similarly sized and shaped substituents like cyclohexane (compound 16 (6.7-fold)) and
pyridine compounds 11 (6.9-fold) and 12 (5.9-fold)) also provided some of the most active
analogues. Interestingly, larger substituents at the 3-position as seen in compounds 18 (7-fold) and
13 (5.3-fold) also yielded highly active analogues, suggesting that additional functionalities may
be incorporated here for further optimization if necessary. The substitution of the phenyl or benzyl
groups for some other heterocycles such as N-methyl piperidine (compounds 17 (1-fold) and 19
(1.2-fold)), tetrahydropyran (compound 20 (1.6-fold)) or even a pyridine linked by a methyl group
in compound 14 (2-fold) lead to significant decreases in 20S activity. This suggests that placement
of heteroatoms at the 3-position may have the potential to disrupt hydrophobic interactions in that
region. The difference in activity shown between 17 and 18 could be caused by a disruption of
hydrophobic interactions with the addition of the piperidine nitrogen, which could then be
reinstated or replaced by new interactions made by the phenyl group in 18. The addition of non-
cyclic substituents at the 3-position (compounds 22, 23 and 24) resulted in very little 20S activity
(2.7, 2.3 and 1.6-fold increase in 20S activity, respectively) in all cases suggesting that larger

hydrophobic groups at the 3-position are likely required for 20S activity.
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2.2.3 Select dihydroquinazoline analogues activate all catalytic sites of the 20S proteasome
in a concentration-dependent manner

After analysing the results in Table 2.1, three of the most promising analogues were
selected for further studies into their 20S activity. Compounds 2, 10, and 18 were selected to be
carried forward due to their relatively high max-fold increases and more promising concentration-
response at lower concentrations. Compound 17 was also carried forward to use as an inactive
control since it had no discernible activity towards the 20S and was structurally similar to
compound 18.

Compounds 2, 10, 18 and 17 were further evaluated to obtain a full concentration-response
(Fig. 2.5) of their activities towards the 20S proteasome using each of the three substrates for the
three catalytic sites individually and the combination of the three substrates. This was done to
ensure that each of the selected compounds activate the 20S proteasome at all three catalytic sites,
which is critical for effective IDP degradation, as these proteins are likely to contain multiple
cleavage sites for each. Previously identified 20S proteasome activators that were only able to
activate a single catalytic site showed relatively poor enhancement of IDP degradation in vitro
when compared to those that activated all three catalytic sites.** By fitting the relative fluorescent
units and concentrations into a four-parameter dose-response curve the resulting data were
analysed. Through this more thorough testing of the selected dihydroquinazoline analogue leads
(compounds 2, 10 and 18), it was found that each was able to effectively enhance the degradation
of all three different peptide substrates of the 20S proteasome in a concentration-dependent manner
(Fig. 2.5). Whereas the inactive control (compound 17) was unable to enhance the degradation of

any of the peptide substrates in these experiments.
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Figure 2.5: Select dihydroquinazoline analogues activate all catalytic sites of the 20S
proteasome in a dose dependent manner. Concentration—response curves of compounds 2, 10,
18 and 17 for CT-L, Casp-L, Tryp -L, and the combination of the three sites of the 20S. These data

were collected in triplicate (n=3). Error bars denote standard deviation.

From the data in Fig. 2.5, the concentration at which 20S activity was doubled (EC200) was
calculated for each compound using each substrate and the combination of the three substrates
(Table 2.2). Because of variations in the maximum fold enhancement achieved by different 20S
enhancers, EC2qo values allow for easy comparisons to be made between activators. Additionally,
these EC200 values may provide better insight into the potency of the activators, relative to their
maximum achieved activity. Through these calculations, it was found that each of the active
compounds (2, 10 and 18) achieved high maximum fold increases in 20S activity towards each of

the peptide substrates, as well as the combination of the three substrates (Table 2.2). This
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demonstrates that these activators and this scaffold show potential to enhance the degradation of
full length IDPs, for the reasons mentioned above. Additionally, it was found that each of the active
analogues (compounds 2, 10 and 18) had EC200’s for 20S enhancement in the low uM range (1 —
2.5 UM) when using the combination of the 3 peptide substrates (Table 2.2). This level of potency
is on par with some of the most potent small activators discovered by the Tepe lab to date.>® 44

Table 2.2: Detailed analysis of 20S activation by select dihydroquinazoline analogues.

Combo CT-L Casp-L Tryp-L

comsauna| S | Vot | G | b | o | b | o | b
2 2.0 10.1 12.9 5.6 5.6 13.4 5.0 11.7

10 2.3 111 8.1 6.7 5.8 15.3 2.5 15.0

18 1.3 55 10.5 3.8 2.8 10.6 1.7 8.7

17 N/A 1.4 N/A 11 N/A 0.8 N/A 1.0

2.2.4 Compound 18 enhances the degradation of the IDP a-synuclein in vitro

Although these three analogues showed near equipotent activities, compound 18 was
selected as the lead molecule to move forward with due to its lowest overall EC2q0 value (Table
2.2: combo, EC200 1.3 uM) and relatively low individual site activities for the 20S. The activity of
compound 18 was further evaluated by observing its ability to enhance 20S mediated degradation
of the intrinsically disordered protein (IDP) a-synuclein (Fig. 2.6A). This was done to determine
if the activity seen by dihydroquinazoline analogues translates to more relevant full length protein
targets of the 20S.52%* The IDP o-synuclein was selected for these studies due to its predicted
highly disordered nature (Fig. 2.6A) and its known association with the development of
Parkinson’s disease, as well as other synucleinopathies.®>°

Briefly, the 20S proteasome was incubated with compound 18, followed by addition of

pure human a-synuclein. This mixture was then incubated for 4 hours. The digestions were
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analysed using silver stain (Fig. 2.6C) and densitometry was performed using image J software

(Fig. 2.6B) to explore the ability of compound 18 to enhance a-synuclein degradation by the 20S.

It was found that compound 18 effectively enhanced the rate of degradation of a-synuclein by the

20S in vitro in a concentration-dependant manner (Fig. 2.6B and C). As a control, the proteasome

inhibitor, bortezomib, which prevented a-synuclein degradation, was used to confirm that the

clearance of a-synuclein is a proteasome mediated event. The resulting data show that the prior

fluorogenic peptide substrate-based results for the dihydroquinazoline scaffold are translatable to

the degradation of IDPs.
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Figure 2.6: The most potent dihydroquinazoline analogue (compound 18) enhances 20S-

mediated degradation of the IDP a-synuclein in vitro. (A) Intrinsic disorder in a-synuclein as

predicted with PONDR VSL2 software. (B) Densitometry of C using image J software. (C) Silver
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stain of a-synuclein digestion with the 20S proteasome pretreated with dihydroquinazoline
analogue (compound 18) or the proteasome inhibitor bortezomib. These data were collected in
triplicate (n=3). Error bars denote standard deviation. Ordinary one-way ANOVA statistical

analysis was used to determine statistical significance (*p<0.05, ***p<0.001, ****p<0.0001).

These data demonstrate that dihydroquinazolines represent a promising scaffold from
which potent 20S activators that enhance IDP degradation can be developed can be developed.
Additionally, recently developed synthetic methods allow for access to a broad scope of
dihydroquinazoline analogues, permitting the exploration of a variety of different substituents and
substitution patterns. Among the analogues tested, several active compounds were identified, as
well as a few of the most potent 20S activators identified to date. Further optimization and testing
of dihydroquinazoline analogues may yield even more potent and drug-like leads, which can assist
in the continued exploration of 20S activation as a novel therapeutic method.

2.2.5 Screening of an extended dihydroquinazoline library shows numerous 20S proteasome
active analogues, but did not yield improved leads

In an effort to explore a larger library of dihydroquinazoline analogues and to identify even
more potent lead molecules, the Mosey lab provided nearly 80 dihydroquinazoline analogues
synthesized using their methodology.*® To screen this larger library of dihydroquinazoline
analogues economically and more rapidly, our standard 3-substrate combination fluorogenic
peptide assay was modified slightly by using reduced volumes required for running the assay and
fit it in 384-well plates. This was done following protocols used by our lab previously in a high
throughput screen to identify 20S activators, that will be discussed in more detail in Chapter 3.4
This study was done with assistance from Dr. Tomas Dexheimer and MSU’s assay development

and drug repurposing core (ADDRC). Human 20S proteasome was pretreated with various
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concentrations of each analogue followed by addition of the 3-substrate combination. Proteasome
activity was quantified by measuring fluorescence intensity associated with AMC release at time
=0 min and then again at time = 60 min. The level of activity for each treatment was determined
by subtracting signal from time = 0 from that found at time = 60 min. The resulting difference in
AMC fluorescence was compared to that of the DMSO vehicle control. This was done at 8-
concentrations for each analogue to obtain concentration response curves. From these data, the
maximum fold increase in activity over the vehicle control, as well as an EC2qo for each compound
was determined, as described above. The resulting data is summarized in a graph showing the
maximum fold increase over the vehicle (y-axis) and EC2oo (X-axis) of each compound (Figure

2.7).

Max fold increase over vehicle
N

01 2 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
ECy00 (M)

Figure 2.7: Screening of an extended library of dihydroquinazoline analogues using
fluorogenic peptide substrates shows numerous active compounds. Graph summarizing EC2oo

values (x-axis) and maximum fold increase over vehicle (30 uM). The top performing compounds
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were those with the highest maximum fold increases, as well as those with the lowest EC2qo values.

A combination of high max fold increase and low EC2o0 value represents the ideal lead compounds.

Through the screening of this larger library, it was found that many of these
dihydroquinazoline analogues activated the 20S proteasome to various degrees. However, none of
the additional dihydroquinazoline analogues tested in this high throughput manner showed
improvement relative to the most active analogues explored in the initial SAR study. After analysis
of this data and discussions with Prof. Mosey, he and his lab have begun synthesizing additional
dihydroquinazoline analogues to explore different substitutions at the 4-position to further
diversify the scaffold.

2.3 Conclusions

In summary, a small library of dihydroquinazoline analogues were screened for 20S
proteasome activity. It was found that several of these analogues effectively enhanced the activity
of the 20S proteasome towards the degradation of fluorogenic peptide substrates for each of the
catalytic sites of the proteasome. Comparison of the SAR of these dihydroquinazoline analogues
identified structural motifs that, when used in combination, yielded some of the most potent 20S
proteasome activators to date. Detailed evaluation of top dihydroquinazoline analogues
(compounds 2, 10 and 18) from this library demonstrated that each was capable of activating all 3
catalytic sites of the 20S proteasome in a concentration-dependent manner. It was also
demonstrated that the activity of compound 18 translates well to enhance the 20S mediated
degradation of a natural IDP substrate of the 20S proteasome, a-synuclein. Continued screening
of dihydroquinazoline analogues has yet to yield substantial improvements in activity relative to
the top compounds identified in the aforementioned SAR study. However, ongoing efforts are

being made to diversify this scaffold further and identify more potent leads, by making use of
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recently developed synthetic methods that allow for rapid generation of dihydroquinazolines with
varied substitutions and substitution patterns.
This work:

(1) Further demonstrated the robustness of allosteric small molecule 20S proteasome
activators through the identification of dihydroquinazolines as a novel 20S activator
scaffold.

(2) Explored the SAR of the dihydroquinazoline scaffolds 20S proteasome activity, and
identified analogues with potencies on par with the most potent activators established
thus far.

(3) Demonstrated that the activity of the dihydroquinazoline scaffold translates to enhance

20S proteasome-mediated degradation of the natural IDP substrate a-synuclein in vitro.
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CHAPTER THREE

Repurposed Neuroleptic Agents as novel 20S Proteasome Activator Scaffolds

Reproduced in part with permission from Fiolek J. Taylor, Keel L. Katarina and Tepe J. Jetze. Fluspirilene Analogs Activate the 20S
Proteasome and Overcome Proteasome Impairment by Intrinsically Disordered Protein Oligomers. ACS Chem. Neurosci. 2021. Copyright 2021
American Chemical Society
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3.1 Introduction
3.1.1 Background

The regulation of protein synthesis, degradation and folding within a cell is collectively
known as proteostasis. Proteostasis is maintained by a wide array of cellular machinery that works
to ensure that proteins are present in the proper location and amounts to perform their required
functions.’® However, as humans age, dysregulation of the proteostasis network is inevitable.
When this dysregulation of proteostasis occurs, there can be disastrous effects on the cell and even
on neighboring cells due to interference with critical signaling pathways. These effects are
associated with a variety of human diseases. One increasingly prevalent example of this is seen in
neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease, Huntington’s
disease, and amyotrophic lateral sclerosis.”° In these neurodegenerative diseases, accumulation
of specific IDPs leads to toxic signaling and disruption of proteostasis caused by their uncontrolled
aggregation and oligomerization.?%?” As a result, novel therapeutic methods that have the potential
to assist in reestablishing proper levels of these IDPs are of great interest.

Recently, it has been recognized that the 20S proteasome plays a critical role in maintaining
proteostasis through the direct degradation of oxidatively damaged and intrinsically disordered
proteins.® 2835 The 20S proteasome may therefore serve as the default protease to unremittently
maintain low levels of IDPs, without the need for post-translational modifications, including
protein ubiquitination.’ 28 Especially highly disordered proteins appear to be the main target of the
20S proteasome.®® Unfortunately, when dysregulation of IDPs leads to production that outpaces
their proteasomal clearance, the IDPs accumulate, and subsequently oligomerize and aggregate.
The oligomeric forms of the IDPs in turn can inhibit the 20S proteasome, resulting in a downward

spiral of IDP accumulation, oligomerization and disease progression.®’#!
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These findings have sparked the search for small molecules capable of enhancing the
proteolytic activity of the 20S proteasome.*?*® Small molecule proteasome enhancers are still
relatively scarce, with only a few bona fide examples reported in the literature.**>® The Tepe lab
developed an interest in this field of 20S proteasome activation following their discovery of the
small molecule 20S activator TCH-165 and related imidazoline analogues.* Since then, the Tepe
lab has pursued novel 20S proteasome activator scaffolds through a variety of strategies, including
design and synthesis of novel scaffolds, through collaborations (Chapter 2)* and through the
repurposing and modification of established drugs (this Chapter).>*

Repurposing of existing drugs was considered a promising strategy for the discovery of novel
20S proteasome activators, because it should allow for the identification of small molecule
activator scaffolds with good drug-like properties. Our hypothesized strategy for targeting
neurodegenerative diseases through 20S proteasome activation would require activators that can
effectively cross the blood-brain barrier (BBB). So, by identifying 20S activator scaffolds amongst
preexisting drugs, we could greatly increase our chances of success by starting with molecules that
can cross the BBB.*® This would allow for a much more streamlined drug development process
and help to avoid issues with bioavailability in in vivo models, should this technology progress to
that point.>” ® This was also important because of the relatively few previously identified
activators in the literature,**-> several are not considered to be bona fide activators due to poor
drug-like properties, detergent-like behavior, and a lack of translation of activity to physiologically
relevant substrates and systems. This includes detergents, such as sodium dodecyl sulfate (SDS)
and natural products, like oleuropein,®® and betulinic acid.’® These, as well as others, are

guestionable as true 20S agonists, since their activity does not translate under more physiologically
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relevant conditions and may result in disruption of proteasome subunits.> This drug repurposing
strategy should help to avoid future issues with other similar nondrug-like molecules.

To begin identifying 20S proteasome activator scaffolds amongst known drugs, the Tepe lab
performed a high-throughput screen (HTPS) of the NIH Clinical Collection and Prestwick
libraries.> For this screen, purified 20S proteasome was exposed to the compounds (10 pM) in the
presence of the fluorogenic chymotrypsin-like (CT-L) peptide substrate (Suc-LLVY-AMC). In
this activity assay, proteolysis of the peptide substrate is enhanced if a compound induces an open-
gate conformation of the a-ring, or through other allosteric interactions, to allow for more rapid
proteolytic cleavage inside the core particle. This enhanced proteolysis of the substrates is
indicated by the release of AMC from the peptide substrate (as discussed in Chapter 2).%* The
compounds were deemed inactive if the CT-L activity was <2 fold (at 10 uM) over the DMSO
vehicle control. From this screen, several novel small molecule activators of the 20S proteasome

62 other

were identified. This included several neuroleptic agents, such as Chlorpromazine,
phenothiazines (Fig. 3.1A), Aripiprazole®® and Fluspirilene®* ¢ (Fig. 3.2), which could represent
promising starting points for the development of BBB permeable 20S activators as therapeutics
for neurodegenerative diseases.>

Chlorpromazine and related phenothiazine analogues were the first of these neuroleptic
agents to be explored more thoroughly by the Tepe lab (Fig. 3.1A).%! It was found that
Chlorpromazine could effectively enhance the proteolytic cleavage of the CT-L fluorogenic
peptide (Fig. 3.1B) and IDP substrates (Fig. 3.1C) of the 20S proteasome in vitro.>! In silico

docking done on Chlorpromazine suggests that it, similar to TCH-165, may be acting on the 20S

proteasome by binding in an inter-subunit pocket of the o-ring (Fig. 3.1D).%° Thus, promoting an
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open-gate conformation of the 20S proteasome and allowing for easier substrate access to the

catalytic core, where proteolytic cleavage can occur. %
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Figure 3.1: Phenothiazines, like Chlorpromazine, enhance 20S mediated degradation of
peptide and IDP substrates, presumably through allosteric interactions with the a-ring. (A)
Structures of phenothiazine analogues identified in a HTPS as 20S activators. (B) Concentration
response (0-80 uM) of phenothiazine analogues in fluorogenic peptide (CT-L) digestions with
purified human 20S proteasome. Error bars denote standard deviation. (C) In vitro enhancement
of purified human 20S proteasome-mediated a-synuclein degradation by Chlorpromazine,
visualized using western blot.>! (D) In silico docking model suggests Chlorpromazine likely binds

in the 02-3 pocket of the a-ring of the 20S proteasome.

The exciting results obtained with Chlorpromazine encouraged additional studies,®® wherein
| sought to validate the activation of the 20S proteasome by other neuroleptic agents identified in
our HTPS, like Aripiprazole®® and Fluspirilene®* % (Fig. 3.2), so that they may be repurposed. This

would allow for the identification of other novel 20S activator scaffolds with promising drug-like
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properties for use in studying the effects of 20S proteasome activation in neurodegenerative
disease models. With a larger pool of drug-like small molecule scaffolds that activate the 20S
proteasome, we increase our chances of success when developing them as therapeutics, learn more
about what motifs can be used to generate novel activators, and can address some of the limitations
of previously discovered activators. These limitations include poor drug-like properties, lack of
BBB permeability, non-translatable activity to native IDP substrates, detergent-like behavior,
troublesome synthesis, and off-target effects, > 5 5% 60

In these studies, | explored the neuroleptic agents Aripiprazole®® and Fluspirilene®* % (Fig.
3.2), and analogues thereof, as 20S proteasome activators. | evaluated their activity in detail
using fluorogenic peptide and IDP substrates. Then, | employed in silico docking to assist in
analogue design. In the case of Aripiprazole, | synthesized and evaluated the analogues.

Whereas, in the case of Fluspirilene, I collaborated with Dr. Katarina Keel, who performed the

synthesis of Fluspirilene and its analogues, and with whom | worked together on the docking and
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Figure 3.2: The neuroleptic agents Chlorpromazine, Aripiprazole and Fluspirilene were

identified as potential 20S activator scaffolds in a HTPS.
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3.1.2 Objective

The goals of these studies were (1) to validate the neuroleptic agents Aripiprazole and
Fluspirilene as bona fide 20S activator scaffolds, (2) design, synthesize and evaluate novel
analogues of these scaffolds to diminish their neuroleptic activity and maintain/enhance 20S
activity, and (3) identify promising lead molecules for use in the development of novel assays
exploring the potential of this strategy for targeting neurodegenerative diseases.

3.2 Results and Discussion
3.2.1 The neuroleptic agent Aripiprazole is a small molecule activator of the 20S proteasome

Avripiprazole (Fig. 3.2) was identified as a novel 20S activator in the HTPS performed by
our lab previously, in which Chlorpromazine was also identified.> Aripiprazole is a FDA approved
neuroleptic agent with dopamine D2 receptor partial agonist activity used for the treatment of
schizophrenia.®® The studies outlined here were undertaken to verify Aripiprazole’s 20S
proteasome activity, develop analogues of Aripiprazole and to assess whether its activity translates
to a more relevant IDP substrate. This was done as part of an effort to identify a promising activator
for use in the development of novel methods for exploring the potential of this 20S activation
strategy for combating neurodegenerative diseases.

First, I set out to evaluate Aripiprazole’s activity utilizing fluorogenic peptide substrates
for the 20S proteasome that are conjugated to AMC, as discussed in Chapter 2. This assay was
similar to what was utilized in the HTPS that originally identified Aripiprazole among other
compounds as 20S activators.>! Here, this assay was used to further evaluate Aripiprazole’s
activity at each of the 3 catalytic sites (CT-L, Tryp-L and Casp-L) of the proteasome, determine if
this activity occurs in a concentration-dependent manner and to determine its relative potency. It

should be noted that at the time that Aripiprazole was being tested, we did not yet utilize a
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combination of the 3 fluorogenic peptide substrates to obtain a more comprehensive look at the
activity of activators and to compare them. That practice began with my testing of Fluspirilene
(Fig. 3.6) and the dihydroquinazoline analogues (Chapter 2).%° From these data, it was found that
Aripiprazole effectively activates each of the 3 catalytic sites in a concentration-dependent manner
(Fig. 3.3A). It was able to achieve an ECqo for each catalytic site at low uM concentrations and
led to high maximum fold increases over the DMSO vehicle control at higher concetrations (Fig.
3.3B). These initial results suggested that Aripiprazole may represent a good scaffold from which

other analogues may be developed and used to develop novel methods for exploring the potential

of this therapeutic method.
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Figure 3.3: Aripiprazole enhances 20S mediated degradation of peptide substrates. (A)
Concentration response (0-80 uM) from fluorogenic peptide digestions with Aripiprazole. These
data were collected in triplicate. Error bars denote standard deviation. (B) Calculated EC200 and

max fold increases in activity over the vehicle control. Shown with calculated standard deviations.
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3.2.2 Aripiprazole enhances the degradation of the IDP a-synuclein in vitro, but lacks
translation in terms of potency

After confirming that Aripiprazole has promising activity on the 20S proteasome in
fluorogenic peptide assays, relative to other activators that our lab has studied,>® ! | then utilized
a-synuclein, an IDP associated with Parkinson’s disease, as a substrate.” 10 17-19.22: 26 Thjg \yas
done to determine whether the activity of Aripiprazole translates well to the degradation of natural
substrates for the 20S, not just small peptides.®® For these experiments pure human 20S proteasome
was incubated together with Aripiprazole (3, 10, 30 or 100 uM), TCH-165 (10 uM), the
proteasome inhibitor Epoxomicin (1 pM),%” or DMSO (Vehicle, Fig. 3.4). Then, pure human a-
synuclein substrate was introduced and the resulting mixture was incubated for 4 hours. The
remaining a-synuclein, as well as 20S proteasome subunits, were subjected to denaturing
conditions and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used
to resolve the proteins. The resulting bands were stained using a Coomassie stain for visualization
of remaining a-synuclein.

While these data showed that Aripiprazole was able to enhance the degradation of a-
synuclein by the 20S in vitro, this effect is not very potent when compared to other previously
identified activators, like TCH-165 (Fig. 3.4). The relatively poor potency and lack of translatable
activity of Aripiprazole when using a-synuclein as a substrate may cause difficulty in obtaining
clear 20S proteasome enhancement in more disease relevant systems. Despite this, analogue
development was underway to explore whether this activity could be improved upon, while also

making changes that may reduce the neuroleptic activity of Aripiprazole.
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Figure 3.4: Aripiprazole enhances 20S proteasome mediated degradation of the IDP a-
synuclein. Coomassie stain illustrating Aripiprazole’s enhancement of a-synuclein digestion by
the 20S at 3, 10, 30 and 100 uM. DMSO (vehicle), TCH-165 (10 uM) and proteasome inhibitor
(Epoxomicin, 1 uM) treatments were included as controls. Relative intensities, shown as percent
of vehicle, were obtained by densitometry of a-synuclein bands done using image J. Each lane was

normalized using densitometry of total 20S proteasome subunits to control for loading differences.

3.2.3 Synthesis and evaluation of Aripiprazole analogues did not yield any promising lead
molecules

Despite the 20S activity seen for Aripiprazole in the fluorogenic peptide assays, analogue
development is necessary due to its dopamine D2 receptor activity.®® Additionally, Aripiprazole’s
potency for enhancing the rate of degradation of IDPs in vitro is notably worse than that of TCH-
165 (Fig. 3.4). Analogue development was undertaken to try to overcome these limitations and
grant a better understanding of Aripiprazole’s activity toward the 20S proteasome. This was done
by focusing on the two halves of the molecule, the quinolinone “head” and phenylpiperazine “tail”,
and functionalizing them with groups that were shown to be active with previously discovered

activators.°?
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The first series of analogues (compounds 3-1 through 3-6 (Scheme 3.1)) focused on the
phenylpiperazine-tail of Aripiprazole and incorporated functionalities that were explored during
analogue development of the phenothiazines.>* Compounds 3-1 through 3-6 retain the piperazine
and N-linked phenyl or dichlorophenyl functionalities of Aripiprazole and replaced the
quinolinone-head and linking alkyl chain with various benzyl-groups. This included, either an
unsubstituted benzyl, methyl 4-methylbenzoate, or p-tolyl acetate functionality. These analogues
were meant to explore whether the quinolinone functionality is necessary for 20S activation and
how substitution for a variety of other functionalities seen in previously synthesized
Chlorpromazine analogues would affect activity.>

Compounds 3-1 through 3-6 were synthesized following a similar procedure to that of
Mohammadi et al.®® Briefly, the piperazines were dissolved with potassium carbonate in
dimethylformamide (DMF) and to this was added the corresponding benzyl bromide. The resulting
mixtures were stirred and refluxed in DMF for 3 hours to produce the desired products (compounds
3-1 through 3-6). The methyl ester analogue lacking the 2 chlorines on the phenyl piperazine was
originally targeted for synthesis through this method, but it was found that the phenol analogue
(compound 3-3) was isolated in its place. This was likely due to partial hydrolysis of the methyl
ester to the phenol, followed by isolation of the incorrect product. As will be discussed in the next
paragraph, evaluation of the 20S activities of these analogues showed no activation by any of the
analogues. So, considering compound 3-3 is further removed from the parent molecule than

compound 3-4, which showed no activity, the other methyl ester analogue was not pursued further.
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Scheme 3.1: (A) Structures and (B) synthesis of Aripiprazole analogues 3-1 through 3-6.
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Following the synthesis of this first set of analogues (compounds 3-1 through 3-6), they

were evaluated for 20S activity using the fluorogenic peptide substrates, but none of these

analogues showed significant activity above the DMSO treated vehicle control (data not shown).

Despite their inability to activate the 20S, these results still provided information about the activity

of Aripiprazole and demonstrated that the functionalities explored here are not sufficient to

maintain that activity.

Analogue development was continued by exploring the quinolinone-head group. Molecular

docking studies were performed using Autodock Vina™, supported through computational

resources and services provided by the Institute for Cyber-Enabled Research at Michigan State
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University. The entirety of the 20S proteasome was used to perform unbiased blind docking,
allowing for true conformational preference. From the resulting docking models, it was determined
that Aripiprazole is likely binding in the same a2-3 pocket as Chlorpromazine (Fig. 3.5A).
Additionally, both molecules seemed to orient similarly within the pocket. This resulted in the tail
portions of each molecule roughly overlapping in these overlaid images. Following these docking
studies, | hypothesized that analogues with Aripiprazole- and Chlorpromazine-like functionalities
could help to elucidate what functionalities of Aripiprazole are important for binding and
potentially yield active analogues. To this end, five new target molecules (Fig. 3.5B, compounds

3-7 through 3-11) were designed.
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Figure 3.5: Molecular docking led design of Aripiprazole and Chlorpromazine-like
analogues. (A) Preferred docking site of Chlorpromazine (blue) and Aripiprazole (red), utilizing
Autodock Vina, in the 02-3 inter-subunit binding pocket of the 20S proteasome’s a-ring. (B)

Proposed Aripiprazole and Chlorpromazine-like analogues (compounds 3-7 through 3-11).

Compound 3-7 was designed to determine if the quinolinone functionality of Aripiprazole
mimics the phenothiazine portion of Chlorpromazine. The benzoate that was chosen as the tail-
portion of compound 3-7 was previously shown to enhance Chlorpromazine’s activity when
substituted in place of dimethylpropylamine.>* Compounds 3-8 and 3-9 represent hybrid molecules

with parts mimicking both the phenothiazine of Chlorpromazine, in the form of an Fmoc protecting
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group, and Aripiprazole, in the phenyl piperazine-tail. Compounds 3-10 and 3-11 sought to expand
upon this and potentially provide further support for Fmoc as a potential mimic for phenothiazine
when binding to the 20S. These analogues sought to explore the possibility of a new functional
group, in Fmoc, that can be easily conjugated to a variety of tails and used in place of the
phenothiazine, seen with Chlorpromazine. Additionally, the substitution of the phenothiazine with
another similar functionality, like the Fmoc group seen here, would provide another route through
which to potentially eliminate the dopamine receptor activity seen with Chlorpromazine.®!
Previous efforts to discover active substitutes for the phenothiazine functionality yielded few
promising results, so any progress that could be made to this end would be greatly beneficial for
development of future 20S activators.

Compound 3-7 was synthesized by first adding sodium hydride to a solution of the
quinolinone-head group of Aripiprazole in DMF at 0°C for 15 minutes. This was followed by
addition of benzyl bromide, warming to room temperature, and stirring for an additional 3 hours
to form compound 3-7, in 61% yield (Scheme 3.2). Compound 3-8 through 3-11 were synthesized
by addition of Fmoc-Cl to a stirring solution of the corresponding amine and triethylamine (TEA)
at 0°C. The resulting mixtures were allowed to warm to room temperature and stirred overnight to

give compounds 3-8 through 3-11 (Scheme 3.2).
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Scheme 3.2: Synthesis of (A) compound 3-7 and (B) compounds 3-8 through 3-11.
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Following the synthesis of compound 3-7 through 3-11 (Scheme 3.2), they were evaluated
for 20S proteasome acitivty using the fluorogenic peptide substrates. It was found that none of
these analogues showed any activation of the 20S proteasome in this assay (data not shown). The
lack of activity seen from compounds 3-8 through 3-11 suggest that the Fmoc functional group is
not a suitable sustitute for the phenothiazine of Chlorpromazine. Compound 3-7 being inactive
suggested that the quinolinone functionality of Aripiprazole does not directly mimic the
phenothiazine group of Chlorpromazine. This is clear, because the phenothiazine was shown to
have enhanced activity when conjugated to the same benzoate functionality, in place of the
dimethylamine.®® Additionally, it appears that the quinolinone group is not sufficient for
maintaining any of Aripiprazole’s prior activity on the 20S.

All Aripiprazole analogues up until this point had undergone significant modification when
compared to Aripiprazole itself and it was thought that the truncated linker seen in compound 3-7
may not allow for enough flexibility in the molecule for it to properly bind to the 20S. To address
this possibility, compound 3-12 was designed and synthesized (Scheme 3.3) with the goal of

mimicking the overall structure and length of Aripiprazole more closely. Briefly, a solution of 1-
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phenylpiprazeine and TEA in THF was slowly added to a solution of 4-bromobutanoyl chloride at
0 °C in THF with molecular sieves. The mixture was allowed to gradually warm to room
temperature overnight. Following workup, the crude material was carried forward due to an
unidentified contaminant that was not separated via column chromatography. The quinolinone-
head group of Aripiprazole was then dissolved in DMF and stirred in the presence of sodium
hydride for 10 minutes. To this was then added the crude intermediate, produced in the previous
reaction, and this mixture was stirred at room temperature overnight to yield compound 3-12, in
8% yield over 2 steps.

Scheme 3.3: Synthesis of compound 3-12.
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Following the synthesis of compound 3-12, it was tested in the fluorogenic peptide assay
and was found to be inactive (data not shown). This suggested that Aripiprazole may not be an
ideal scaffold from which to build novel 20S activators due to its activity apparently being highly
sensitive to structural modifications. Modifications, such as those undergone in compound 3-12,
would likely be required to effectively diminish its neuroleptic activity or to improve its potency.
This sensitivity to modification, coupled with Aripiprazole’s relatively poor potency when
translating activity to in vitro 20S proteasome mediated IDP digestions led me to explore other
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neuroleptic agent scaffolds for their potential as 20S proteasome activators. For this, | revisited the
HTPS run by our lab previously and further evaluated the activity of other 20S proteasome
activator hits.
3.2.4 The neuroleptic agent Fluspirilene activates all 3 catalytic sites of the 20S proteasome
but does not activate the 26S proteasome

Upon returning to the HTPS run by our lab previously, I retested several other hit molecules
using fresh stocks of each compound. From these data (not shown), the small molecule

antipsychotic drug Fluspirilene®* ¢

was identified as a promising new scaffold for the development
of 208 activators, due to its enhancement of 20S proteasome-mediated proteolysis of fluorogenic
peptide substrates. To further assess Fluspirilene’s 20S proteasome activity, a series of assays were
performed using the three previously mentioned fluorogenic peptide substrates. These substrates
were a CT-L, a Tryp-L and a Casp-L substrate, one for each of the catalytic sites of the proteasome.
It has also been shown that the proteasome’s active sites allosterically regulate each other in the
presence of their individual substrates.® Therefore, a combination of the three fluorogenic
peptides, in equal amounts, was also used to represent the overall activity of a 20S activator more
accurately in a system in which all catalytic sites are interacting.®® This was the first time that this
combination of peptide substrates was utilized by our lab, and has since become a common practice
to obtain generalized levels of activity for a given compound, that can then be compared to other
identified activators. The continued testing of the individual catalytic sites remains important
because all of these catalytic sites will likely be required for the degradation of IDPs and other
native substrates of the 20S that have many cleavage sites. So, while the combination of the three

substrates provides a good overall view of activity, the individual substrate screenings each ensure

that all catalytic sites are contributing to these results.
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It was found that Fluspirilene activates all three catalytic sites of the 20S proteasome in a
concentration-dependent manner (Fig. 3.6A) and achieved an ECyp of 2.2 uM using the
combination of substrates, with a maximum fold enhancement of nearly 10-fold (i.e. 1000%)
relative to the DMSO treated vehicle control (Fig. 3.6B). The level of activity found for
Fluspirilene in these studies is on par with some of the most active and potent small molecule 20S
proteasome activators identified to date. This, coupled with Fluspirilene’s good drug-like

64, 65

properties and BBB permeability, suggested that it may represent an ideal scaffold from which

additional 20S proteasome activators can be developed.
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Figure 3.6: The neuroleptic agent Fluspirilene activates all 3 catalytic sites of the 20S
proteasome but does not activate the 26S proteasome. (A) Concentration response (0-80 uM)
from fluorogenic peptide digestions with Fluspirilene. These data were collected in triplicate. Error

bars denote standard deviation. (B) Calculated EC200 and max fold increases in activity over the

Fluspirilene is a potent dopamine D2 receptor antagonist that has been used for the
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3.2.5 Fluspirilene analogues designed using in silico docking models as a guide

treatment of schizophrenia.®* ¢ As such, it has good drug-like properties and penetrates the BBB
effectively, which makes it a promising scaffold for development of novel 20S activators and for

use in evaluating the potential of this therapeutic strategy. On the other hand, due to its potent D2




receptor activity it cannot be repurposed therapeutically without modification. Therefore, we next
sought to explore whether Fluspirilene’s 20S proteasome activity is amenable to structural
modifications known to reduce the dopamine D2 receptor activity. For example, previous studies
by our group showed that eliminating or disrupting the interaction of the critical basic amine with
the D2 receptor abrogates this activity.’! 7

Using molecular docking as a guide (this work was done collaboratively with Dr. Katarina
Keel), N-acylated Fluspirilene (Fig. 3.7A), was designed to eliminate Fluspirilene’s D2 receptor
activity. In this scaffold, the basicity of the piperidine’s amine has been reduced through conversion
to an amide. Additionally, Fluspirilene and N-acylated Fluspirilene dock similarly within the
proteasome. Molecular docking studies were performed using Autodock Vina™, supported
through computational resources and services provided by the Institute for Cyber-Enabled
Research at Michigan State University. The entirety of the 20S proteasome was used to perform
unbiased blind docking, allowing for true conformational preference. Fluspirilene and N-acylated
Fluspirilene were found to preferentially bind to the a2-3 inter-subunit pocket (Fig. 3.7B and C).
This mode of binding is different from our previously reported 20S proteasome activator TCH-
165 which, when docked, preferentially binds to the al-2 inter-subunit pocket.’® To test the
importance of the 02-3 inter-subunit pocket, two other analogues of Fluspirilene were devised as
negative controls. Compounds 3-13 and 3-14 (Fig. 3.7A) were designed to be less active towards
the proteasome, based on assumptions regarding the diphenyl tail’s optimal 3D conformation and
the importance of the difluoro substituents, respectively. Molecular docking of these analogues
showed less preference for the 02-3 inter-subunit pocket, supporting these assumptions. Through
these three analogues of Fluspirilene, we aimed to further understand the in-pocket binding

interactions of our newly discovered 20S proteasome activator scaffold.
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Figure 3.7: Fluspirilene and N-acylated Fluspirilene preferentially dock in the a2-3 inter-
subunit binding pocket of the 20S proteasome. (A) Structures of N-acylated Fluspirilene,
compound 3-13 and compound 3-14. (B) Preferred docking site of N-acylated Fluspirilene,

utilizing Autodock Vina™, in the a2-3 inter-subunit pocket of the 20S proteasome’s a-ring. (C)

Zoomed in image of N-acylated Fluspirilene docked in the a2-3 inter-subunit pocket.

101



3.2.6 Activity differences between Fluspirilene analogues support what was predicted with
docking models

Fluspirilene and its analogues were synthesized by Dr. Katarina Keel according to
literature.”* Each of the synthesized Fluspirilene analogues (Fluspirilene, N-acylated Fluspirilene,
compound 3-13 and compound 3-14) were tested for 20S proteasome activity (Fig. 3.8). To do
this, the previously described fluorogenic peptide assay was employed to assess their activity using
a combination of the three catalytic site substrates. The results obtained from the screening showed
that the Fluspirilene analogues (N-acylated Fluspirilene, compound 3-13 and compound 3-14) all
showed some degree of activity and clear concentration-responses (Fig. 3.8). Excitingly, N-
acylated Fluspirilene appeared to have comparable potency and greater maximum activity in this
assay (Fig. 3.8) when compared to that of Fluspirilene (Fig. 3.6B). N-acylated Fluspirilene
represents a promising scaffold from which to develop additional analogues due to its potent
activation of the 20S. Additionally, N-acylated Fluspirilene lacks a basic nitrogen, which is known
to be critical for D2 receptor activity.> "° While compounds 3-13 and 3-14 both showed some
activity towards the 20S proteasome in this assay, their activity relative to Fluspirilene was greatly

reduced, supporting what was predicted with the molecular docking models.
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Figure 3.8: Fluspirilene analogues activate the 20S proteasome with varying effectiveness.
Concentration response (0-80 uM) from fluorogenic peptide digestions using the combination of
three fluorogenic peptide substrates with Fluspirilene analogues. These data were collected in

triplicate. Error bars denote standard deviation.

3.2.7 Detailed analysis of molecular docking yields insights into potential key interactions for
Fluspirilene analogue activity

To further analyze why Fluspirilene and N-acylated Fluspirilene show such promising 20S
proteasomal activity while compounds 3-13 and 3-14 display lessened activity, BIOVA Discovery
Studio 2020 was used to observe interactions of the analogues within the a2-3 inter-subunit pocket
(Fig. 3.9).”% In multiple binding modes obtained for both Fluspirilene and N-acylated Fluspirilene,
hydrogen bond interactions are observed between the imidazol-4-one’s amide N-H and a variety
of amino acid residues such as LYS77, ILE65, ASN84, TYR75, and GLN111 (Fig. 3.9A and B).
Comparatively, while compounds 3-13 and 3-14 show hydrogen bonding with the amide’s
carbonyl, they display no interactions between the amide’s N-H and any of the above-mentioned
amino acid residues (Fig. 3.9C and D). Furthermore, compounds 3-13 and 3-14 display less
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preference for the a2-3 inter-subunit pocket, suggesting a strong N-H hydrogen bond interaction
is necessary to support preferential binding. Fluspirilene, N-acylated Fluspirilene, and compound
3-14 also display pi-pi interactions with the diphenyl tail, specifically interacting with PHEG0,
PHEG61, and TYR154, while compound 3-13 shows no pi-pi interactions between the amino acid
residues and diphenyl tail. This suggests that restricting the conformational flexibility of the
diphenyl tail with a double bond interferes with the binding of this scaffold. Further exploration is

necessary to explain the importance of the difluoro substituents for proteasomal activity.

47
Qonvenhonalfluonne

Figure 3.9: Fluspirilene analogues binding models show varied interactions supporting
differences in activity. Binding models of Fluspirilene and the three analogues, viewed utilizing
BIOVIA Discovery Studio 2020 (A) Fluspirilene (B) N-acylated Fluspirilene (C) compound 3-13

(D) compound 3-14.
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3.2.8 N-acylated Fluspirilene activates all three catalytic sites of the 20S proteasome but not
the 26S proteasome

The 20S activity of N-acylated Fluspirilene was further assessed in the fluorogenic peptide
assay, using each of the individual substrates (CT-L, Tryp-L and Casp-L) as well as the
combination of the three (Fig. 3.10). N-Acylated Fluspirilene displayed a clear concentration-
dependent enhancement of 20S proteasome-mediated degradation of each of the three fluorogenic
peptide substrates. When compared to Fluspirilene, N-acylated Fluspirilene performs similarly
using the combination of the three fluorogenic peptide substrates, with an ECz00 of 1.9 uM (Fig.
3.10B). Additionally, the N-acylated analogue achieved better activation of the Tryp-L site, but
reduced activation of the CT-L site relative to Fluspirilene itself, when tested with the individual
fluorogenic peptide substrates. The N-acylated analogue achieved higher max fold increases for
each substrate/combination (>1500% increase over vehicle) but required slightly higher
concentrations to reach doubling of activity at the CT-L (ECz00 = 4.7 uM) and Casp-L (ECz00=4.1
puM) sites (Fig. 3.10B). These results led to the decision to carry both Fluspirilene and N-acylated

Fluspirilene forward into more physiologically relevant assays.
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Figure 3.10: N-acylated Fluspirilene is comparable to Fluspirilene in its ability to activate all
3 sites of the 20S proteasome, but not the 26S proteasome. (A) Extended fluorogenic peptide
analysis of N-acylated Fluspirilene. These data were collected in triplicate. Error bars denote

standard deviation. (B) Calculated EC200 and max fold increases in activity over the vehicle

IDP accumulation and aggregation are commonly associated with the progression of

of the Parkinson’s disease related IDP a-synuclein in vitro
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3.2.9 Fluspirilene and N-acylated Fluspirilene enhance the rate of 20S mediated proteolysis

neurodegenerative diseases. It is believed that these IDPs represent a promising therapeutic target

that may allow for the development of the first disease altering treatment for many




neurodegenerative diseases.!” 2> 777 Parkinson’s disease is currently the second most prevalent
neurodegenerative disease and is characterized by accumulation and aggregation of the IDP a-
synuclein.'” 7% Fluspirilene and N-acylated Fluspirilene were tested for their ability to enhance
degradation of a-synuclein, to demonstrate their potential to prevent the toxic IDP accumulation
and the translation of the activity towards the degradation of more relevant substrates, than the
fluorogenic peptides.

Briefly, purified human 20S proteasome was incubated with DMSO (vehicle), Fluspirilene
or N-acylated Fluspirilene at various concentrations (1, 3 or 10 uM). Pure human a-synuclein
substrate was subsequently added to the mixtures and incubated for 4-hours at 37 °C. Following
this incubation, the remaining a-synuclein and 20S proteasome were subjected to denaturing
conditions and resolved using SDS-PAGE. The resulting bands were visualized using silver stain.
Enhanced 20S activity was measured as a reduction of remaining a-synuclein when compared to
the vehicle (DMSO) control. As shown in Fig. 3.11, both Fluspirilene and N-acylated Fluspirilene
were able to effectively enhance the degradation of a-synuclein by the 20S proteasome in vitro.
Both compounds displayed a significant (Fig. 3.11B-C, >50%, p<0.001) concentration-depended
decrease in a-synuclein at values near their EC200. These results grant confidence in this novel 20S
activator scaffold to induce the degradation of IDPs and prevent their accumulation. As such,
Fluspirilene and N-acylated Fluspirilene were selected as the ideal compounds with which to begin
developing novel methods to further evaluate the potential of 20S proteasome activation as a

therapeutic strategy for combating neurodegenerative diseases.
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Figure 3.11: Fluspirilene and N-acylated Fluspirilene enhance the rate of 20S mediated
proteolysis of the Parkinson’s disease related IDP a-synuclein in vitro. (A) Representative
silver stain illustrating Fluspirilene’s enhancement of a-synuclein digestion by the 20S at 1, 3 and
10 uM. (B) Densitometry of Fluspirilene a-synuclein digestions done using image J (n=3). (C)
Densitometry of N-acylated Fluspirilene a-synuclein digestions done using image J (n=5). Error
bars denote standard deviation. Ordinary one-way ANOVA statistical analysis was used to

determine statistical significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

3.3 Conclusions

In summary, these studies demonstrated that the previously FDA approved neuroleptic

agents, Aripiprazole and Fluspirilene both represent novel 20S proteasome activator scaffolds. It
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was found that Aripiprazole, while being a 20S proteasome activator, does not show great
translation of activity to the enhancement of 20S-mediated degradation of IDP substrates, relative
to other activators discussed here. Additionally, the analogues of Aripiprazole that were
synthesized as part of these studies were all found to be inactive towards the 20S proteasome. For
these reasons, Aripiprazole is not an ideal scaffold from which to develop additional 20S
proteasome activators, nor for developing novel methods to further explore the potential of 20S
activation as a therapeutic method.

However, the subsequent studies focused on Fluspirilene and analogues thereof, yielded
much more promising results. Fluspirilene and N-acylated Fluspirilene were both found to
effectively enhance 20S proteasome-mediated degradation of fluorogenic peptide substrates and
the IDP a-synuclein in vitro. Neither of these activators showed substantial activity towards the
26S proteasome, which is desirable for specific targeting of IDPs associated with
neurodegenerative diseases. Molecular docking analyses of the Fluspirilene analogues,
synthesized by Dr. Katarina Keel, provided insight into potential key binding interactions, and
suggest that these molecules act through a similar gate-opening mechanism as previously
identified 20S activators. The relatively good potency, translatable activity to disease relevant
substrates, BBB permeability and potential for docking-led analogue design seen with Fluspirilene
and N-acylated Fluspirilene led to the conclusion that it represents an ideal scaffold from which
novel activators can be developed. Additionally, Fluspirilene and N-acylated Fluspirilene were
selected as lead molecules for use in developing novel methods to further explore the potential of
20S activation as an innovative therapeutic strategy.

1. The neuroleptic agents Aripiprazole and Fluspirilene were validated as 20S proteasome

activators.
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2. Analogues of Aripiprazole and Fluspirilene were synthesized by me or Dr. Katarina Keel
(Fluspirilenes) and evaluated for 20S activity.

3. Fluspirilene and N-acylated Fluspirilene were determined to be ideal candidates for
repurposing as 20S activators for further studies, based on a variety of advantages over
other activators.

3.4 Experimental
General information

Reactions were carried out under a nitrogen atmosphere in flame-dried glassware. Solvents
and reagents were purchased from commercial suppliers and used without further purification.
Anhydrous tetrahydrofuran (THF) was distilled over sodium (dryness was monitored by the color
of the solution, as indicated by benzophenone’s ketyl radical), triethylamine (TEA) was distilled
over calcium hydride, and dichloromethane (DCM) was dried over molecular sieves directly
before use. Magnetic stirring was used for all reactions. Yields refer to chromatographically and
spectroscopically pure compounds unless otherwise noted. Infrared spectra were recorded on a
Jasco Series 6600 FTIR spectrometer. *H and **C NMR spectra were recorded on a Varian Unity
Plus-500 spectrometer. Chemical shifts are reported relative to the residue peaks of the solvent
(CDCls: 7.26 ppm for *H and 77.0 ppm for *C) (DMSO-d6: 2.50 ppm for *H and 39.5 ppm for
13C). The following abbreviations are used to denote the multiplicities: s = singlet, d = doublet, dd
= doublet of doublets, t = triplet, and m = multiplet. The following abbreviation is used to denote
a broad signal: br. = broad. HRMS were obtained at the Mass Spectrometry Facility of Michigan
State University with a Micromass Q-ToF Ultima APl LC-MS/MS mass spectrometer. Column
chromatography was performed using a Teledyne ISCO CombiFlash® NextGen system with

prepacked columns (RediSep® Normal-phase silica, 20-40 microns). TLCs were performed on
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pre-coated 0.25 mm thick silica gel 60 F254 plates and visualized using UV light and iodine

staining.

N N
vl

1-benzyl-4-phenylpiperazine (3-1). 1-phenylpiperazine (189 pL, 1.23 mmol) and K>CO3 (170
mg, 1.23 mmol) were dissolved in DMF (10 mL) at room temperature. To this mixture, benzyl
bromide (210.4 mg, 1.23 mmol) was added in DMF (5 mL). This solution was brought to reflux
and allowed to stir for 3 hours before being allowed to cool back to room temperature. The reaction
was then analyzed with TLC (3:1 hexanes/ethyl acetate) and it was determined that the reaction
had gone to completion. The reaction mixture was then cooled to 0°C in an ice bath. Once cooled,
the solution was acidified using 0.5 M HCI in water. This did not yield a precipitate that was
expected based on the literature reference for the procedure. The solution was then neutralized
with NaOH pellets. Then, ethyl acetate (40 mL) was added to the solution and the mixture was
transferred to a separatory funnel. The water layer was removed, and the leftover organic layer
was then washed three times with 10% LiBr solution to remove DMF and water-soluble
byproducts. The remaining ethyl acetate layer was dried with Na>SO4 and concentrated affording
1 (brown solid, 307.5 mg, 99% vyield).

'H NMR (500 MHz, CDCl3) & 7.54 — 7.45 (m, 4H), 7.42 — 7.37 (m, 3H), 7.07 — 7.03 (m, 2H), 6.99
(m, 1H), 3.69 (s, 2H), 3.32 (t, J = 5.0 Hz, 4H), 2.73 (t, J = 5.0 Hz, 4H).13C NMR (126 MHz,
CDCI3) 6 151.17, 137.86, 128.98, 128.88, 128.09, 126.94, 119.35, 115.78, 62.87, 52.91, 48.88. IR
(neat): 3052, 2967, 1599, 1503 cm™. HRMS (ESI-TOF) m/z: [(M+H)"] calcd for (Ci7H21N2"):

253.1705. Found: 253.1750. m.p.: 39 — 40 °C.
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1-benzyl-4-(2,3-dichlorophenyl)piperazine (3-2). 1-(2,3-dichlorophenyl)piperazine (200 mg,
0.747 mmol) and K>COs (103.2 mg, 0.747 mmol) were dissolved in DMF (10 mL) at room
temperature. To this solution, benzyl bromide (127.8 mg, 0.747 mmol) was added with more DMF
(5 mL). This mixture was then brought to reflux and allowed to stir for three hours. After three
hours, the reaction was allowed to cool to room temperature and TLC (3:1 hexanes/ethyl acetate)
was used to determine that the reaction had gone to completion. To the reaction mixture ethyl
acetate (40 mL) was added and the solution was transferred to a separatory funnel. The reaction
mixture was then washed four times with 10% LiBr solution to remove the DMF and water-soluble
byproducts. Next, the remaining ethyl acetate solution was dried with Na,SO4 and concentrated
under vacuum. The resulting crude product was then purified by column chromatography (silica,
2:1 ethyl acetate/hexanes) affording 2 (brown solid, 101.1 mg, 42% yield).

IH NMR (500 MHz, CDCl3) & 7.41 — 7.27 (m, 5H), 7.17 — 7.12 (m, 2H), 6.96 (dd, J = 7.2, 2.4 Hz,
1H), 3.66 (s, 2H), 3.12 (s, 4H), 2.71 (s, 4H). 3C NMR (126 MHz, CDCl3) § 151.01, 133.89, 129.41,
128.31, 127.40, 124.55, 118.58, 62.80, 53.00, 50.88. IR (neat): 3045, 2817, 1577 cm™. HRMS
(ESI-TOF) m/z: [(M+H)*] calcd for (C17H19CI2N2"): 321.0925. Found: 321.0929. m.p.: 59 — 60

°C.
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4-((4-phenylpiperazin-1-yl)methyl)phenol (3-3). 1-phenylpiperazine (189 uL, 1.23 mmol) and
K2CO3 (170 mg, 1.23 mmol) were dissolved in DMF (10 mL) at room temperature. To this
solution, 4-(bromomethyl)phenyl acetate (281.76 mg, 1.23 mmol) was added with more DMF (5
mL). This mixture was then brought to reflux and allowed to stir for three hours. After three hours,
the reaction was allowed to cool to room temperature and TLC (3:1 hexanes/ethyl acetate) was
used to determine that the reaction had gone to completion. To the reaction mixture ethyl acetate
(40 mL) was added and the solution was transferred to a separatory funnel. The reaction mixture
was then washed four times with 10% LiBr solution to remove the DMF and water-soluble
byproducts. Next, the remaining ethyl acetate solution was dried with Na,SO4 and concentrated
under vacuum. The resulting crude product was then purified by flash column chromatography
(silica, ethyl acetate/hexanes) affording 3 (yellow powder, 50.4 mg, 15% yield).

IH NMR (500 MHz, DMSO-ds) & 9.31 (s, 1H), 7.20 — 7.17 (m, 2H), 7.11 (d, J = 8.4 Hz, 2H), 6.91
(d, J=8.2 Hz, 2H), 6.75 (t, = 7.3 Hz, 1H), 6.72 (d, J = 8.4 Hz, 2H), 3.38 (s, 2H), 3.09 (t, J = 4.8
Hz, 4H), 2.46 (t, J = 4.8 Hz, 4H). 3C NMR (126 MHz, DMSO-ds) & 156.36, 151.07, 130.18,
128.91, 128.01, 118.74, 115.35, 114.91, 61.69, 52.46, 48.20. IR (neat): 3098 (br.), 3006, 2814,
1598 cm™*. HRMS (ESI-TOF) m/z: [(M+H)*] calcd for (C17H21N20%): 269.1654. Found: 269.1659.

m.p.: 177 - 178 °C.
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4-((4-(2,3-dichlorophenyl)piperazin-1-yl)methyl)phenyl acetate (3-4). 1-(2,3-
dichlorophenyl)piperazine (200 mg, 0.747 mmol) and K>COs (103.2 mg, 0.747 mmol) were
dissolved in DMF (10 mL) at room temperature. To this solution, 4-(bromomethyl)phenyl acetate
(171.1 mg, 0.747 mmol) was added with more DMF (5 mL). This mixture was then brought to
reflux and allowed to stir for three hours. After three hours, the reaction was allowed to cool to
room temperature and TLC (3:1 hexanes/ethyl acetate) was used to determine that the reaction had
gone to completion. To the reaction mixture ethyl acetate (40 mL) was added and the solution was
transferred to a separatory funnel. The reaction mixture was then washed four times with 10%
LiBr solution to remove the DMF and water-soluble byproducts. Next, the remaining ethyl acetate
solution was dried with Na>2SO4 and concentrated under vacuum. The resulting crude product was
then purified by flash column chromatography (silica, ethyl acetate/hexanes) affording 4 (yellow
powder, 163.1 mg, 58% yield).

IH NMR (500 MHz, CDCl3) & 7.38 (d, J = 8.4 Hz, 2H), 7.16 — 7.12 (m, 2H), 7.06 (d, J = 8.5 Hz,
2H), 6.96 (dd, J = 6.8, 2.8 Hz, 1H), 3.57 (s, 2H), 3.06 (s, 4H), 2.64 (s, 4H), 2.30 (s, 3H). 3C NMR
(126 MHz, CDCl3) & 169.57, 151.29, 149.71, 133.98, 130.12, 127.41, 124.49, 121.33, 118.58,
62.35, 53.18, 51.29, 21.14. IR (neat): 2942, 2830, 1747, 1577 cm™. HRMS (ESI-TOF) m/z:

[(M+H)"] calcd for (C19H21Cl2N202%): 379.0980. Found: 379.0984. m.p.: 119 — 120 °C.
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methyl 4-((4-phenylpiperazin-1-yl)methyl)benzoate (3-5). 1-phenylpiperazine (189 uL, 1.23
mmol) and K>COz (170 mg, 1.23 mmol) were dissolved in DMF (10 mL) at room temperature. To
this solution, methyl-4-(bromomethyl)benzoate (281.76 mg, 1.23 mmol) was added with more
DMF (5 mL). This mixture was then brought to reflux and allowed to stir for three hours. After
three hours, the reaction was allowed to cool to room temperature and TLC (3:1 hexanes/ethyl
acetate) was used to determine that the reaction had gone to completion. To the reaction mixture
ethyl acetate (40 mL) was added and the solution was transferred to a separatory funnel. The
reaction mixture was then washed four times with 10% LiBr solution to remove the DMF and
water-soluble byproducts. Next, the remaining ethyl acetate solution was dried with Na,SO4 and
concentrated under vacuum. The resulting crude product was then purified by flash column
chromatography (silica, ethyl acetate/hexanes) affording 5 (pink/orange powder, 320.1 mg, 84%).
'H NMR (500 MHz, CDCls) 6 8.02 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 7.9 Hz, 2H), 7.27 — 7.24 (m,
2H), 6.93 (d, J = 8.0 Hz, 2H), 6.86 (t, J = 7.3 Hz, 1H), 3.91 (s, 3H), 3.65 (s, 2H), 3.23 (m, 4H),
2.65 (m, 4H). *C NMR (126 MHz, CDClz) & 166.93, 151.12, 129.64, 129.07, 119.78, 116.10,
62.45, 53.03, 52.05, 48.93. IR (neat): 3090, 2950, 1717, 1598, 1273 cm™*. HRMS (ESI-TOF) m/z:

[(M+H)*] calcd for (C19H23N202"): 311.1760. Found: 311.1779. m.p.: 86 — 87 °C.
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methyl 4-((4-(2,3-dichlorophenyl)piperazin-1-yl)methyl)benzoate (3-6). 1-(2,3-
dichlorophenyl)piperazine (200 mg, 0.747 mmol) and K>COs (103.2 mg, 0.747 mmol) were
dissolved in DMF (10 mL) at room temperature. To this solution, methyl-4-
(bromomethyl)benzoate (171.1 mg, 0.747 mmol) was added with more DMF (5 mL). This mixture
was then brought to reflux and allowed to stir for three hours. After three hours, the reaction was
allowed to cool to room temperature and TLC (3:1 hexanes/ethyl acetate) was used to determine
that the reaction had gone to completion. To the reaction mixture ethyl acetate (40 mL) was added
and the solution was transferred to a separatory funnel. The reaction mixture was then washed four
times with 10% LiBr solution to remove the DMF and water-soluble byproducts. Next, the
remaining ethyl acetate solution was dried with Na,SO4 and concentrated under vacuum. The
resulting crude product was then purified by flash column chromatography (silica, ethyl
acetate/hexanes) affording 6 (pink/orange powder, 190 mg, 67% yield).

IH NMR (500 MHz, CDCl3) & 8.03 (d, J = 7.1 Hz, 2H), 7.49 (m, 2H), 7.17 — 7.12 (m, 2H), 6.97
(m, 1H), 3.91 (s, 3H), 3.71 (s, 2H), 3.12 (m, 4H), 2.72 (m, 4H). 3C NMR (126 MHz, CDCls) &
166.88, 134.00, 129.73, 129.34, 127.47, 124.76, 118.66, 62.34, 53.10, 52.10, 50.87. IR (neat):
3095, 2967, 1712, 1577, 1270 cm'. HRMS (ESI-TOF) m/z: [(M+H)*] calcd for (C1oH21C12N202*):

379.0980. Found: 379.0985. m.p.: 92 — 93 °C.
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methyl 4-(((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl)oxy)methyl)benzoate (3-7). To a solution of
7-hydroxy-3,4-dihydro-2(1H)-quinolinone (50 mg, 0.31 mmol) in DMF (10 mL) at 0°C NaH (8.9
mg, 0.372 mmol) was added. This mixture was stirred under nitrogen atmosphere for 15 minutes.
At this point, methyl-4-(bromomethyl)benzoate (71 mg, 0.31 mmol) was quickly added to avoid
H>O contamination. The resulting solution was then allowed to warm to room temperature and left
to stir for hours. Upon completion, the reaction was quenched with the addition of water (10 ml).
To this ethyl acetate (40 mL) was add and the resulting solution was transferred to a separatory
funnel and washed three times with 10% LiBr solution to remove DMF. The resulting organic
solution was then dried with Na.SO4 and concentrated under vacuum. The resulting crude product
was then purified by flash column chromatography (silica, ethyl acetate/hexanes) affording 7
(white powder, 59.1 mg, 61% yield).

IH NMR (500 MHz, CDCls) & 8.06 (d, J = 8.3 Hz, 2H), 7.67 (s, br., 1H), 7.49 (d, J = 8.3 Hz, 2H),
7.07 (d, J = 8.3 Hz, 1H), 6.59 (dd, J = 8.3, 2.5 Hz, 1H), 6.37 (d, J = 2.5 Hz, 1H), 5.10 (s, 2H), 4.12
(q, J = 7.2 Hz, 1H), 3.92 (s, 3H), 2.92 — 2.89 (m, 2H), 2.63 — 2.60 (M, 2H). 13C NMR (126 MHz,
CDCI3) 6 171.32, 141.89, 138.14, 129.91, 128.82, 126.91, 116.44, 108.81, 102.53, 69.49, 52.17,
31.00, 24.59. IR (neat): 3010, 2945, 1724, 1670, 1592 cm™X. HRMS (ESI-TOF) m/z: [(M+H)*]

calcd for (C1sH1sNO4%): 312.1236. Found: 312.1237. m.p.: 176 — 177 °C.,
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9H-fluoren-9-yl)methyl 4-phenylpiperazine-1-carboxylate (3-8). 1-phenylpiperazine (54 uL,
0.352 mmol) and triethylamine (54 pL, 0.387 mmol) were dissolved in anhydrous DCM (10 mL)
at 0°C. To this solution Fmoc-CI (100 mg, 0.387 mmol) was added with a spatula. The resulting
solution was allowed to warm to room temperature and was stirred overnight. The resulting
solution was washed with water three times and extracted with ethyl acetate (40 mL). The
combined organic solution was then washed three time with brine solution and dried over NaxSOa.
The resulting crude product was purified by flash column chromatography (silica, ethyl
acetate/hexanes) affording 8 (white powder, 94.2 mg, 70% vyield).

IH NMR (500 MHz, CDCls) § 7.79 (d, J = 7.5 Hz, 2H), 7.60 (d, J = 7.4 Hz, 2H), 7.43 (t, J = 7.5
Hz, 2H), 7.35 (m, 4H), 6.95 (m, 3H), 4.49 (d, J = 6.7 Hz, 2H), 4.29 (t, J = 6.7 Hz, 1H), 3.63 (m,
4H), 3.12 (m, 4H). 3C NMR (126 MHz, CDCls) § 155.11, 151.13, 143.95, 141.33, 129.21, 127.70,
127.05, 124.93, 120.46, 119.99, 116.72, 67.28, 49.38, 47.35. IR (neat): 3052, 2904, 1681, 1597,
1218 cm™. HRMS (ESI-TOF) m/z: [(M+H)*] calcd for (CasH2sN202%): 385.1916. Found:

385.1923. m.p.: 146 — 147 °C.
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9H-fluoren-9-yl)methyl 4-(2,3-dichlorophenyl)piperazine-1-carboxylate (3-9). 1-(2,3-
dichlorophenyl)piperazine (93.1 mg, 0.352 mmol) and triethylamine (54 pL, 0.387 mmol) were

dissolved in anhydrous DCM (10 mL) at 0°C. To this solution Fmoc-Cl (100 mg, 0.387 mmol)
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was added with a spatula. The resulting solution was allowed to warm to room temperature and
was stirred overnight. The resulting solution was washed with water three times and extracted with
ethyl acetate (40 mL). The combined organic solution was then washed three time with brine
solution and dried over NaSOs4. The resulting crude product was purified by flash column
chromatography (silica, ethyl acetate/hexanes) affording 9 (white semi-solid, 78.8 mg, 49% yield).
IH NMR (500 MHz, CDCls) § 7.78 (d, J = 7.5 Hz, 2H), 7.60 (d, J = 7.5 Hz, 2H), 7.41 (t, J = 7.4
Hz, 2H), 7.33 (t, J = 7.4 Hz, 2H), 7.21 — 7.15 (m, 2H), 6.92 (dd, J = 7.7, 1.8 Hz, 1H), 4.50 (d, J =
6.7 Hz, 2H), 4.27 (t, J = 6.7 Hz, 1H), 3.66 — 363 (m, 4H), 2.98 — 2.94 (m, 4H). 3C NMR (126
MHz, CDCl3) & 155.20, 150.84, 143.95, 141.34, 134.15, 127.70, 127.51, 127.05, 125.09, 124.94,
120.00, 118.75, 67.27, 51.16, 47.37. IR (neat): 3065, 2918, 1698, 1577, 1204 cm™. HRMS (ESI-

TOF) m/z: [(M+H)] calcd for (C2sH23CloN202%): 453.1136. Found: 453.1142.

9H-fluoren-9-yl)methyl dimethylcarbamate (3-10). Dimethylamine (176 uL, 0.352 mmol) and
tricthylamine (54 uL, 0.387 mmol) were dissolved in anhydrous DCM (10 mL) at 0°C. To this
solution Fmoc-Cl (100 mg, 0.387 mmol) was added with a spatula. The resulting solution was
allowed to warm to room temperature and was stirred overnight. The resulting solution was washed
with water three times and extracted with ethyl acetate (40 mL). The combined organic solution
was then washed three time with brine solution and dried over Na;SOa. The resulting crude product
was purified by flash column chromatography (silica, ethyl acetate/hexanes) affording 10 (94 mg,

99%).
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IH NMR (500 MHz, CDCl3) & 7.78 (d, J = 7.6 Hz, 2H), 7.62 (d, J = 7.6 Hz, 2H), 7.41 (t, J = 7.4
Hz, 2H), 7.32 (td, J = 7.5, 1.1 Hz, 2H), 4.40 (d, J = 7.0 Hz, 2H), 4.26 (t, J = 7.0 Hz, 1H), 2.95 (s,
6H). 3C NMR (126 MHz, CDCls) & 156.46, 144.12, 141.29, 127.61, 126.98, 125.00, 119.93,
67.35, 47.32, 36.48, 35.91. IR (neat): 3061, 2929, 2763, 1702, 1447 cm'’. m.p.: 146 — 147 °C.

Mass spectroscopy data was not possible to identify.

9H-fluoren-9-yl)methyl morpholine-4-carboxylate (3-11). Morpholine (30 pL, 0.352 mmol)
and triethylamine (54 pL, 0.387 mmol) were dissolved in anhydrous DCM (10 mL) at 0°C. To this
solution Fmoc-Cl (100 mg, 0.387 mmol) was added with a spatula. The resulting solution was
allowed to warm to room temperature and was stirred overnight. The resulting solution was washed
with water three times and extracted with ethyl acetate (40 mL). The combined organic solution
was then washed three time with brine solution and dried over Na>SQO4. The resulting crude product
was purified by flash column chromatography (silica, ethyl acetate/hexanes) affording 11 (96.9
mg, 89%).

IH NMR (500 MHz, CDCls) & 7.78 (d, J = 7.5 Hz, 2H), 7.58 (d, J = 7.5 Hz, 2H), 7.42 (t, J = 7.5
Hz, 2H), 7.34 (td, J = 7.5, 1.0 Hz, 2H), 4.48 (d, J = 6.7 Hz, 2H), 4.26 (t, J = 6.7 Hz, 1H), 3.64 —
3.60 (m, 4H), 3.47 — 3.43 (m, 4H). 13C NMR (126 MHz, CDCls) & 143.90, 141.33, 127.71, 127.05,
124.89, 119.99, 67.29, 47.33. IR (neat): 3038, 2963, 1684, 1421 cm™. m.p.: 110 — 111 °C. Mass

spectroscopy data was not possible to identify.
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4-bromo-1-(4-phenylpiperazin-1-yl)butan-1-one (intermediate to compound 12). To a round
bottom flask with a stir bar and molecular sieves was added 4-bromobutanoyl chloride (417 pL,
3.6 mmol) in dry THF (10 mL). This was then cooled to 0 °C and to it was slowly added a solution
of 1-phenylpiperazine (458 uL, 3.0 mmol) and triethylamine (416 pL, 3.0 mmol) in dry THF (10
mL). This mixture was stirred at 0 °C and gradually allowed to warm to room temperature
overnight. The reaction was then poured into DI H>O (40 mL) and extracted with DCM (40 mL).
The organic layers were then washed with brine solution, dried with Na>SO4 and concentrated
under vacuum. The crude material was then purified by flash column chromatography (silica, ethyl
acetate/hexanes) affording the intermediate to compound 12, but there remained significant
amounts of an unidentified contaminate. This prevented full characterization data and accurate
yields from being reported, but the crude material was carried forward for the synthesis of
compound 12.

HRMS (ESI-TOF) m/z: [(M+H)"] calcd for (C14H20BrN20"): 311.0759. Found: 311.0766.

7-(4-0x0-4-(4-phenylpiperazin-1-yl)butoxy)-3,4-dihydroquinolin-2(1H)-one (3-12). To a
round bottom flask with a stir bar was added 7-hydroxy-3,4-dihydroquinolin-2(1H)-one (50 mg,
0.31 mmol) in DMF (3 mL) and NaH (14.9 mg, 0.372 mmol). This mixture was allowed to stir

under N2 atmosphere for about 10 minutes and then to it was added 4-bromo-1-(4-phenylpiperazin-
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1-yl)butan-1-one (115.8 mg, 0.372 mmol) in DMF (3 mL). The resulting mixture was stirred at
room temperature overnight. To the reaction was then added ethyl acetate (40 mL) and the organics
were washed with a 10% LiBr solution and then a brine solution to remove DMF. The organic
layer was collected, dried with Na2SO4 and concentrated under vacuum. The crude material was
then purified by flash column chromatography (silica, ethyl acetate/hexanes) affording 12 (9.5 mg,
8% vyield).

IH NMR (500 MHz, CDCls) § 7.99 (s, br., 1H), 7.30 — 7.26 (m, 2H), 7.05 (d, J = 8.3 Hz, 1H),
6.93 — 6.89 (m, 3H), 6.54 (dd, J = 8.3, 2.4 Hz, 1H), 6.34 (m, 1H), 4.03 (t, J = 5.9 Hz, 2H), 3.79
(t, J = 5.1 Hz, 2H), 3.65 (t, J = 5.1 Hz, 2H), 3.15 (t, J = 5.2 Hz, 4H), 2.88 (t, J = 7.2 Hz, 2H),
2.59 (m, 4H), 2.19 — 2.10 (m, 2H). 3C NMR (126 MHz, CDCls) 5 170.75, 158.45, 150.89,
129.23, 128.72, 120.57, 116.63, 115.83, 108.54, 102.10, 67.13, 49.69, 49.44, 45.38, 41.54, 31.05,
29.28, 24.77, 24.54. IR (neat): 3239, 2963, 1683, 1623, 1592 cm™*. HRMS (ESI-TOF) m/z:
[(M+H)™] calcd for (C23H28N303%): 394.2131. Found: 394.2136. m.p. data was not obtainable

due to insufficient amount of material remaining.
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Appendix

Figure 3.12 *H and 3C NMR spectra of compound 3-1
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Figure 3.13 *H and 3C NMR spectra of compound 3-2
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Figure 3.14 'H and 3C NMR spectra of compound 3-3

600

550

500

450

{400

350

300

250

t200

150

100

£50

-50

F40
L38

36

L34

F32

£30

F28

F26

L24

F22

L20

F18

F16

L14

12

L10

e
W
£V
9T
9T
T

S0'€
90°€ W.
o€

99'9
99°9
199
89'9
89'9
0L9
9
€9

S0
S0,
90°L
90°L
0L
€L
YI'L
ST
ST
9T'L
9T'L
L6—

HO

6°€
6'T

6T
20'T
=TT ~
2007
07

=180

sy —
8b'7S —

19—

£6PTT~,
cerstt
9811~
£0°82T ~_
£6'821 —
ozost

60°TST —

8€'95T —

/

HO

132



Figure 3.15 H and 3C NMR spectra of compound 3-4
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Figure 3.16 *H and 3C NMR spectra of compound 3-5
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Figure 3.17 *H and 3C NMR spectra of compound 3-6
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Figure 3.18 *H and 3C NMR spectra of compound 3-7
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Figure 3.20 *H and *3C NMR spectra of compound 3-9
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Figure 3.21 *H and 3C NMR spectra of compound 3-10
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Figure 3.22 'H and *3C NMR spectra of compound 3-11
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Figure 3.23 H and *3C NMR spectra of compound 3-12
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CHAPTER FOUR

Development of Neurodegenerative Disease Model Systems for Evaluating 20S Proteasome
Activation as an Innovative Therapeutic Strategy

Reproduced in part with permission from Fiolek J. Taylor, Keel L. Katarina and Tepe J. Jetze. Fluspirilene Analogs Activate the 20S
Proteasome and Overcome Proteasome Impairment by Intrinsically Disordered Protein Oligomers. ACS Chem. Neurosci. 2021. Copyright 2021
American Chemical Society
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4.1 Introduction
4.1.1 Background

The utility of small molecule activators of the 20S proteasome as biochemical tools for
studying the proteasome is unguestionable, given the wide use of SDS for studying proteasome
inhibition!® and the proteasomes involvement in numerous essential biological pathways.**!
However, regarding their potential for use as therapeutics targeting neurodegenerative diseases,
there remains much to be explored. Several recent studies have suggested this potential application
of small molecule 20S proteasome activators and have begun to explore it in purified protein and
cell-based systems.''"* These studies have made use of a variety of substrates, including IDPs that
are associated with neurodegenerative disease pathogenesis, like a-synuclein and tau.}'3 7 As a
result, interest in this potential method for combating neurodegenerative diseases has grown, but
several key questions remain unanswered regarding their potential in more disease relevant
systems.

In neurodegenerative diseases, like Parkinson’s disease and Alzheimer’s disease, IDPs are
known to exist in a variety of states of oligomerization and fibrilization. In fact, these various
aggregate forms of IDPs are often considered hallmarks of the development of these diseases.***
The mixture of IDP monomers, oligomers and large aggregates or fibrils seen in diseased systems
represents a very different potential substrate and environment for the proteasome, when compared
to purely monomeric IDPs. While the precise role that each form of these IDPs play within
neurodegenerative disease pathogenesis is not fully understood, mounting evidence suggests that
smaller oligomeric forms may represent the most toxic species, as opposed to the monomers, large
aggregates, and fibrils.3*¥” Additionally, some forms of these IDP oligomers have been shown to

directly inhibit the proteasome, which may contribute to their further accumulation, aggregation,
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and disease progression.®®4° The complex nature of IDPs seen within neurodegenerative diseases
necessitates that we address a couple of important questions regarding small molecule activation
of the 20S proteasome. First, can small molecule activators of the 20S proteasome assist in
maintaining its activity in the presence of inhibitory IDP oligomers? Secondly, can they effect the
levels of accumulated IDP oligomers via 20S proteasome activation, or only the monomeric IDPs?
Answering these questions, regarding the interplay of small molecule activators of the 20S
proteasome and the various oligomeric forms of IDPs, is critical to better understand the potential
of this therapeutic strategy.

In addition to the various forms of IDPs seen in neurodegenerative diseases, there are yet
other compounding factors. For example, multiple cell types are affected during the progression
of these diseases. In addition to neurons, there exist immune cells that are critical to healthy brain
function and are sensitive to disruptions in brain homeostasis. The perturbation of this delicate
system, as seen in neurodegenerative diseases, leads to the development of neuroinflammation.**
3 Neuroinflammation is deeply involved in the progression of neurodegenerative diseases, and
while the extent to which it contributes to disease progression is not fully understood, it is widely
thought to have a detrimental role.*> 447 Microglia, the primary native immune cells of the brain,
are thought to be one of the key drivers of neuroinflammation in neurodegenerative disease
pathogenesis.*> “® IDPs that are released by degenerating neurons into the extracellular space can
induce activation of microglia, leading to the secretion of pro-inflammatory signaling molecules,
like cytokines, chemokines, and reactive oxygen species. The inflammation resulting from their
release contributes to further neuron degeneration and death. This is thought to contribute to the
initiation of a deleterious cycle of neuron degeneration, IDP release, and neuroinflammation,

where each aspect further aggravates the others.*1-43: 46.49-52 \Whether 20S proteasome activators
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can break this cycle of increasing neuron degeneration and neuroinflammation is not yet known.
Exploration of the effects of 20S activators on neurons, microglia and neuroinflammation will be
necessary to fully understand their effects in diseased systems.

To address the questions posed above and push forward the development of small molecule
activators of the 20S proteasome as therapeutics targeting neurodegenerative diseases, novel
assays and disease models will need to be developed and implemented in their evaluation. Prior to
the studies outlined here, there had been no published attempts at exploring the interplay between
small molecule activators of the 20S proteasome and IDP oligomers that inhibit the proteasome.3®
39 Additionally, while some cell-based assays have been explored for validation of the activity of
small molecule 20S proteasome activators, there remains a need for more neurodegenerative
disease relevant models in which they can be evaluated.'"*® Furthermore, what effect these 20S
proteasome activators might have on neuroinflammation, seen in the development of these
diseases, has yet to be explored.* 447 Considering the complex nature of these diseases, involving
numerous forms of IDPs and cell types, much work remains to be done to validate this proposed
therapeutic strategy.

To this end, | sought to begin to address some of these questions surrounding the potential
of small molecule activators of the 20S proteasome as a therapeutic strategy for treating
neurodegenerative diseases, by developing novel assays and models to expand our experimental
program. To begin this effort, | followed work done by the Smith group, that demonstrated IDP
oligomer-mediated inhibition of the proteasome® and worked to explore the effects of 20S
activators in similar systems. My hypothesis was that small molecule activators of the 20S
proteasome can maintain 20S proteasome activity in the presence of inhibitory IDP oligomers,

thus helping to reestablish proteostasis (Fig. 4.1). Additionally, | explored the effects of 20S
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activators in a cell-based model of familial Parkinson’s disease, making use of the A53T mutant
form of a-synuclein.>*° Finally, | wanted to ensure that the 20S activators are not going to have
a detrimental effect on disease relevant cell types and begin to explore their effects on
neuroinflammation. For this, | evaluated their effect on the viability of immortalized microglia and
on IDP-induced release of the inflammatory cytokine TNF-a, by the same cells. I will also briefly
outline efforts made towards the development of other tools and model systems for use in future
studies by the Tepe lab, focused on furthering our ability to evaluate the potential of this

therapeutic strategy.

Inhibitory
IDP Oligomers
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Figure 4.1: Cartoon of proposed inhibition of 20S activity by IDP oligomers® and activation

via small molecule activators being developed by the Tepe lab.12 13.17.56
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4.1.2 Objective

The goals of these studies were: (1) investigate the interplay between small molecule 20S
proteasome activators and inhibitory IDP oligomers, (2) develop novel methods, tools, and cell-
based models to further demonstrate the potential of small molecule 20S proteasome activation as
an innovative therapeutic strategy targeting neurodegenerative diseases, (3) explore the effects of
20S proteasome activators on microglia and neuroinflammation induced by a-synuclein.

4.2 Results and Discussion
4.2.1 20S activators maintain activity in the presence of inhibitory a-synuclein oligomers

In neurodegenerative diseases, like Alzheimer’s disease and Parkinson’s disease,
proteasome impairment is a major contributor to the accumulation of neurotoxic IDP oligomers.>”
%8 In fact, it was recently shown that IDP oligomers associated with neurodegenerative diseases,
such as o-synuclein, amyloid B, and Huntingtin protein, can directly inhibit the 20S proteasome.®
0 This IDP oligomer-induced 20S proteasome impairment has the potential to contribute to further
accumulation of the IDPs, thus promoting disease progression. | hypothesized that small molecule
20S proteasome activators can protect against IDP-mediated impairment of the 20S proteasome,
and as a result may assist in reestablishing the clearing of IDPs. If IDP clearance by the proteasome
can be reestablished and free IDP levels can be reduce, then proteostasis can begin to be
reestablished as well.

To monitor the effects of small molecule 20S proteasome activators, like TCH-165,
Fluspirilene and N-acylated Fluspirilene, on an IDP oligomer-impaired 20S proteasome | followed
work published by the Smith group.® Briefly, purified 20S proteasome was incubated with the
compounds and an aggregate mixture of a-synuclein (purchased from Novus Biologicals) was

introduced prior to addition of a fluorogenic peptide substrate (CT-L). Consistent with their
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findings,*® it was found that the a-synuclein aggregate mixture significantly reduced 20S-mediated
proteolysis of the fluorogenic peptide substrate (Fig. 4.2). Excitingly, it was also found that the
20S proteasome activators TCH-165, Fluspirilene and N-acylated Fluspirilene, were each able to
maintain 20S proteasome activity in the presence of the mixed a-Synuclein aggregates, in a
concentration dependent manner (Fig. 4.2).

These findings were very exciting, because prior to this experiment no one had explored
the interplay between inhibitory IDP oligomers and small molecule activators of the 20S
proteasome. It was previously unknown whether small molecule activators of the 20S proteasome
would have any effect on its activity in the presence of an inhibitory IDP species, such as these
mixed a-synuclein aggregates. This represents a promising step towards validating the potential of
this method, considering that in neurodegenerative disease afflicted systems there will likely be a
variety of IDP species, including inhibitory oligomeric forms.®-30: 3840 5o for 20S proteasome
activators to have substantial effects on neurodegenerative disease progression, they must still

affect 20S proteasome activity in such a system.
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Figure 4.2: 20S proteasome activators maintain 20S activity in the presence of inhibitory a-
synuclein oligomers. 20S proteasome-mediated degradation of a fluorogenic peptide substrate
(CT-L) impaired by a-synuclein mixed aggregates in the presence of a concentration-gradient of
(A) TCH-165, (B) Fluspirilene, or (C) N-acylated Fluspirilene. These data were collected in
triplicate (n=3). Error bars denote standard deviation. One-way ANOVA statistical analysis was

used to determine statistical significance. (ns=not significant, *p<0.05, **p<0.01, ***p<0.001,

*xxxn<0,0001).
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It should be noted that differences in level of activity were seen between TCH-165 and the
Fluspirilene analogues tested here, especially at higher concentrations (Fig. 4.2). Several factors
could contribute to these differences, including which inter-subunit pocket they interact with (a1/2
for TCH-165% and 02/3 for the Fluspirilenes (Chapter 3)), interactions between the small
molecules and the oligomers, their normal differences in activity levels, or some combination
thereof. Studies being undertaken by other members of the Tepe lab may shed light on these
differences in activity going forward, but that is beyond the scope of this work.

4.2.2 20S activators maintain 20S activity in the presence of inhibitory Abeta oligomers

Similar to what is seen in Parkinson’s disease with a-Synuclein accumulation and
oligomerization, in Alzheimer’s disease the IDP amyloid B is known to accumulate and
aggregate.?® 29 38.69-72 Thjs effect is thought to similarly contribute to disease progression, although
the exact mechanisms are not fully understood, as with Parkinson’s disease. As was mentioned
above, Smith and co-workers were able to demonstrate that mixed amyloid  oligomers were also
able to directly inhibit the activity of the proteasome in vitro.*® While this inhibition across the
different IDPs in their study seemed to be similar, it is possible that the exact interactions taking
place could be varied. As a result, it is possible that the interplay between different inhibitory IDP
oligomers and 20S proteasome activators could be varied. | hypothesized that the 20S proteasome
activators TCH-165, Fluspirilene and N-acylated Fluspirilene could also maintain 20S proteasome
activity in the presence of amyloid  mixed aggregates, like what was seen with a-synuclein. This
would further support the hypothesis that small molecule 20S proteasome activation is a promising
method by which to address the problem of IDP accumulation and aggregation in multiple
neurodegenerative diseases that share similarities in terms of IDP accumulation and aggregation

but differ in the IDP that is associated with their pathogenesis.
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For this study, amyloid B mixed aggregates were generated following literature
precedence.®® " Briefly, synthetic amyloid B (1-42) (purchased from Eurogentec) was dissolved
in 100% hexafluoroisopropanol (HFIP) and incubated at 37 °C for 2 hours to remove any pre-
existing aggregates. The HFIP was removed via lyophilization, and the resulting peptide films
were stored at —80 °C until use. Aggregate mixtures were prepared by resuspending amyloid 3
films in DMSO, followed by addition of ultrapure H>O and rapid addition of 2 M Tris-base at pH
7.6. The solution was then briefly vortexed and allowed to incubate at room temperature for 5 min.
The amyloid B aggregate mixture was then diluted to the desired concentration and used
immediately. Following generation of the mixed amyloid [} aggregates, the same procedure that
was used for generating the data seen in Fig. 4.3 was followed, except the addition of a-synuclein
mixed aggregates was replaced with the amyloid 3 aggregate mixture.

Consistent with the findings of Smith and co-workers® and my own findings with a-
synuclein mixed aggregates (Fig. 4.2), the amyloid B aggregate mixture also inhibited the 20S
proteasome’s ability to degrade the fluorogenic peptide substrate (Fig 4.3). Additionally, as was
found with a-synuclein, the 20S proteasome activators (TCH-165, Fluspirilene or N-acylated
Fluspirilene) maintained 20S proteasome activity in the presence of the amyloid  aggregates, in
a concentration-dependent manner. At the higher concentrations (3—-10 UM depending on the
activator) each 20S activator was able to achieve levels of activity on par with or above that of the
untreated 20S proteasome control, for both the a-synuclein and amyloid f§ treated 20S proteasomes

(Fig. 4.2 and Fig. 4.3).
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Figure 4.3: 20S proteasome activators maintain 20S activity in the presence of inhibitory
amyloid p oligomers. 20S proteasome-mediated degradation of fluorogenic peptide substrate
(CT-L) impaired by amyloid p mixed aggregates in the presence of a concentration-gradient of (A)
TCH-165, (B) Fluspirilene, or (C) N-acylated Fluspirilene. These data were collected in triplicate
(n=3). Error bars denote standard deviation. One-way ANOVA statistical analysis was used to

determine statistical significance. (ns=not significant, *p<0.05, **p<0.01, ***p<0.001,

*xxxn<0,0001).
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The results obtained for both experiments were very encouraging and suggested that 20S
proteasome activators have the potential to preserve 20S proteasome activity at or above normal
levels in diseased systems where inhibitory IDP oligomers are present. These data represent the
first examples of 20S proteasome small molecule activators being used in conjunction with IDP
oligomers. To further investigate the interplay between 20S activators and oligomeric IDPs that
can inhibit the 20S proteasome, | wanted to examine what effects the activated 20S proteasome
was having on the IDPs themselves.

4.2.3 Fluspirilene analogues reduce monomeric and oligomeric a-synuclein in vitro

IDP oligomers, like those that inhibit the 20S proteasome,° are thought to exist in a
dynamic equilibrium with the monomeric form.? ™ 77 According to the studies by Smith and
co-workers, the medium size oligomers (~50 kDa) were the species responsible for the proteasome
inhibition, not the monomeric forms or larger aggregates.®® | hypothesized that small molecule 20S
activators can maintain its activity in the presence of these inhibitory species, enhance 20S-
mediated degradation of monomeric a-synuclein, and shift the equilibrium towards formation of
monomers, thus indirectly reducing the inhibitory medium sized oligomers.*

This was explored by examining a-Synuclein oligomer levels after an incubation of 24
hours with 20S proteasome, pretreated with either Fluspirilene, N-acylated Fluspirilene, or vehicle
control (DMSO). The remaining a-synuclein monomers and oligomers were visualized using
western blot, and the medium sized oligomers (as indicated within the green box, Fig. 4.4A and
B) were quantified (Fig. 4.4C and D). It was found that the addition of Fluspirilene or N-acylated
Fluspirilene led to a significant concentration-dependent reduction in remaining inhibitory o-
synuclein oligomers, relative to the vehicle control (Fig. 4.4C and D). This is the first evidence

that small molecule 20S proteasome activation can influence levels of oligomeric IDP.
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Figure 4.4: Fluspirilene and N-acylated Fluspirilene reduce monomeric and oligomeric a-
synuclein in vitro. (A) Western blot analysis of 20S proteasome-mediated a-synuclein oligomer
digestion with Fluspirilene (1, 3 or 10 pM) and (C) quantification of remaining oligomeric o-
synuclein. Densitometry of Fluspirilene a-synuclein oligomer digestions done using image J (n=3).
(B) Western blot analysis of 20S proteasome-mediated a-synuclein oligomer digestion with N-
acylated Fluspirilene (1, 3 or 10 uM) and (D) quantification of remaining oligomeric a-synuclein.
Densitometry of N-acylated Fluspirilene a-synuclein oligomer digestions done using image J
(n=4). Error bars denote standard deviation. One-way ANOVA statistical analysis was used to

determine statistical significance (ns=not significant, (*p<0.05, **p<0.01).
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These studies (Figs. 4.2 — 4.4) demonstrate the potential of 20S activators to assist in
reestablishing proteostasis in systems where inhibitory IDP oligomers are present, as seen in
many neurodegenerative diseases, by maintaining 20S proteasome activity and reducing
accumulated IDPs.3840
4.2.4 20S activators reduce the accumulation of A53T-mutant a-synuclein in transfected
HEK-293T cells

Next, I sought to develop a cellular model that could be employed to begin to evaluate 20S
proteasome activators within a cell-based system and on a neurodegenerative disease relevant
substrate. The A53T mutation of a-synuclein has been linked to some cases of early onset familial
Parkinson’s disease. This point mutation on a-synuclein leads to faster oligomerization than the
wild-type protein and as a result more readily disrupts proteostasis in neurons.>"> Because of its
involvement with some cases of familial Parkinson’s disease and the disordered nature of a-
synuclein, cells expressing the A53T mutant form of a-synuclein could serve as a promising model
for evaluating small molecule 20S proteasome activators.>>>>

To this end, I transiently transfected a plasmid containing A53T a-synuclein into HEK-
293T cells. Following transfection, the cells were incubated for 24 hours to allow for accumulation
of the A5S3T a-synuclein to begin. Then, the cells were treated with DMSO (vehicle) or 20S
proteasome activators (Fluspirilene or N-acylated Fluspirilene) for 8 hours. The cells were then
lysed, and total protein concentration was normalized for each sample. The resulting cell lysates
were subjected to SDS-PAGE, western blot and probed for A53T a-synuclein protein that had
accumulated. To ensure that the observed effects were due to changes at the protein level,

cycloheximide was added prior to treatment with 20S activators to block protein synthesis.
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HEK-293T cells do not normally express easily detectable levels of a-synuclein, as can be
seen when comparing the no plasmid control to the transfected vehicle control (Fig. 4.5).
Excitingly, it was found that both Fluspirilene and N-acylated Fluspirilene effectively reduced the
accumulation of A53T a-synuclein protein in these transfected HEK-293T cells in a concentration-
dependent manner (Fig. 4.5). Importantly, the effect of the 20S proteasome activator N-acylated
Fluspirilene was abrogated by blocking proteasome activity, with the proteasome inhibitor
bortezomib (BTZ),”® thereby implicating proteasome-mediated degradation as responsible for this
reduced accumulation of A53T a-synuclein. These results demonstrated that Fluspirilene
analogues can enhance the activity of cellular 20S proteasomes and reduce the accumulation of
disease-causing IDPs, like A53T a-synuclein. Moreover, this cellular model of familial

53-55

Parkinson’s disease can be used to evaluate novel 20S proteasome activators and assist in their

optimization for cell-based systems.
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Figure 4.5: Fluspirilene and N-acylated Fluspirilene reduce the accumulation of A53T a-
synuclein in transiently transfected HEK-293T cells in a concentration-dependent manner.
Western blot analysis of remaining A53T a-synuclein in HEK-293T cell lysates following 8 h
treatment with DMSO (vehicle), Fluspirilene (10 or 30 uM), N-acylated Fluspirilene (10 or 30
pUM), or a combination of N-acylated Fluspirilene (30 puM) and Bortezomib (100 nM).
Densitometry of resulting bands was performed using image J. Lanes were normalized for loading

differences using the housekeeping protein GAPDH. Quantifications shown as percent of vehicle.

This cell-based model system of familial Parkinson’s disease continues to serve as a
valuable tool for evaluating the effectiveness of various 20S proteasome activators in cells.
However, improvements in terms of throughput, workflow and consistency could still be made to
this model. For example, the development of a cell line that is stably transfected with an expression
system that allows for switching or tuning of expression, such as a tetracycline or doxycycline-

controlled system, could offer some of these improvements. Such a system would eliminate the
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need to perform transient transfections prior to every experiment and allow for easier tuning of
AS53T a-synuclein levels prior to treatments, providing enhanced reproducibility and ease of
optimization. The development of such a system is currently being explored by other members of
the Tepe lab.
4.2.5 Treatment of primary mouse hippocampal neurons with pre-formed a-synuclein fibrils
seeds accumulation of phosphorylated a-synuclein aggregates

To continue the investigation of 20S proteasome activation as a potential therapeutic
strategy for neurodegenerative diseases, their efficacy will need to be explored in more relevant
cell types, prior to movement into in vivo models. In an attempt to address this need, and to further
explore the effects of 20S activators on accumulation of oligomeric IDPs, | sought to develop a
cellular model using primary mouse hippocampal neurons. In this proposed model, | aimed to
induce aggregation of endogenous a-synuclein by treating primary mouse hippocampal neurons
with pre-formed a-synuclein aggregate seeds, following protocols similar to those reported in the
literature.”” ® These cells could then serve as a disease relevant model system to evaluate 20S
proteasome activators for their ability to reduce a-synuclein aggregation caused by exogenous
seeding, as is believed to occur in neurodegenerative disease pathogenesis.?* 274" 7"-7° This would
also represent one of the most relevant models of neurodegenerative disease, in terms of cell type,
that has been explored with small molecule 20S proteasome activators to date.

These studies were done in collaboration with Dr. Caryl Sortwell and her lab at MSU’s
Grand Rapids campus. The Sortwell lab obtained pre-formed a-synuclein fibrils from a
collaborator and then assisted me through training on primary cell culture and processing of the
pre-formed a-synuclein fibrils, via sonication, to generate the desired a-synuclein pre-formed fibril

seeds. | was then able to employ these techniques myself using our own equipment and facilities.
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Following this training, our collaboration continued, where | cultured the primary neurons and
performed pre-formed fibril and 20S activator treatments. The Sortwell lab then confirmed proper
pre-formed fibril seed formation, via AFM imaging, and imaged the final fixed neurons with a
Lionheart fluorescent microscope. Unfortunately, after several rounds of optimization the progress
of these studies was halted, due to the prohibitive costs associated with purchasing the neurons
and other required supplies for their culturing and treatment. Prior to the cessation of these
experiments, however, we were able to achieve seeding of endogenous a-synuclein that could be
visualized via immunostaining for phosphorylated a-synuclein (Fig. 4.6). Additional optimization
was deemed necessary to achieve better seeding efficiency and to reduce background signal. This
need for further optimization at this stage, along with the likelihood of needing further optimization
upon incorporation of 20S proteasome activator treatments, would have been quite costly, despite

this successful preliminary experiment. It was for this reason that these studies were put on hold.
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Figure 4.6: Seeding of primary mouse hippocampal neurons with pre-formed a-synuclein
fibrils induced aggregation of endogenous a-synuclein. Fluorescence microscopy images of
primary mouse hippocampal neurons following 14-day treatment with pre-formed a-synuclein
fibril seeds. Cell bodies (green) were probed for tubulin using a primary IgM mouse antibody for
5H1 and a GFP-conjugated (488) secondary goat anti-mouse IgM antibody. Phosphorylated a-
synuclein (red) was probed with a primary 1gG2a mouse antibody, followed by an RFP-conjugated
(594 nm) secondary goat anti-mouse 1gG2a antibody. The bottom imaged is zoomed in portion of

the top image displaying an area with high levels of phosphorylated a-synuclein aggregation.
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| later planned an alternative method, but its development has not yet begun. This
alternative method would make use of an immortalized mouse hippocampal neuron cell line (HT-
22 cells), in place of the primary neurons, but retain the same a-synuclein seeding strategy. These
neurons can be grown and passaged, unlike primary neurons, under normal mammalian cell culture
conditions and are much less sensitive to perturbations. These cells would allow for much more
cost efficient and rapid optimization of a similar model, if this cell line is amendable to seeding
with a-synuclein pre-formed fibril seeds, like the primary neurons. In the next section, | will
discuss the synthesis and testing of a fluorescent probe for IDP aggregation that could be used in
conjunction with this proposed HT-22 cellular model to further simplify the workflow and allow
for live-cell labeling.
4.2.6 Synthesis and testing of a fluorescent probe for monitoring IDP aggregation

Cell-based models of IDP aggregation and neurodegeneration can be challenging and
expensive to develop (see discussion above). As such, any tools that can simplify the workflow
and provide greater experimental flexibility can provide substantial benefits. While working on
the development of the primary neuron a-synuclein aggregation model above, I undertook the
synthesis (Scheme 4.1) and testing (Fig. 4.7) of a fluorescent probe (compound 4.3) that had been
reported in the literature.®® This probe was developed to provide a simple method to monitor IDP
aggregation in living cellular models of neurodegenerative disease. Compound 4-3 functions as a
molecular rotor-like dye, which following excitation can dissipate energy through nonradiative
pathways, because of its free intramolecular rotation around the vinyl linkage in non-rigid
environments. Upon binding to IDP aggregates however, this rotation is restricted and relaxation
back to the ground-state occurs through fluorescence (Aem = 605 nm), much like what is seen with

thioflavin T and other amyloid fibril dyes.’*** This probe was designed to improve on the cell
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permeability of thioflavin T and to reduce background fluorescence, which makes this probe more
ideal than the commercially available thioflavin T for our purposes.®® Such a probe would provide
a simpler method to probe for IDP aggregation, relative to immunostaining, and allow for
monitoring this aggregation in living cells without the need for fixation. This could allow for live-
cell imaging, time-lapse studies, and a simplified and less expensive workflow. Since this probe is
not commercially available, the synthesis was undertaken to obtain the probe following the
published route (Scheme 4.1).%° Our lab had the 2-methylbenzothiazole intermediate on hand, so
3 steps were needed to form the final product.

Briefly, compound 4-1 was synthesized by refluxing 2-methylbenzothiazole and methyl
iodide in acetonitrile (ACN) overnight. Subsequent cooling of the reaction mixture, filtering and
washing with ethyl acetate yielded 90% of pure compound 4-1. Compound 4-2 was synthesized
by dissolving piperidine and 4-fluorobenzaldehyde in DMF with potassium carbonate and heating
to 90 °C overnight. The resulting mixture was then cooled to room temperature and added dropwise
to ice water. The product was then extracted using DCM and dried to yield pure compound 4-2 in
65% yield. Compound 4-3 was synthesized by dissolving compounds 4-1 and 4-2 in EtOH and
refluxing while stirring overnight. The reaction was then cooled to room temperature, filtered and
the solid was rinsed 3 times with ethyl acetate. Pure compound 4-3 was obtained directly as a dark

red powder in 93% yield.
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Scheme 4.1: Synthesis of a fluorescent probe for monitoring IDP oligomerization and fibrilization,

following work by Shvadchak et al.?°

S Mel (2.0 equiv) @[S
> >
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\

1.0 equiv overnight
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O\
N y DMF, K,CO4 (2.0 equiv) N
- OO
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F 65% Compound 4-2
1.2 equiv 1.0 equiv
S
. s O
OO+ O - O
N\+ I~ EtOH, reflux N\+|_
' . overnight
1.0 equiv 0.9 equiv 93% Compound 4-3

Following the synthesis of compound 4-3, it was tested for its ability to preferentially detect
a-synuclein oligomers over their monomeric form, seen as an increase in fluorescence intensity
(Aexc = 570 nm, Xem = 605 nm). This was done by briefly incubating pure monomeric a-synuclein
or the a-synuclein oligomeric mixture that was used previously (Fig. 4.2 and Fig. 4.4) with
compound 4-3. Fluorescence was then measured using our SpectraMax plate reader (Aexc = 570
nm, Aem = 605 nm), following a similar protocol to what was used in the initial report of this
probe.® It was found that incubation of the probe with the a-synuclein oligomeric mixtures
resulted in a large (~300-fold) increase in fluorescence intensity, relative to that of the probe alone

or with monomeric a-synuclein (Fig. 4.7).
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Figure 4.7: Compound 4-3 shows increased fluorescence in the presence of oligomeric a-
synuclein. Brief incubation (15 mins) of compound 4-3 (4 pM) in PBS buffer with either
monomeric a-synuclein (10 uM) or the mixed aggregates of a-synuclein (10 uM), followed by
reading on our SpectraMax plate reader (Aexc = 570 nm, Aem = 605 nm). These data were collected
in triplicate (n=3). Error bars denote standard deviations. One-way ANOVA statistical analysis

was used to determine statistical significance (ns=not significant, ****p<0.001).

Compound 4-3 will be used to help develop cell-based models of IDP aggregation for the
testing of 20S proteasome activators going forward. It should provide a more simplified workflow
and lower cost option, relative to immunostaining, and will allow for live-cell imaging using
confocal microscopy, further diversifying our toolset for evaluating this potential therapeutic
strategy. It is planned to be used in conjunction with the immortalized mouse hippocampal
neurons, discussed above, to allow for live-cell imaging and quantitative evaluation of pre-formed

fibril seed-induced aggregation of endogenous a-synuclein. Additionally, it is serving as a valuable
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tool for use in other cell-based models currently being worked on by other members of the Tepe
lab.
4.2.7 Fluspirilene analogues and TCH-165 are well tolerated by microglia

The involvement of neuroinflammation in the pathogenesis of neurodegenerative diseases
has been an area of increasing interest, as more ties between the two are identified. Numerous
studies have shown that neuroinflammation appears to play a critical role in disease progression.
However, it is still unclear at what stage in disease development it begins to contribute or to what
degree it is responsible for the continued neuron degeneration.*!* %7 The initiation of
neuroinflammation seen in neurodegenerative diseases appears to be due, at least in part, to the
release of accumulated IDPs, like a-synuclein in Parkinson’s disease, by degenerating neurons into
the extracellular space. These IDPs released by degenerating neurons are not normally present in
the extracellular space within the brain. As such, the primary native immune cells of the brain,
microglia, detect these abnormal proteins, through their binding to multiple potential receptors on
the cell surface (TLR2, TLR4, FCyR, and CD36), and become activated. *!-4> 46: 4952 These
activated microglia undergo a phenotype switch to their activated form, much like what is seen
with macrophages when they detect pathogens and switch to their M1 (pro-inflammatory)
phenotype. As a result, the activated microglia begin to secrete inflammatory signaling molecules,
including cytokines, chemokines, and reactive oxygen species.*"> 4> %85 These pro-inflammatory
signaling molecules have been shown to contribute to further neuron degeneration. These events
are believed to culminate in the initiation of a deleterious cycle of increasing neuron degeneration,
IDP release, microglia activation, and neuroinflammation,*!-43: 46, 49-52
I hypothesized that 20S proteasome activators can help to disrupt this cycle of degeneration

by enhancing the degradation of the IDPs that are activating the microglia. This could take place
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at the level of the neurons that are producing and releasing the IDPs, but I also wanted to explore
whether they could have an effect at the level of the microglia and their activation. To explore this,
I set out to develop a cell-based model of neuroinflammation caused by IDPs. For this, I cultured
immortalized mouse microglial (IMG) cells and then treated them with 20S proteasome activators,
TCH-165 or N-acylated Fluspirilene, followed by addition of A53T a-synuclein directly into the
media. Following a 24-hour incubation together with the A53T a-synuclein, an MTS assay was
performed on the microglial cells to monitor viability and a TNF-a ELISA was performed on media
taken from the cells. TNF-a is a cytokine that is commonly associated with inflammatory responses
triggered by immune cells and has been implicated in neuroinflammation development.*!: 4% 4°
TNF-a is secreted by microglial cells following their activation, so by monitoring the levels of
TNF-a in the media with an ELISA, I could monitor the degree of microglia activation seen in
each treatment.*!- 424

Following treatment of the IMG cells with 20S activators and A53T a-synuclein, it was
found that both TCH-165 and N-acylated Fluspirilene were well tolerated by the microglia,
showing no significant decrease in viability up to 5 uM for TCH-165 and upwards of 10 pM for
N-acylated Fluspirilene (Fig. 4.8). This result was very important, because if 20S proteasome
activators show significant deleterious effects on microglial viability it could lead to more

inflammatory signaling and further disruption of brain homeostasis.
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Figure 4.8: TCH-165 and N-acylated Fluspirilene are well tolerated by microglia. MTS assay
monitoring cell viability of immortalized mouse microglia treated with A53T a-synuclein and
either DMSO (A53T treated), (A) TCH-165 at various concentrations or (B) N-acylated
Fluspirilene at various concentrations. These data were collected in triplicate (n=3). Error bars
denote standard deviations. One-way ANOVA statistical analysis was used to determine statistical

significance. No statistically significant differences between treatments were found.

4.2.8 20S activators reduce the release of the pro-inflammatory cytokine TNF-a by
immortalized microglia activated with A53T a-synuclein

Alongside the MTS assay being performed on the treated microglia cells, a TNF-o ELISA
was performed on the media removed from the cultures. This was done to monitor TNF-a. release
associated with microglia activation.* 42 4° As anticipated, the addition of A53T a-synuclein to
the microglia cultures induced increased release of TNF-a into the media, as detected by the
ELISA (Fig. 4.9), corresponding to an increase in activated microglia. This was consistent with
previous literature precedence and the consensus in the field surrounding IDP-induced
neuroinflammation as a contributing factor to neurodegenerative disease pathogenesis.*? 43 495

Excitingly, it was also found that treatment with TCH-165 or N-acylated Fluspirilene resulted in
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concentration-dependent reductions in the A53T a-synuclein-induced TNF-a release by these
microglia (Fig. 4.9). Both, TCH-165 and N-acylated Fluspirilene were able to reduce the levels of
TNF-a release back down to near what was seen in the media of untreated microglia, despite the
addition of the activating IDP. These results suggest that 20S proteasome activators have the
potential to help to not only reduce accumulating IDPs associated with neurodegenerative disease
(Fig 4.4 and Fig. 4.5), but also to help combat their pro-inflammatory effects on microglial cells

that are believed to contribute to the progression of these diseases (Fig. 4.9).
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Figure 4.9: TCH-165 and N-acylated Fluspirilene reduce the release of TNF-o by microglia
activated with AS3T a-synuclein. Sandwich ELISA of TNF-a secreted into the media by IMG
cell cultures treated with A53T a-synuclein and either DMSO (A53T treated), (A) TCH-165 at
various concentrations (1, 3 or 5 uM) or (B) N-acylated Fluspirilene at various concentrations (1,
3,50r 10 uM). These data were collected in triplicate (n=3). Error bars denote standard deviations.
One-way ANOVA statistical analysis was used to determine statistical significance (ns=not

significant, *p<0.05, **p<0.01).
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While these results were very exciting and suggested that 20S activators have the potential
to address multiple factors related to neurodegenerative disease pathogenesis (i.e., IDP
accumulation (Fig. 4.5), oligomer-induced proteasome inhibition (Fig. 4.2-4.4), and
neuroinflammation (Fig. 4.9)), the exact mechanism by which this reduction of TNF-a release is
occurring is not made clear by the results of this experiment. While the hypothesis was that 20S
activators could enhance the degradation of the activating IDPs to lead to a reduction in
inflammatory signaling, this experiment cannot directly show that IDP reduction is what led to
TNF-a release being reduced. Several methods could be used to explore the mechanism. For
example, the addition of a proteasome inhibitor could block this effect if it were indeed occurring,
but proteasome inhibitors are generally toxic to cells.® Using western blotting or an ELISA to look
at the amounts of remaining a-synuclein is a strategy that could be employed to explore whether
it is being degraded at an enhanced rate, but whether this should be done on extracellular a-
synuclein, a-synuclein that has entered the microglia, or both is not clear. The exact mechanism
for a-synuclein induced microglia activation is not fully understood, so which fractions should be
analyzed is also unclear. Additionally, there is mounting evidence for the presence of extracellular
proteasomes,® & so it is possible that degradation may take place outside, as well as inside of
these cells, further complicating the matter.

To begin to shed light on the mechanism by which these 20S activators were able to reduce
TNF-a release, I chose to explore whether this effect of 20S activators was dependent on activation
via an IDP, like A53T a-synuclein. To do this, lipopolysaccharide (LPS) was used to activate the
microglia in place of the A53T a-synuclein. LPS is commonly used to induce inflammatory
responses in cell culture because it is readily identified by immune cells as foreign, due to its

presence being indicative of bacterial infection when present in the body.*3 4% 888 Ag expected,

169



LPS induces a large increase in TNF-a release by the microglia, making use of the same ELISA
for TNF-o detection and quantification (Fig. 4.10). Interestingly, it was found that the 20S
proteasome activators TCH-165 and N-acylated Fluspirilene were also able to reduce the amount
LPS-induced TNF-a release in this assay (Fig. 4.10), like what was seen with A53T a-synuclein
(Fig. 4.9). This suggests that the initial hypothesis, that 20S activators could reduce the release of
TNF-o caused by A53T a-synuclein by enhancing the degradation of the A53T a-synuclein, should
be rejected. In fact, these results suggest that the reduction in TNF-a release seen in these assays
may represent a broader anti-inflammatory effect caused by these 20S proteasome activators,

independent of activation via extracellular IDPs.
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Figure 4.10: TCH-165 and N-acylated Fluspirilene reduce the release of TNF-a by microglia
activated with LPS. TNF-o ELISA of the media from immortalized mouse microglia cultures

treated with LPS and either DMSO (LPS treated), TCH-165 (5 uM) or N-acylated Fluspirilene (10

UM).

While these results complicate the mechanistic study, this potential anti-inflammatory

effect could still prove to be beneficial in the case of neurodegenerative disease treatment, where
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both IDP accumulation and neuroinflammation are thought to contribute to disease progression.*!-
43,46, 4952 Fyrther studies are required to elucidate the mechanism through which 20S proteasome
activators, such as TCH-165 and N-acylated Fluspirilene, can reduce TNF-a release by microglia
following their activation with pro-inflammatory stimuli.
4.3 Conclusions

In summary, several novel methods were developed herein to further evaluate 20S
proteasome activators as a therapeutic method for the treatment of neurodegenerative diseases.
These studies focused on providing disease relevant models to evaluate 20S activators and
answering crucial questions regarding the implications of 20S activation in neurodegenerative
disease model systems. It was found that TCH-165 and the Fluspirilene analogues could maintain
20S proteasome activity in the presence of inhibitory IDP oligomers and can begin to reduce
monomeric and oligomeric forms of a-synuclein in vitro. These findings support the hypothesis
that 20S proteasome activators can reestablish proteostasis in neurodegenerative disease systems,
where IDP accumulation and inhibitory IDP oligomers contribute to the disruption of proteostasis.
19-30, 38-40

Additional cell-based models of Parkinson’s disease were explored, focusing on differing
aspects of the disease. First, HEK-293T cells transfected with A53T a-synuclein served as a model
of early onset familial Parkinson’s disease.>*° This model has allowed for evaluation of the ability
of 20S proteasome activators to reduce accumulation of a disease relevant substrate in live cells.

To further the studies focused on IDP oligomers, | began to develop a cellular model of IDP
aggregation, using primary mouse hippocampal neurons treated with pre-formed a-synuclein fibril
seeds.”” "® While the development of this method did not reach completion, due to cost constraints,

the preliminary results suggest that this seeding was successful in inducing aggregation of
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endogenous a-synuclein. The development of a closely related model, using immortalized mouse
hippocampal neurons, was planned to achieve the same goal of exploring the effects of 20S
activators on cellular IDP aggregation. In conjunction with the fluorescent probe (compound 4-3)
synthesized herein, this model could be developed in a more cost-effective way, with a simplified
workflow and allow for analysis in living neurons.®

To explore the effects of small molecule 20S activators on the development of
neuroinflammation associated with Parkinson’s disease,*> 4> 4% 5! immortalized mouse microglial
cells were treated with 20S activators and AS3T a-synuclein. Treatment with A53T a-synuclein
induced increased secretion of the inflammatory cytokine TNF-a. This effect was prevented by
addition of small molecule 20S proteasome activators, in a concentration-dependent manner. A
similar effect was seen when LPS was used in place of A53T a-synuclein to activate the microglia,
which suggests that this anti-inflammatory effect is not specific to activation by IDPs. As a result,
the hypothesis that small molecule 20S proteasome activators could reduce the activation of
microglia by reducing the activating IDPs was rejected. However, despite this effect not being IDP
specific, it could still prove to be beneficial to the treatment of neurodegenerative diseases where
neuroinflammation is believed to contribute to disease pathogenesis.*! 447 Further studies are
required to elucidate the exact mechanism by which 20S activators reduce TNF-a release in this
model system.

1. 20S activators were found to be able to preserve 20S proteasome activity in the presence
of inhibitory IDP oligomers and reduce monomeric and oligomeric forms of a-synuclein
in those systems.

2. Novel methods and tools were developed to enable evaluation of 20S activators effects on

inhibition of the 20S by IDP oligomers, direct effects on IDP oligomers, cellular
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accumulation of A53T a-synuclein and neuroinflammation caused by A53T a-synuclein.
The tools, general protocol and initial attempts at development of a model to allow for
monitoring of a-synuclein aggregation in live neurons was also explored herein.
3. 20S proteasome activators can reduce A53T a-synuclein-induced release of TNF-a by
microglia, however this effect is not specific to activation of microglia by IDPs. Additional
studies are needed to elucidate the mechanism of reduced TNF-a release.
4.4 Experimental
General information

Reactions were carried out under a nitrogen atmosphere in flame-dried glassware. Solvents
and reagents were purchased from commercial suppliers and used without further purification.
Magnetic stirring was used for all reactions. Yields refer to chromatographically and
spectroscopically pure compounds unless otherwise noted. Infrared spectra were recorded on a
Jasco Series 6600 FTIR spectrometer. *H and **C NMR spectra were recorded on a Varian Unity
Plus-500 spectrometer. Chemical shifts are reported relative to the residue peaks of the solvent
(CDCls: 7.26 ppm for *H and 77.0 ppm for *C) (CD3sOD: 3.31 ppm for *H and 47.6 ppm for 3C)
(DMSO-d6: 2.50 ppm for *H and 39.5 ppm for $3C). The following abbreviations are used to denote
the multiplicities: s = singlet, d = doublet, and m = multiplet. HRMS were obtained at the Mass
Spectrometry Facility of Michigan State University with a Micromass Q-ToF Ultima API LC-
MS/MS mass spectrometer. Column chromatography was performed using a Teledyne ISCO
CombiFlash® NextGen system with prepacked columns (RediSep® Normal-phase silica, 20-40
microns). TLCs were performed on pre-coated 0.25 mm thick silica gel 60 F254 plates and

visualized using UV light and iodine staining.

173



(Lo

Compound 4-1: 2-Methylbenzothiazole (1.0 eq) and methyl iodide (2.0 eq) were dissolved in dry
acetonitrile (3.6 mL) and refluxed overnight. The reaction mixture was then cooled to room
temperature and the product was collected by filtration. The product was then washed with ethyl
acetate three times to yield pure product. Purple solid (2.70 g, 90%). *H NMR (500 MHz, CDs0D)
§8.32(d, J = 8.2 Hz, 1H), 8.24 (d, J = 8.5 Hz, 1H), 7.94 — 7.90 (m, 1H), 7.84 — 7.80 (m, 1H), 4.30
(s, 3H), 3.22 (s, 3H). 13C NMR (126 MHz, CDs0D) & 176.85, 142.01, 129.51, 128.90, 128.30,
123.77, 116.38, 35.67, 16.20. IR: 3056, 2965 cm™. HRMS (ESI-TOF) m/z: [(M-1)*] calcd for

(CoH10NS") 164.0534; Found 164.0538. Melting point: >200 °C. Reported 258°C.%

OO
Compound 4-2: A mixture of piperidine (1.0 eq.), 4-fluorobenzaldehyde (1.2 eq.) and potassium
carbonate (2 eq.) in 4 mL of DMF was heated to 90°C overnight. The mixture was then cooled to
room temperature, added dropwise to ice water, and extracted with DCM to yield pure product.
Brown solid (40.3 mg, 21%). *H NMR (500 MHz, CDCl3) § 9.71 (s, 1H), 7.70 (d, J = 8.9 Hz, 2H),
6.86 (d, J = 8.5 Hz, 2H), 3.37 (m, 4H), 1.63 (m, 6H). 3C NMR (126 MHz, CDCls) & 190.22,
154.94, 131.92, 113.36, 48.46, 25.21, 24.23. IR: 3002, 2947, 1662 cm™. HRMS (ESI-TOF) m/z:

[(M+H)™] calcd for (C12H16NO™) 190.1232; Found 190.1233. Melting point: 56-58°C.
S N
e A e
N +
\

Compound 4-3: Compounds 4-1 (0.91 eq.) and 4-2 (1.0 eg.) were dissolved in 20mL (5mL/mmol)

of EtOH and refluxed while stirring overnight. The reaction was then cooled to room temperature,
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filtered and the solid product was rinsed 3 times with ethyl acetate. Pure compound 3 was obtained
directly as a violet powder (1.63 g, 93%). *H NMR (500 MHz, DMSO-ds) & 8.32 (d, J = 7.4 Hz,
1H), 8.11 (d, J = 7.5 Hz, 1H), 8.07 (d, J = 15.0 Hz, 1H), 7.90 (d, J = 7.2 Hz, 2H), 7.79 (m, 1H),
7.70 — 7.64 (m, 2H), 7.06 (d, J = 7.0 Hz, 2H), 4.24 (s, 3H), 3.50 (m, 4H), 1.60 (m, 6H). 3C NMR
(126 MHz, DMSO-de) 6 171.42, 153.57, 149.66, 141.96, 132.88, 128.90, 127.52, 126.88, 123.84,
122.25,116.02, 113.45, 106.92, 47.54, 35.64, 25.10, 23.94. IR (neat): 3043, 2926, 1563, 1241 cm"
1. HRMS (ESI-TOF) m/z: [(M-I)*] calcd for (C21H23N2S*) 335.1576; Found 335.1621. Melting

point: >200 °C. Reported 252 °C.&
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APPENDIX

Figure 4.10 *H and 3C NMR spectra of compound 4-1
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Figure 4.11 *H and *3C NMR spectra of compound 4-2
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Figure 4.12 'H and 3C NMR spectra of compound 4-3
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CHAPTER FIVE

Conclusions and Future Directions
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5.1 Conclusions and Future Directions

The UPS has long been envisioned as a promising therapeutic target due to its involvement
in numerous critical biological pathways.'™° The success of inhibitors of the proteasome in the
treatment of some cancers validated it as a therapeutic target.!! In recent years, the importance of
the lone 20S form of the proteasome as a player in the maintenance of proteostasis has come to
light.*2 As a result, there has been a surge in interest in targeting the 20S form of the proteasome
for treatment of a variety of diseases.” 32® One area of particular interest is that of
neurodegenerative disease treatment, considering the lack of disease modifying treatments and the
devastation that is wrought on the lives of patients and their loved ones by these diseases.

My PhD studies have focused on furthering the development of small molecules 20S
proteasome activators as an innovative therapeutic strategy aimed at treating neurodegenerative
diseases. This was done by first identifying novel small molecule scaffolds that enhance 20S
proteasome-mediated proteolysis, evaluating their activities, ensuring that this activity is
translatable to disease relevant IDP substrates and initiating SAR studies focused on developing
potent analogues.?> 22 With these novel activators in hand, | sought to further explore the potential
of this proposed therapeutic strategy on more disease relevant substrates and in more disease
relevant systems.?® The result is an expanded toolbox of activators and methods with which they
can be evaluated for their potential to effect neurodegenerative disease pathogenesis.

| was the first to explore the interplay between IDP oligomers seen in neurodegenerative
diseases and small molecule 20S proteasome activators. Through these studies | found that small
molecule 20S proteasome activators can maintain 20S proteasome activity in the presence of
inhibitory IDP oligomers and reduce them in vitro.?® These studies were the foundation for several

ongoing studies in the Tepe lab aimed at further exploring this interplay, expanding to other disease
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related IDPs and developing more disease relevant model systems for furthering small molecule
20S proteasome activation as a therapeutic strategy. Of particular interest is the development of a
neuronal cell-based model for IDP accumulation and aggregation, as was initiated with the primary
mouse hippocampal neuron studies outlined above. Substitution of this cell line with the
immortalized hippocampal cells (HT-22 cell line) mentioned above could allow for a much more
efficient, in terms of time and cost, means to develop this model system to explore the effects of
small molecule 20S proteasome activators in a neuron model of IDP aggregation. These cells could
also serve in the development of a model for IDP accumulation through stable transfection with
an IDP, such as A53T a-synuclein. If toxicity proves to be a limiting factor here, an inducible
expression system, like a Tet-on/off system, may permit for more controlled expression and
accumulation.

| also demonstrated that small molecule 20S proteasome activators can reduce the release
of the pro-inflammatory cytokine TNF-a by microglia that have been activated by the familial
Parkinson’s disease related IDP AS3T a-synuclein. Chronic neuroinflammation is one of the
hallmarks of neurodegenerative diseases, like Parkinson’s disease, and is believed to be partially
a result of activation of microglia by IDPs, as seen in these studies.?’-*? So, reduction of this pro-
inflammatory signaling could show promise for development of therapeutics for these diseases.
The reduction of TNF-a release seen in these studies was not specific to microglial activation with
IDPs, but also those activated with LPS,* suggesting the possibility of a more general anti-
inflammatory response caused by small molecule 20S proteasome activators in this system. While
this lacks the specificity that was hypothesized, it may still serve as a promising secondary function
during development of neurodegenerative disease therapeutics, where both inflammation and IDP

accumulation, aggregation and toxicity play a role.*“° Further studies are needed to elucidate the
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mechanism associated with this reduction in TNF-a release by activated microglia. Some potential
avenues to explore this mechanism include monitoring intracellular levels and release of other
inflammatory signaling molecules as well as changes in vesicle trafficking. Proteomic and
genomic analyses in these cells may also provide insight into how small molecule 20S proteasome
activation might be affecting TNF-a release in this system. Going forward with these studies on
neuroinflammation induced by IDP release, co-culture experiments with microglia and neuronal
cells could serve as promising cell-based models of neurodegenerative disease for further
evaluation of the effects of small molecule 20S proteasome activation. If a stably transfected
neuronal model for IDP accumulation or aggregation can be developed, a cellular model
demonstrating how IDPs can lead to the development of neuroinflammation could be conceived.
Alternatively, activation of microglia through direct addition of IDPs could be used to develop a
model in which the deleterious effects of neuroinflammation on neurons can be explored and

potentially prevented with the addition of small molecule 20S proteasome activators.
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Materials and Methods
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6.1 Materials
6.1.1 Key resource tables

Table 6.1: Antibodies

Reagent or Resources Source Catalogue
number
GAPDH (14C10) Rabbit mAb HRP-linked Cell Signaling Technology | 3683S
oc-s_ynucleln (Syn204) mouse monoclonal Cell Signaling Technology | 2647S
antibody
Recombinant anti-alpha-synuclein antibody
[MJFR1] Rabbit Abcam ab138501
Goat anti-Rabbit IgG HRP-linked Cell Signaling Technology | 7074S
Horse anti-Mouse 1gG HRP-linked Cell Signaling Technology | 7076S
Goat anti-Mouse 1gG2a Alexa Fluor™ 594 Thermofisher Scientific A-21135
Goat anti-Mouse IgM Alexa Fluor™ 488 Thermofisher Scientific A-21042
Table 6.2: Peptides and recombinant proteins
Reagent or Resources Source Catalogue
number

Human 20S proteasome BostonBiochem E-360
Human 20S proteasome Enzo Life Sciences (I?(')\glo_ -PW8720-
19S Proteasome BostonBiochem E-366
Recombinant WT human a-synuclein Abcam ab51189
Recombinant human GAPDH protein Abcam ab77109
N-Succinyl-Leu-Leu-Val-Tyr-7-amido-4- .
methylcoumarin (Suc-LLVY-AMC) BostonBiochem 5-280
Z-Leu-Leu-Glu-7-amido-4-methylcoumarin .
(Z-LLE-AMC) BostonBiochem S-230
Boc-Leu-Arg-Arg-7-amido-4- . )
methylcoumarin (Boc-LRR-AMC) BostonBiochem 5-300
Recombinant Human a-synuclein Protein Novus Biologicals NBC1-18331
Recombinant Human GAPDH Protein Novus Biologicals NBC1-18528
Recombinant Human a-synuclein Active Novus Biologicals NBP2-54789-
Pre-formed Fibrils (type 1) Protein g 100ug
Human a-synuclein, A53T Kerafast Inc. EGP013
Beta-Amyloid (1-42), Human Eurogentec AS-20276
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Table 1.3: Cell lines, cell culture and transfection reagents

Reagent or Resources Source Catalogue
number
Immortalized mouse microglia (IMG) cells | Sigma Aldrich SCC134
HEK-293T ATCC CRL-3216
Primary Mouse Hippocampal Neurons Gibco A15587
Neurobasal Plus Medium Gibco A3582901
DMEM medium Gibco 11995-065
0.25% Trypsin-EDTA (1x) Gibco 25200-056
Fetal Bovine Serum Gibco 16000044
Penicillin-Streptomycin Gibco 15140-122
GlutaMAX (100x) Gibco 35050-061
B-27 Supplement (50x) Gibco 17504-044
Amphotericin B Gibco 15290018
Gentamicin Gibco 15750-060
X-tremeGENE HP DNA Transfection Sigma Aldrich 06366236001
Reagent
Dulbecco’s Phosphate Buffered Saline Sigma Aldrich D8537-500ML
Table 6.4: Oligonucleotides and recombinant DNA
Reagent or Resources Source Catalogue
number
pHM6-alphasynuclein-A53T Addgene 40825
Table 6.5: Bacterial strains
Reagent or Resources Source Catalogue
number
DH50 Chemically Competent E. coli ThermoFisher Scientific 18265017
Table 6.6: Commercial assay Kits
Reagent or Resources Source Catalogue
number
Pierce BCA Protein Assay Kit Thermofisher Scientific 23225
Pierce Silver Stain Kit Thermofisher Scientific 24612
CeIITlter _96 Agueous One Solution Cell Promega G3580
Proliferation Assay
Mouse TNF-o ELISA kit Invitrogen BMS607-3
Plasmid Maxi kit QIAGEN 12163
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Table 6.7: Other chemicals and reagents

Reagent or Resources Source Catalogue
number
TCH-165 Tepe lab NA
Fluspirilene Tepe lab NA
N-acylated Fluspirilene Tepe lab NA
Other Fluspirilene analogues Tepe lab NA
Aripiprazole Cayman Chemical 19989
Dihydroquinazoline analogues Mosey lab NA
Bortezomib Cayman Chemical 10008822
Epoxomicin Cayman Chemical 10007806
Cycloheximide Cell Signaling Technology 2112
LB Broth Sigma-Aldrich L7275
cOmplete Mini, EDTA-free protease . .
inhibFi)tor cocktail tablets i Sigma Aldrich 11836170001
Adenosine 5'-triphosphate magnesium salt | Sigma Aldrich A9187
Pierce RIPA buffer Thermofisher Scientific 89901
Mini-PROTEAN® TGX™ Precast Gels Bio-Rad 4561094
Immun-Blot® PVDF Membrane Bio-Rad 1620177
Clarity™ Western ECL Substrate Bio-Rad 1705060
Radiance Plus HRP Substrate Azure Biosystems AC2103
InstantBlue™ Coomassie stain Expedeon ISB1L
Blocking-grade Blocker (non-fat dry milk) | Bio-Rad 1706404

6.2 Methods
6.2.1 Cell culture

General cell culture: Human embryonic kidney cells (HEK-293T) or immortalized mouse
microglial cells (IMG) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum and 100 units/mL penicillin/streptomycin, at 37 °C
with 5% COa.
6.2.2 Primary neuron cell culture

Plating media: Neurobasal Plus media supplemented with 10% FBS, 2% B-27

supplement, 1% GlutaMAX supplement, 1% Amphotericin B and 50 pg/mL of Gentamicin was
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used for initial plating at the manufacturers recommended density and for the first 4 days of
culturing the cells.

Culturing media: Beginning on day 4 after plating, plating media was exchanged for
Neurobasal Plus media supplemented with 2% B-27 supplement, 1% GlutaMAX supplement, 1%
Amphotericin B and 50 pg/mL of Gentamicin, without FBS, and was used to maintain the cells
for the remainder of the culture time.

Plating and culturing procedures: From liquid nitrogen, the cells were rapidly thawed in
a 37 °C water bath until a small ice crystal remained. The vial was then transferred to the cell
culture hood and disinfected with 70% ethanol. Prior to every liquid transfer step with cells, all
pipette tips and tubes must be pre-rinsed with media to prevent cells from adhering to the surfaces
and to maximize viable cell count. The cells were then gently transferred with a pipette to a pre-
rinsed 50 mL conical tube. Next, the cryo-preservation tube that the cells came from was washed
using 1 mL of the plating media and this media was added dropwise while gently swirling the cells.
To this was then added dropwise 2 mL of additional plating media. The cells were gently mixed
with a pipette without creating any air bubbles. The cells were counted using 0.4% trypan blue and
a hemocytometer. 1.7x10* cells were plated per well in a poly-D-lysine-coated 96-well plate. The
cells were then diluted to 200 pL with the plating media and transferred to an incubator at 37 °C
with humidified atmosphere of 5% COz in air. After 24 h, half of the media was aspirated and
replaced with fresh plating media. After 3 more days (72 h), 3/4 of the media was aspirated off and
replaced with culture media (no FBS). This was done every 3 days for general culture or every 7
days for experiments with two treatments over 14 days. All media exchanges on primary mouse

hippocampal neurons were done one well at a time to minimize any time exposed to air.
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Pre-formed a-synuclein fibril seed preparation: Pre-formed o-synuclein fibrils,
obtained from our collaborated Dr. Sortwell, (2 mg/mL) were sonicated with a micro probe tip
sonicator with 60 pulses at 10% power (total of 30 s, 0.5 s on, 0.5 s off). Following sonication,
pre-formed fibril seeds were diluted in culturing media to the desired final concentration (0.001
mg/mL) and immediately used for treatment of primary mouse hippocampal neurons.

Seeding of primary mouse hippocampal neurons with a-synuclein pre-formed fibrils:
Following the initial plating procedure outlined above, on day 4 ~80% of the plating media was
removed from primary mouse hippocampal cultures and was replaced with fresh culturing media
containing desired final concentration of pre-formed a-synuclein fibril seeds. The cells were
returned to the incubator for 7 days, after which 50% of the media was exchanged for fresh
culturing media, without any pre-formed a-synuclein fibril seeds. When compound treatments
were attempted (data not shown), treatments were done shortly following initial treatment with
pre-formed a-synuclein fibril seeds and again 7 days later, for a total of 2 treatments. However,
these experiments did not yield conclusive results due to suboptimal cell growth and seeding
efficiencies. Following the 14-day incubation with pre-formed a-synuclein fibril seeds, all media
was gently removed from neuron cultures and the cells were washed with warm TBS buffer 1x,
fixed with 4% paraformaldehyde in TBS for 30 min at RT, and washed 2x with TBS buffer again.
Cells could then be stored at 4 °C. Immunostaining and confocal immunofluorescence of resulting
fixed primary mouse hippocampal neurons was performed by Dr. Caryl Sortwell and her lab.
6.2.3 Transient transfection of AS3T a-synuclein plasmid into HEK-293T cells

HEK-293T cells were grown using the methods stated above to ~50-70% confluency in 60
mm plates. DNA (5 pg of A53T a-synuclein plasmid) was mixed with 0.5 mL of serum free-

DMEM medium. X-tremeGENE transfection reagent (10 pL) was briefly vortexed, added to the
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plasmid solution and then this mixture was incubated for 20 min at RT. The mixture was then
added dropwise with swirling to the HEK-293T cells and allowed to incubate for 4 h at 37°C, 5%
COo, in a tissue culture incubator. The transfection medium was replaced with fresh culture
medium and cultured for a further 24 h.
6.2.4 Proteasome-mediated degradation of A53T a-synuclein in HEK-293T cells

HEK-293T cells were transfected as described above. The cells were then treated with 50
pg/mL of cycloheximide, in combination with either vehicle (DMSO), Fluspirilene (10 or 30 uM),
N-acylated Fluspirilene (10 or 30 uM), Bortezomib (100 nM), or a combination thereof for 8 h.
The cells were then lysed, and the resulting cellular extracts were immunoblotted to monitor A53T
a-synuclein levels.
6.2.5 Immunoblot

Transfected HEK-293T cells at 70-80% confluency were treated with test compounds at
the reported concentrations and time as indicated in figure legends. Samples meant for immunoblot
only were washed 2x with warm DPBS buffer and scrapped with chilled RIPA buffer
supplemented with protease inhibitor cocktail. Samples were incubated at 0 °C for 15 min,
centrifuged at ~14,000 g and the supernatant assayed for total protein content with bicinchoninic
acid (BCA) assay. Normalized and boiled samples were resolved on 4-20% Tris-glycine gels,
resolved via SDS-PAGE and blotted onto PVDF membranes. Membranes were blocked in 5%
non-fat milk in TBST buffer for 60 min at RT. Membranes were then incubated with primary
antibody in 5% non-fat milk TBST buffer, overnight at 4°C. Membranes were then washed 5x for
5 min each with TBST buffer and incubated in secondary antibody at RT for 60 min. Membranes

were washed again as above and developed with ECL clarity or Azure Biosystems Radiance Plus
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reagent. Images were captured with an Azure Biosystems 300Q Imager. All primary antibodies
were used at a dilution of 1:1000.
6.2.6 Immortalized mouse microglia TNF-a and viability experiments

Culture and treatment procedure: IMG cells were plated in 96-well cell culture plates
at a density of 10,000 cells per well. The cells were cultured under normal culture conditions for
24 h and then media was exchanged for fresh media (90 pL). Compounds were first dissolved in
DMSO at 1,000x the final desired concentration, and then further diluted to 10x the final desired
concentration in media. To each well was then added DMSO, TCH-165 or N-acylated Fluspirilene
(10 pL) at various concentrations (see Figure legends for details). Each treatment was done on six
different wells, so that three wells could be utilized for cell viability assessments and the media of
the other three wells could be used to measure TNF-a release. This prevented loss of any cells
when removing media influencing cell viability measurements. The cells were further incubated
for 1 h under normal culture conditions, and then AS3T a-synuclein was added to a final
concentration of 10 uM. The cells were then returned to the incubator for 24 h.

Cell viability assay: At the end of the treatments described above, to the cells was added
100 pL of fresh media (totaling 200 pL of media) and CellTiter 96 Agqueous One Solution Cell
Proliferation Assay solution (20 pL). The cells were then incubated for 1-4 h at 37 °C with 5%
CO., while monitoring for color change. The assay plate was then allowed to equilibrate for 15
min at RT, gently agitated to ensure even distribution of color and absorbance readings were taken
on a SpectraMax M5e Spectrometer. Data are presented as a percentage of the vehicle control for
each experimental condition, after background subtraction.

TNF-a ELISA: At the end of the treatments described above, the media from the cells and

from blank wells was removed and subjected to a TNF-a ELISA. This was done using a Mouse
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TNF-o ELISA kit purchased from Invitrogen, following their recommended protocol and using
their provided standards. Absorbance readings were taken on a SpectraMax M5e Spectrometer. A
standard curve was generated from the provided standards and resulting absorbance readings using
the GraphPad Prism 7 software. Using this standard curve, concentrations for the various
treatments were determined from their absorbance readings. Data is represented as a percentage of
the TNF-a concentration relative to the untreated IMG cell control.

6.2.7 Molecular docking studies.

Docking was performed using PyRx’s Vina Wizard program, supported through
computational resources and services provided by the Institute for Cyber-Enabled Research at
Michigan State University. The macromolecule for these docking studies was defined using a
crystal structure of the closed gate human 20S proteasome, obtained from the PDB database (PDB
ID: 4R30). Small molecules ligands were generated in Perkin Elmer’s Chem3D. These small
molecule ligands were minimized using the MM2 force field, converted into PDB files and
uploaded to PyRx. Vina was run on a maximized grid of the h20S proteasome (grid box 153.2 x
138.0 x 189.4 A) to allow for unbiased docking on the entire human 20S proteasome. Docking
was performed on each ligand three times with exhaustiveness set to 1000. The top nine reported
docking states were analyzed using Schrodinger’s PyMOL Molecular Graphics System. In the case
of the Fluspirilene analogues, BIOVIA Discovery Studio 2020 was used to further analyze the
docking models using the receptor-ligand interactions function. This allowed for exploration of
how the human 20S proteasome (receptor) was predicted to interact with the Fluspirilene

analogues at each of the 9 top docking states.

203



6.2.8 Fluorogenic peptide degradation 20S proteasome activity assay.

Activity assays were carried out in a 100 pL reaction volume. Different concentrations (1—
80 uM) of test compounds in DMSO were added (1 puL) to a black flat/clear bottom 96-well plate
containing 1 nM of human constitutive 20S proteasome, in assay buffer (50 mM Tris-HCI at pH
7.8, 100 mM NaCl) and allowed to incubate for 15 min at 37 °C. Fluorogenic substrates were then
added and the enzymatic activity measured at 37 °C on a SpectraMax M5e spectrometer by
measuring the change in fluorescence unit per min for 1 h at 380/460 nm. Medium-throughput
screening (MTPS) was carried out in 384-well plates as described above, with the following
exceptions. Three concentrations of compounds (3, 10 and 30 uM; 150 nL of 200x stocks in
DMSO) were dispensed into a black flat bottom 384-well plate containing 25 pL 20S proteasome
in assay buffer, followed by 5 uL of 6x substrate working solution (Suc-LLVY-AMC diluted in
assay buffer), using automated liquid dispensers. Enzymatic activity was measured at 37 °C on a
BioTek plate reader by measuring change in fluorescence unit per min for 1 h at 380/460 nm. The
fluorescence units for the vehicle control were set as 100%, and the ratio of drug-treated sample
relative to that of vehicle control was used to calculate the fold change in enzymatic activity. The
fluorogenic substrates used were one of the following: Suc-LLVY-AMC (CT-L activity, 20 uM),
Z-LLE-AMC (Casp-L activity, 20 uM), Boc-LRR-AMC (T-L activity, 40 pM) or a combination of
the three substrates (each at 6.67 uM). Magnesium chloride (5 mM) and ATP (2.5 mM) were
included in assays containing 26S proteasome.
6.2.9 In vitro purified a-synuclein degradation assay

Digestion of a-synuclein was carried out in a 50 puL reaction volume made of 50 mM Tris
at pH 7.8; 0.33 uM purified a-synuclein and 6.7 nM purified human 20S proteasome. Briefly, 20S

proteasome was diluted to 7.58 nM in the reaction buffer. Test compounds or vehicle (1 pL of 50%
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stock or DMSO, see Figures for treatment details) were added to 44 uL of 7.58 nM 20S and
incubated at 37 °C for 20 min. 5 uL of 3.3 uM a-synuclein substrate was then added to the reaction
mixture and incubated at 37 °C for 4 h. The reactions were quenched with concentrated sodium
dodecyl sulfate (SDS) loading buffer. After boiling for 10 min, samples were resolved on a 4-20%
Tris-glycine SDS-PAGE gel. The gels were then stained using InstantBlue Coomassie based
staining solution or Pierce Silver Stain Kit and the manufacturers recommended procedures.
6.2.10 Amyloid beta aggregate preparation.

Synthetic amyloid beta was purchased from Eurogentec. To remove preexisting aggregates,
synthetic amyloid beta peptide was dissolved in 100% HFIP and incubated at ° °C for 2 h. The
HFIP was removed, and the remaining peptide films were stored at —80 °C until use. Aggregates
were prepared by resuspending amyloid beta films with DMSO (50 pL per 1 mg of peptide),
followed by addition of ultrapure H>O (800 pL) and rapid addition of 2 M Tris-base (10 pL) at pH
7.6. The solution was then vortexed for 5 seconds and allowed to incubate at room temperature for
5 min. The Amyloid beta mixture was then diluted to the desired concentration and used
immediately.

6.2.11 IDP oligomer inhibition in fluorogenic peptide degradation assay

Assays were carried out in a 100 pL reaction volume. Different concentrations (1-10 uM)
of test compounds were added to a black flat/clear bottom 96-well plate containing 1 nM of human
constitutive 20S proteasome, in 50 mM Tris-HCI at pH 7.8 and allowed to incubate for 15 min at
37 °C. Then, 1 pL of a-synuclein or amyloid beta oligomer mixture was added to each sample to
a final concentration of 500 nM for a-synuclein and 2.5 uM for amyloid beta. This mixture was
then allowed to incubate again for 15 min at 37 °C. Next, 10 pL of CT-L fluorogenic substrate was

added to a final concentration of 20 pM. The enzymatic activity was measured at 37 °C on a
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SpectraMax M5e spectrometer by measuring the change in fluorescence unit per min for 1 h at
380—460 nm. The fluorescence units for the vehicle control were set to 100%, and the ratio of
drug-treated or just oligomer-treated samples to the vehicle control was used to calculate the
relative enzymatic activity.
6.2.12 Proteasome-mediated degradation of a-synuclein oligomeric mixture

Digestion of a-synuclein oligomer mixture was carried out in a 50 pL reaction volume
made of 50 mM Tris at pH 7.8; 0.33 uM a-synuclein oligomer mixture and 6.7 nM purified human
20S proteasome. Briefly, 20S proteasome was diluted to 7.58 nM in the reaction buffer.
Fluspirilene, N-acylated Fluspirilene or vehicle (1 pL of 50x stock or DMSO) were added to 44
uL of 7.58 nM 20S and incubated at 37 °C for 20 min. The substrate (5 pL of 3.3 uM synuclein
oligomer mixture) was then added to the reaction mixture and incubated at 37 °C for 24 h. The
reactions were then quenched with concentrated SDS loading buffer. Samples were resolved on a
4-20% Tris-glycine SDS-PAGE and immunoblotted with mouse monoclonal anti a-synuclein IgG
(1:2000) and anti-mouse HRP-linked IgG (1:2000). Blots were developed with ECL western
reagent and imaged with an Azure Biosystems 300Q imager.
6.2.13 Plasmid preparation

Bacterial culture: E. coli were grown at 37 °C in LB supplemented ampicillin (25 pg/mL).

Plasmid purification: AS53T a-synuclein plasmid was purified and prepared from E. coli
that had been transformed with the plasmid previously. Purification was done using a plasmid
maxi prep kit obtained from Qiagen and was performed following their provided protocol.

Resulting plasmid was diluted to ~1 pug/uL in the provided TE buffer for use in transfections.
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6.2.14 Quantification and statistical analysis

Data are presented as mean * standard deviation (SD). For each figure, the number of
replicates is indicated in the figure legends. Statistical analysis was only performed on experiments
with three or more n (biological replicates for cellular experiments or individual experiments for
biochemical assays). Western blot quantifications were performed with Image) software.
Statistical analysis was performed with GraphPad Prism 7 software. One-way ANOVA analysis
with post Sidak correction test was used for multiple comparisons of means. Effect was considered
significant for *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Confocal immunofluorescence (By Dr. Caryl Sortwell)
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