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ABSTRACT 

The ubiquitin-proteasome system (UPS) represents a critical pathway in maintaining 

cellular proteostasis by regulating protein degradation. Dysregulation in this system is 

implicated in neurodegenerative diseases, where the accumulation of misfolded proteins 

exacerbates proteotoxic stress. This dissertation investigates small-molecule activators 

of the 20S proteasome, leveraging its unique capacity to degrade intrinsically disordered 

proteins (IDPs) independent of ubiquitination. Through systematically exploring the 

structural and biochemical dynamics of proteasomal activation, the work delineates the 

therapeutic potential of targeting the 20S proteasome for neurodegenerative conditions. 

Initial studies characterized the interplay between protein aggregation, oxidative stress, 

and proteostasis disruption in diseases like Parkinson's and Alzheimer’s. A focus was 

placed on α-synuclein (α-syn), an IDP whose aggregation is central to Parkinson's 

pathology. Chapter Two describes the design, synthesis, and biological evaluation of 

third-generation chlorpromazine analogs, highlighting their efficacy in promoting 20S 

proteasome-mediated degradation of α-syn aggregates. Structure-activity relationships 

(SARs) were established, demonstrating the importance of specific substitutions in 

enhancing selectivity and minimizing off-target effects. 

Subsequent investigations in Chapter Three assessed these compounds in cellular 

models of oxidative stress. The results revealed that 20S proteasome activators mitigate 

oxidative damage by selectively degrading carbonylated proteins while preserving 

mitochondrial function.  

Chapter Four extends this work by introducing a novel piperazinone-based scaffold for 

20S proteasome activators. These studies underscore the therapeutic promise of 

modulating proteasomal activity, providing a framework for future drug development to 

restore proteostasis and combat neurodegenerative diseases. 

This dissertation advances our understanding of proteasomal regulation and offers a 

compelling strategy to address the molecular underpinnings of protein misfolding 

disorders. The findings pave the way for developing clinically viable interventions 

targeting proteostasis networks, with significant implications for treating age-related 

neurodegenerative diseases. 
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1.1 The Proteostasis Network 

Proteostasis, or protein homeostasis, is the delicate balance of processes that manage 

the synthesis, folding, trafficking, and degradation of proteins to maintain a functional and 

stable proteome.1 This balance is critical for cellular health. It enables adaptation to 

various physiological and environmental conditions while preventing the toxic 

accumulation of misfolded or aggregated proteins.2  

Protein synthesis, managed by ribosomes and translation machinery, produces 

polypeptides, laying the foundation for proteostasis. This process is tightly regulated to 

ensure fidelity and efficiency. Molecular chaperones, such as heat shock proteins (HSPs), 

play a central role by facilitating the correct folding of nascent polypeptides, preventing 

aggregation, and refolding misfolded proteins under stress conditions (Figure 1.1).3  

Degradation pathways are equally critical. The ubiquitin-proteasome system (UPS) 

targets damaged or misfolded proteins for proteasomal degradation in a ubiquitin-

dependent manner.4–6 Complementing this, the autophagy-lysosome pathway clears 

long-lived proteins, aggregates, and damaged organelles, providing a secondary defense 

against proteotoxic stress.7 Stress response pathways, including the unfolded protein 

response (UPR) and the heat shock response (HSR), detect and mitigate disruptions in 

proteostasis by upregulating protective proteins and molecular chaperones.8,9 These 

components work interconnectedly, adapting dynamically to cellular needs and 

environmental changes.10 Together, they safeguard the proteome, ensuring cellular 

health and preventing the accumulation of toxic protein aggregates, a hallmark of several 

age-related and neurodegenerative diseases.11–13 

The proteostasis network (PN) maintains cellular metabolism, signaling, and structural 

integrity, enabling long-term tissue functionality. It helps cells adapt to proteotoxic 

stresses, such as oxidative damage or nutrient imbalance, ensuring proteome quality 

across an organism’s lifespan.14,15 
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Figure 1.1: Schematic Representation of the Proteostasis Network and Its 

Regulatory Components. 

Maintaining proteostasis relies on the intricate balance between protein folding and 

degradation. While specific proteins can achieve their functional native conformation 

spontaneously, the folding of many others is facilitated by molecular chaperones, which 

play a critical role in ensuring proper protein structure and function within the cellular 

environment. 

However, disruptions in proteostasis can lead to the accumulation of aberrant protein 

aggregates, which are strongly linked to neurodegenerative diseases. For example, 

Alzheimer’s disease (AD) is marked by β-amyloid plaques and tau tangles, while 

Huntington’s and Parkinson’s diseases (PD) involve the aggregation of huntingtin and α-

synuclein, respectively.16–18 Aging exacerbates these challenges, as the PN’s capacity to 

manage proteotoxic stress declines, contributing to the onset and progression of age-

related conditions like neurodegeneration and cancer.19 Understanding the PN’s 

dynamics provides valuable insights into developing therapeutic strategies. Targeting 

pathways like the UPS or autophagy could help restore proteostasis, offering potential 

treatments for these debilitating disorders. The proteostasis network remains a 
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cornerstone of cellular health and a critical area of focus for combating age-related and 

neurodegenerative diseases. 

1.2 The Ubiquitin-Proteasome System 

The 26S proteasome is large, approximately 2.5 MDa.20 It is an ATP-dependent 

proteolytic complex that degrades ubiquitinated proteins, playing a central role in 

maintaining cellular protein homeostasis.21 It comprises a 20S core particle (CP) and one 

or two 19S regulatory particles (RPs). The 20S CP provides proteolytic activity, housing 

three catalytic sites responsible for cleaving substrates with distinct specificities (Figure 

1.2 A). The RPs recognize polyubiquitinated substrates, unfold them, and translocate 

them into the core for degradation.14,22 

Structurally, the CP is a cylindrical, multimeric complex that functions as the catalytic core 

of the proteasome system. It comprises four stacked heptameric rings arranged 

symmetrically, forming a structure that facilitates the highly regulated degradation of 

proteins. The outer two rings consist of α-subunits, while β-subunits form the inner two 

rings. Together, these subunits create a central proteolytic chamber, a hallmark of the 

proteasome's unique design, ensuring specificity and efficiency in protein 

degradation.4,23,24 The α-subunits, denoted as α1-α7, constitute the outer rings of the CP. 

These subunits are not catalytically active but serve as critical gatekeepers of the 

proteasome.20 Their primary role is to regulate access to the proteolytic chamber, 

ensuring that substrates enter only under appropriate conditions.  The amino-terminal (N-

terminal) tails of the α-subunits form a dynamic "gate" that occludes the 13-Å central pore, 

effectively restricting entry to the catalytic chamber.20 This structural arrangement is 

termed the "closed-gate" conformation. Within this conformation, the N-terminal ends  

harbor a highly conserved tyrosine-aspartate-arginine (YDR) motif, facilitating the 

formation of inter-subunit salt bridges (Figure 1.2 C).14,25 These interactions stabilize the 

occlusive architecture by anchoring the tails in a position that obstructs the pores.  
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Figure 1.2: The Structural Components of the Ubiquitin-Proteasome System (UPS). 

The 20S proteasome, in its low-activity or latent state, contains three distinct catalytic 

sites within the β-rings: chymotrypsin-like (β5), trypsin-like (β2), and caspase-like (β1). A 

dynamic equilibrium exists between the 20S proteasome and the fully active 26S 

proteasome, which assembles through ATP-dependent docking of the 19S regulatory 

particle (RP). (B) 20S proteasome CP showing the intersubunit pockets where the rpt tails 

of the 19S cap bind to initiate gate opening. (C) A top view of the α-ring shows the closed 

and opened gate conformation of the 20S proteasome. The N-terminal tails of α-subunits 

obstruct access to the proteolytic chamber in the closed conformation. Transition to the 

open conformation, where these tails are displaced, permits substrate entry to the 

catalytic sites. 

Among the α-subunits, the N-terminal tail of the α3 subunit plays a pivotal role in 

maintaining the integrity of the closed gate. Deletion of this specific tail has been 

demonstrated to significantly compromise gate stability, thereby increasing substrate 

accessibility to the proteolytic sites.26,27 Although the CP exists predominantly in the 

closed-gate conformation under physiological conditions, it exists in dynamic equilibrium 

with an open-gate state (Figure 1.2 C). In this latter state, the N-terminal tails transiently 

disengage from their inhibitory position, permitting periodic substrate access to the 

proteolytic core. 
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An insightful study by Osmulski and Gaczynska, utilizing the precision of atomic force 

microscopy, demonstrated that the proteasome gates can open independently of 

additional protein binding or external activators. Notably, approximately 25% of yeast 20S 

proteasomes were found to adopt an ‘open’ conformation naturally.28 In addition, when it 

interacts with regulatory particles such as the 19S cap or alternative activators like 

PA28/11S, the gate undergoes conformational changes, allowing substrate entry.29 This 

regulatory function is central to maintaining proteasome fidelity and preventing 

unwarranted proteolytic activity.30–32 

The β-subunits, designated as β1-β7, form the two inner rings of the 20S proteasome and 

house the active sites responsible for proteolytic activity. Among these, three subunits—

β1, β2, and β5—are catalytically active, exhibiting distinct substrate specificities.22 The 

β1 subunit mediates caspase-like activity, preferentially cleaving peptide bonds after 

acidic residues. The β2 subunit exhibits trypsin-like activity, cleaving after basic residues. 

The β5 subunit performs chymotrypsin-like activity, targeting hydrophobic residues.23 This 

division of labor among the β-subunits allows the proteasome to degrade a wide array of 

protein substrates rapidly.33  

The catalytic β-subunits undergo a tightly regulated maturation process during 

proteasome assembly. Initially synthesized as inactive precursors, these subunits 

possess N-terminal propeptides that block their active sites. Autocatalytic cleavage 

removes these propeptides, exposing the catalytic threonine residues essential for 

peptide bond hydrolysis.34,35 This threonine-based mechanism is a unique feature of the 

proteasome, differentiating it from other proteases and ensuring that proteolytic activity is 

activated only under controlled conditions. 

The remaining β-subunits—β3, β4, β6, and β7—are not catalytically active but contribute 

to the proteasome's structural integrity. These subunits help stabilize the cylindrical 

architecture and facilitate the spatial organization of the catalytic subunits, optimizing the 

proteasome's function.22,24 In specialized forms of the proteasome, such as the 

immunoproteasome, certain β-subunits, including β1i, β2i, and β5i, replace their standard 

counterparts.36,37 This substitution alters the proteasome's substrate specificity, enabling 

the generation of peptides suitable for antigen presentation via the major 

histocompatibility complex (MHC) class I pathway.38 Such adaptations underscore the 
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proteasome's versatility and ability to respond to physiological and immunological 

demands. 

The intricate arrangement of the α- and β-subunits forms a highly specialized proteolytic 

chamber. This enclosed environment ensures that proteolytic activity is restricted to 

targeted substrates, minimizing collateral damage to other cellular components. 

Furthermore, the interaction between the α-subunits and regulatory particles, such as the 

19S cap, allows the proteasome to adapt its activity to cellular needs, enabling the 

degradation of ubiquitinated proteins under ATP-dependent conditions. 

The 19S regulatory particle (RP) is an essential component of the 26S proteasome, 

playing a critical role in substrate recognition, unfolding, and translocation into the 20S 

proteolytic core. Structurally, the 19S RP is a highly dynamic assembly divided into two 

functional subcomplexes: the base and the lid, each performing distinct yet 

interdependent roles crucial for proteasomal activity (Figure 1.2A). This structural 

organization ensures the efficient degradation of ubiquitinated proteins and the 

maintenance of cellular proteostasis.39  

The base subcomplex is primarily responsible for engaging the 20S core particle and 

facilitating substrate translocation.40 It comprises six ATPases (Rpt1–Rpt6) arranged in a 

heterohexameric ring and non-ATPase components, such as Rpn1 and Rpn2.31 These 

ATPases utilize energy from ATP hydrolysis to drive conformational changes necessary 

for substrate unfolding and translocation.41 Their C-terminal tails dock into intersubunit 

pockets of the α-ring in the 20S core using a conserved hydrophobic-tyrosine-any residue 

(HbYX) motif.30 This interaction induces an open-gate conformation, granting substrates 

access to the proteolytic chamber. Rpn1 and Rpn2 act as scaffolds and ubiquitin-binding 

hubs, anchoring ubiquitinated substrates and facilitating subsequent processing.42 This 

intricate arrangement underscores the functional complexity of the base in proteasomal 

activity. 

The lid subcomplex, comprising nine non-ATPase subunits, complements the base by 

mediating substrate deubiquitination. Key components of the lid include Rpn3, Rpn5–

Rpn9, Rpn11, Rpn12, and Sem1, among which Rpn11 plays a pivotal role.43,44 Rpn11, a 

Zn²⁺-dependent metalloprotease, cleaves polyubiquitin chains from substrates in an ATP-

independent manner, enabling the recycling of ubiquitin and ensuring that only the target 
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protein is translocated for degradation.45 The lid subunits exhibit evolutionary 

conservation, with structural homology to components of the COP9 signalosome, further 

highlighting their regulatory significance.46 The lid’s integration with the base and its 

interactions with accessory proteins underscores its central role in substrate processing 

and proteolytic specificity. 

Functionally, the 19S RP exhibits remarkable dynamism, with ATP binding and hydrolysis 

driving structural transitions in the ATPase ring. These conformational changes propagate 

the mechanical force required for substrate unfolding and movement into the 20S core. 

The  RP also incorporates multiple ubiquitin receptors, including Rpn10 and Rpn13, which 

enhance its ability to recognize and process substrates tagged with diverse ubiquitin 

chain types and lengths.41 This versatility allows the proteasome to degrade various 

protein substrates, adapting to the cellular environment’s demands. 

1.2.1 Ubiquitin-dependent proteasome degradation pathway 

The ubiquitin-proteasome system (UPS) is the principal pathway for targeted protein 

degradation in eukaryotic cells.47 The UPS ensures cellular homeostasis and proper 

functionality by selectively removing damaged, misfolded, or redundant proteins.15,20,48 

This intricate system integrates substrate tagging with ubiquitin, recognition by 

proteasomal receptors, and subsequent degradation.49 Below, I delve into substrate 

requirements, ubiquitination mechanisms, substrate recognition, and the role of initiation 

regions in the degradation process. 

For efficient degradation, substrates must be tagged with ubiquitin, a conserved 76-

residue polypeptide, via a process known as ubiquitination.50,51 Ubiquitin is conjugated to 

lysine residues on target proteins through isopeptide bonds, forming either mono- or 

polyubiquitin chains.52 The classical understanding is that ubiquitin chains formed via 

linkage at Lys48 serve as a signal for proteasomal degradation.53–55 Biochemical studies 

have demonstrated that the proteasome requires a minimum chain length of four ubiquitin 

molecules for effective recognition.53 Lys11 and other mixed linkage chains can also serve 

regulatory roles in specific contexts.2,15,20,56 Substrates must also contain disordered 

regions, termed initiation regions, which are critical for engaging the proteasome’s 

ATPase motor.57–59 These regions facilitate substrate unfolding and translocation into the 

proteolytic chamber, ensuring that only appropriately modified proteins are targeted. 
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Ubiquitination involves a highly regulated enzymatic cascade comprising three key 

enzyme classes: E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes, and 

E3 ubiquitin ligases.7,60 The process begins with E1 activating ubiquitin in an ATP-

dependent reaction, forming a high-energy thiol ester bond between ubiquitin’s C-terminal 

glycine and the cysteine residue of E1. Activated ubiquitin is then transferred to an E2 

enzyme, which collaborates with an E3 ligase to attach ubiquitin to the substrate. E3 

ligases determine substrate specificity by recognizing degrons—short sequence motifs or 

structural features that signal degradation.61,62 Distinct E3 ligase families employ varied 

mechanisms to transfer ubiquitin. For example, Cullin-RING ligases (CRLs) facilitate 

direct ubiquitin transfer from E2 to the substrate, while HECT domain (homologous to E6-

associated protein C terminus) E3 ligases form an intermediate ubiquitin-thioester 

complex before conjugation.60 Polyubiquitination occurs by sequentially adding ubiquitin 

moieties, forming chains linked at specific lysine residues Figure 1.3). The structure and 

topology of these chains, governed by E2-E3 combinations, determine substrate fate. 

K48-linked chains typically signal proteasomal degradation, while alternative linkages can 

modulate cellular signaling or trafficking.63 

Proteasomal degradation begins with substrate recognition by ubiquitin receptors located 

within the regulatory particle (RP) of the 26S proteasome. Rpn10 and Rpn13 are the 

primary ubiquitin-binding receptors for K48-linked ubiquitination.64 These receptors 

interact with polyubiquitin chains via their ubiquitin-interacting motifs (UIMs), with Rpn10 

showing specificity for K48-linked chains and Rpn13 displaying broader binding 

capabilities.65 Rpn1, another receptor, is a docking site for shuttle proteins like Rad23 and 

Dsk2, facilitating substrate delivery.66  

Shuttle proteins play a critical role in expanding the proteasome’s substrate repertoire. 

For instance, Rad23 contains ubiquitin-associated (UBA) domains that bind polyubiquitin 

chains and ubiquitin-like (UBL) domains that interact with the proteasome.66 These 

proteins bridge substrates to the proteasome, streamlining delivery and ensuring efficient 

processing. Rpn10 and Rpn13 can also act synergistically, enhancing polyubiquitin 

binding and substrate capture.67 

Deubiquitination before proteolysis is a critical regulatory step in the ubiquitin-proteasome 

system, partly mediated by the proteasomal deubiquitinating subunit Rpn11.68 
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Figure 1.3: Mechanism of Ubiquitination.  

This is an illustration of the ubiquitination mechanism, showing E1 activating ubiquitin, E2 

transferring it, and E3 ligase attaching ubiquitin to a substrate protein, forming a 

polyubiquitin chain. 

This metalloprotease within the 19S regulatory particle cleaves ubiquitin chains from 

substrates as they are translocated into the 20S core for degradation.46 Other 

deubiquitinating enzymes (DUBs), such as USP14 and USP7, may act earlier to edit or 

remove ubiquitin chains, preventing excessive ubiquitination or rescuing substrates from 

degradation.69 This process ensures the selective turnover of properly marked proteins 

and recycles ubiquitin, maintaining cellular ubiquitin homeostasis. 

Initiation regions within substrates are indispensable for successful degradation. These 

disordered regions serve as entry points for the proteasome’s ATPase motor, enabling 

substrate unfolding and translocation into the proteolytic chamber.70 The interplay 

between ubiquitin chains and initiation regions ensures precise substrate processing. 

Proteasomal ubiquitin receptors align the ubiquitin tag with the initiation site, facilitating 

substrate engagement and degradation. Substrates with well-exposed initiation regions 

are processed efficiently, while those with buried or inaccessible initiation sites may 

require further modifications to engage the proteasome effectively.71,72  
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Once a substrate protein is translocated to the proteolytic sites within the CP of the 

proteasome, its peptide bonds are hydrolytically cleaved by the proteasome's catalytic 

activities. These catalytic sites, classified as chymotrypsin-like, trypsin-like, and caspase-

like, work synergistically to degrade the substrate into small peptide fragments of varying 

lengths.35 These fragments are subsequently released into the cytosol, where they can 

undergo further processing. Cytosolic peptidases recycle Some peptides into amino 

acids, providing building blocks for new protein synthesis.73 In contrast, others may be 

used as signaling molecules or presented as antigens in immune surveillance.74,75 This 

degradation process is tightly regulated to maintain proteostasis and cellular function. 

1.2.2 Ubiquitin-independent proteasome degradation pathway 

The 20S proteasome ubiquitin-independent proteasomal degradation (UbInPD) pathway 

is a critical mechanism that ensures protein homeostasis under physiological and stress 

conditions. At the center of this pathway is the 20S core particle (20S CP), a barrel-

shaped catalytic particle capable of degrading proteins without ubiquitin tagging or ATP-

dependent unfolding, as required by the 26S proteasome.6,76,77 The UbInPD relies on 

proteins' intrinsic properties, such as structural disorder, oxidative modifications, or 

specific sequence motifs, to highlight the proteasome system's adaptability and versatility 

in managing diverse cellular challenges.78–81 

Unlike the 26S proteasome, which depends on ATP-driven regulators for substrate 

processing, the UbInPD operates autonomously.82 This autonomy allows it to directly 

degrade structurally disordered or oxidatively damaged proteins, making it indispensable 

in stress responses, particularly during oxidative stress.83,84 

Substrate recognition in UbInPD primarily depends on the structural properties of target 

proteins. Proteins with intrinsically disordered regions (IDRs) or intrinsically disordered 

proteins (IDPs) are especially susceptible to UbInPD (Figure 1.3).85 These proteins lack 

stable tertiary structures, enabling them to pass through the proteasome's narrow gating 

aperture without prior unfolding.86 Studies have shown that IDPs, particularly those 

involved in RNA processing, splicing, and translation, are enriched among UbInPD 

substrates.8788 Such proteins often contain prion-like domains or low-complexity 

sequences, which increase their susceptibility to degradation. The 20S proteasome plays 
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a vital role in cellular quality control and adaptation by targeting these dynamic and 

transiently disordered molecules. 

Oxidative modifications also play a significant role in substrate recognition. Oxidative 

stress leads to modifications such as carbonylation and glutathionylation, destabilizing 

protein conformations and making them prone to aggregation and toxicity (Figure 1.3).89–

92 Unlike the 26S proteasome, which is susceptible to oxidative inactivation, the 20S 

proteasome remains functional under these conditions.93 This resilience enables the 20S 

proteasome to act as a frontline defense against proteotoxic stress, clearing damaged 

proteins and preventing their accumulation into aggregates that could compromise 

cellular integrity. 

In addition to structural disorder and oxidative damage, specific sequence-specific motifs, 

such as C-terminal degrons (C-degrons), facilitate substrate recognition.94 These degrons 

are molecular tags that guide proteins to the 20S proteasome for degradation. Recent 

studies have identified a growing repertoire of proteins reliant on such motifs, 

underscoring the specificity and efficiency of ubiquitin-independent protein degradation.95 

For instance, tert-butyl carbamate (Boc3)-protected arginine (B3A)-linked tags have been 

used to induce glutathione S-transferase alpha (GST-α) degradation by the 20S 

proteasome.96 Furthermore, endogenous proteasomal activators, including PA28 and 

PA200, enhance the 20S proteasome's ability to degrade oxidized or partially unfolded 

proteins.29,97 These activators interact with the α-subunits, promoting gate opening and 

facilitating substrate entry, thereby broadening the proteasome's substrate repertoire. 

The 20S proteasome's adaptability is further illustrated by its dynamic response to cellular 

stress. The 26S proteasome often disassembles during oxidative stress into its 20S core 

and 19S regulatory components.52,98 This disassembly can also be facilitated by 

proteasome-interacting proteins such as Ecm29, which increases the availability of free 

20S particles and prioritizes the degradation of oxidatively modified proteins.99 This 

redistribution of proteasomal activity ensures that cells can rapidly address protein 

damage while conserving energy, as 20S proteasome-mediated processes do not require 

ATP. Such flexibility underscores the proteasome’s role in cellular resilience and stress 

adaptation. 
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Figure 1.4: Substrate Requirement for Ubiquitin-Independent Proteasome 

Degradation.  

Proteins that are (A) intrinsically disordered, (B) have disordered regions, or (C) 

oxidatively damaged under ubiquitin-independent proteasome degradation. (D) 

Structured proteins do not undergo ubiquitin-independent proteasome degradation. 

The UbInPD also contributes significantly to cellular regulation and aging.2,14,87,88 For 

example, proteins such as p53, which is integral to cell cycle control and stress responses 

and has unstructured N- and C-termini, are subject to UbInPD.102 However, p53 typically 

escapes degradation under physiological conditions by the proteasome. This resistance 

is attributed to regulatory mechanisms that stabilize its structure or mask its unstructured 

regions. One critical regulator is the NAD(P)H quinone oxidoreductase 1 (NQO1), which 

binds p53 in an NADH-dependent manner, shielding it from the proteasome.103,104 This 

interaction prevents p53 from entering the 20S catalytic chamber, effectively protecting it 

from degradation. Disruption of this interaction using NQO1 inhibitors, such as 

dicoumarol, destabilizes p53, making it susceptible to ubiquitin-independent degradation

.105 This enables precise modulation of their levels, allowing dynamic responses to 

environmental and intracellular cues. Although UbInPD has long been taught to proceed 

without ubiquitination, Lee and coworkers showed that an open-gate mutant  20S 
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proteasome enhanced ubiquitin-conjugate degradation compared to wild-type.26 Similar 

studies using mutants in model organisms such as Caenorhabditis elegans have shown 

that enhancing 20S proteasome activity extends lifespan and increases resistance to 

proteotoxic stress.27 These findings suggest that promoting UbInPD could be a promising 

therapeutic approach for age-related diseases and disorders characterized by protein 

aggregation, such as Alzheimer’s, Parkinson’s, and Huntington’s.15,106–109 

The evolutionary significance of UbInPD further underscores its importance in cellular 

biology. The 20S proteasome's ability to degrade unstructured proteins without 

ubiquitination reflects its primordial role as an ancestral proteolytic system.110 This 

capability predates the evolution of ubiquitination, highlighting the 20S proteasome as a 

fundamental pathway in protein quality control. The coexistence of ubiquitin-dependent 

and ubiquitin-independent degradation mechanisms in modern cells illustrates the 

proteasome's remarkable adaptability and essential role in maintaining proteostasis 

across diverse biological contexts. 

1.2.3 Proteostasis impairment in neurodegenerative diseases 

Neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease 

(PD), and Huntington’s disease (HD), are among the most debilitating conditions of aging 

populations. These disorders, characterized by progressive neuronal loss, significantly 

impact cognitive, motor, and behavioral functions. Globally, over 55 million people live 

with dementia, with AD accounting for 60–70% of cases. PD affects more than 10 million 

people worldwide, while HD, though rare, affects approximately 5–10 individuals per 

100,000. Aging is the primary risk factor for these diseases, with AD and PD 

predominantly manifesting after age 60, while HD often presents between ages 30 and 

50 due to its genetic etiology.111–113 

The role of aging in neurodegenerative diseases is profound. Aging is associated with 

genomic instability114, telomere attrition13,115, mitochondrial dysfunction, and the 

accumulation of oxidative damage.17,116 These processes disrupt cellular homeostasis 

and render neurons vulnerable to degeneration. Oxidative stress, a hallmark of aging, 

arises from an imbalance between the production of reactive oxygen species (ROS) and 

the body’s antioxidant defenses. This imbalance damages lipids, proteins, and DNA, 

exacerbating neuronal dysfunction and cell death.101,117 
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Protein aggregation is a defining pathological feature of neurodegenerative diseases. In 

AD, extracellular plaques of amyloid-beta (Aβ) and intracellular neurofibrillary tangles of 

hyperphosphorylated tau protein accumulate, disrupting synaptic function and inducing 

inflammation.118–120 PD is marked by the aggregation of alpha-synuclein (α-syn) into Lewy 

bodies, primarily affecting dopaminergic neurons in the substantia nigra.121–123 HD, 

caused by a genetic mutation leading to the production of a mutant huntingtin protein, 

involves intracellular aggregates that interfere with neuronal processes.124 These 

aggregates result from disrupted proteostasis, the cellular balance of protein synthesis, 

folding, and degradation. 

The onset and progression of these diseases vary. AD typically manifests as memory 

impairment and cognitive decline, progressing to affect behavior, visuospatial abilities, 

and daily functioning. The average age of onset is 65 years, with prevalence doubling 

every five years in older age groups.120 PD often begins around age 60, with early 

symptoms including tremors, rigidity, and bradykinesia.125 Cognitive decline may follow in 

advanced stages126. HD differs in its earlier onset, often presenting with motor 

disturbances, such as chorea, alongside psychiatric symptoms and cognitive decline. 

Current treatment strategies aim to alleviate symptoms and improve quality of life, as no 

cures exist for these diseases. For AD, medications like cholinesterase inhibitors (e.g., 

donepezil, rivastigmine) and the N-methyl-D-aspartate (NMDA) receptor antagonist 

memantine can modestly improve cognitive symptoms.16,126 Emerging therapies targeting 

amyloid plaques and tau protein, such as monoclonal antibodies like aducanumab, aim 

to slow disease progression.127 Non-pharmacological approaches, including cognitive 

training and lifestyle interventions, also show promise. PD treatments focus on managing 

motor symptoms. Levodopa, often combined with carbidopa, remains the gold standard, 

replenishing dopamine levels in the brain.128 Dopamine agonists, monoamine oxidase-B 

(MAO-B), and catechol-O-methyltransferase (COMT) inhibitors offer additional symptom 

relief.129 Advanced therapies, such as deep brain stimulation (DBS), significantly benefit 

patients with severe motor fluctuations.130 Non-motor symptoms, including depression 

and sleep disturbances, are managed with supportive medications. In HD, treatments 

primarily address symptoms. Antidopaminergic medications, such as tetrabenazine, can 

reduce chorea, while antidepressants and antipsychotics help manage psychiatric 
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symptoms.131 Physical therapy and supportive care are vital in maintaining mobility and 

quality of life.132  

The decline in proteostasis is a shared feature of neurodegenerative diseases.11,19  These 

systems become less efficient with aging and disease, accumulating toxic protein 

aggregates.133,134 Strategies to enhance proteostasis, such as proteasome activators, 

represent a promising avenue for therapeutic development. Next, the role of intrinsically 

disordered protein (IDP) accumulation in the progression of Parkinson's disease (PD) will 

be examined in greater depth. 

As stated previously, α-syn plays a central role in the pathogenesis of PD, with its 

aggregation being a defining pathological feature. α-syn was discovered as the main 

component of Lewy bodies, the hallmark protein aggregates in PD pathology.121–123 In 

addition, a missense point mutation in the SNCA gene was found in patients with familial 

PD.135,136 -syn is a small 140 amino acid (14 kDa)  intrinsically disordered protein (IDP) 

that resides predominantly in presynaptic terminals.137 Under physiological conditions, It 

regulates synaptic vesicle dynamics, neurotransmitter release, and dopamine 

homeostasis.137,138 The formation of α-syn aggregates begins with a nucleation event 

where monomers transition into oligomers.139,140 The small oligomers are considered the 

most toxic species, interfering with cellular functions by disrupting membranes and 

impairing mitochondrial function and dopamine homeostasis.141,142143 One critical 

mechanism linking α-syn aggregation to neuronal degeneration is proteasome 

impairment. The ubiquitin-proteasome system (UPS) maintains protein homeostasis by 

degrading misfolded or damaged proteins. Aggregated α-syn binds to and inhibits the 

20S core of the proteasome, preventing the degradation of ubiquitinated substrates. This 

proteasomal dysfunction results in the accumulation of misfolded proteins, exacerbating 

cellular stress and aggregation.141 

The role of α-syn in PD pathogenesis has been elucidated through various approaches, 

including genetic studies, animal models, and postmortem brain analyses. Genetic 

mutations, such as A53T and E46K, have enhanced α-syn aggregation and accelerated 

disease onset in familial PD.144 Animal models expressing mutant or aggregated α-syn 

recapitulate many features of PD, including dopaminergic neuron loss and motor 

dysfunction, providing insights into the molecular pathways involved.145 Moreover, studies 
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using α-syn preformed fibrils (PFFs) have highlighted the prion-like behavior of α-syn. 

PFFs can induce the misfolding and aggregation of endogenous α-syn in neighboring 

neurons, propagating pathology across brain regions.142 This mechanism is thought to 

underlie the progressive spread of Lewy pathology observed in PD patients, as described 

by Braak's staging. Despite advances in understanding the role of α-syn in PD, 

therapeutic strategies targeting α-syn aggregation remain challenging.  

Given the significant role of α-syn in the pathogenesis of Parkinson's disease (PD), there 

is a growing interest in therapeutic strategies to target this protein to overcome the 

absence of disease-modifying treatments. Current methods for targeting α-syn include 

inhibiting its aggregation, enhancing its clearance, employing immunotherapeutic 

interventions, and reducing its expression levels. 

Antibody-based therapies targeting α-syn represent a promising avenue for disease-

modifying interventions in PD.146 Passive immunization strategies, such as monoclonal 

antibodies, are designed to bind and neutralize toxic a-syn species, with some explicitly 

targeting oligomers or fibrils. One notable example is Prasinezumab, a monoclonal 

antibody targeting aggregated α-syn.147 Although its phase 2 trial showed safety and 

tolerability, it failed to demonstrate significant clinical efficacy in slowing motor symptom 

progression, highlighting challenges in clinical translation.148,149 Another antibody, 

Cinpanemab, an N-terminally directed monoclonal antibody, was investigated in a 

randomized trial. Like Prasinezumab, Cinpanemab exhibited dose-dependent increases 

in cerebrospinal fluid levels but did not yield significant improvements in clinical or imaging 

endpoints, leading to the discontinuation of its development.149 In contrast, experimental 

antibodies like ABBV-0805, which preferentially target oligomers and protofibrils, have 

shown promise in preclinical models.150 By reducing α-syn pathology and microgliosis 

while improving motor function, these antibodies underscore the therapeutic potential of 

selectively targeting toxic aggregation intermediates.151 

Despite setbacks, these efforts exemplify the growing focus on antibody-based 

approaches to address the underlying pathophysiology of PD. The field continues to 

advance, with ongoing refinements in antibody specificity, delivery methods, and 

combination therapies aimed at overcoming previous limitations and realizing the full 

potential of immunotherapy for PD. 
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Another strategy involves preventing α-syn aggregation into toxic oligomers and fibrils. 

Small molecules and peptides that inhibit α-syn aggregation are under active 

investigation.152–154 For instance, an engineered peptide, Tat-βsyn-degron, promotes the 

degradation of α-syn aggregates through proteasomal pathways and has shown promise 

in animal models by mitigating neuronal damage and reducing motor impairments.155  

Another promising avenue is enhancing the clearance of α-syn aggregates through 

cellular proteostasis mechanisms, such as the ubiquitin-proteasome system. Compounds 

like ambroxol have been shown to activate glucocerebrosidase, an enzyme that facilitates 

lysosomal clearance of aggregated proteins, including α-syn.156 Similarly, enhancing 

autophagic pathways through the modulation of mTOR signaling has been investigated 

to promote the degradation of pathological a-syn inclusions. 

An alternative approach emphasizes reducing α-syn expression to limit the protein pool 

for pathological aggregation. Gene-silencing technologies, including antisense 

oligonucleotides (ASOs) and RNA interference (RNAi), have been developed to decrease 

the transcription and translation of SNCA, the gene encoding α-syn.157 These approaches 

have demonstrated efficacy in preclinical models by protecting dopaminergic neurons 

from degeneration. 

In addition to these direct interventions, targeting upstream modulators of a-syn pathology 

is also being explored. Mutations in genes such as GBA and LRRK2, linked to familial 

and sporadic forms of PD, have been implicated in exacerbating a-syn aggregation. 157,158  

Therapies that normalize the function of these genes or their associated pathways may 

indirectly mitigate α-syn toxicity. 

The Tepe lab has leveraged the ability of 20S proteasome to degrade IDPs without 

ubiquitination to target α-syn as therapy for PD. Targeting α-syn via small molecule 

activation of the 20S proteasome has progressively emerged as a promising therapeutic 

avenue for PD. The concept utilizes the unique ability of the 20S proteasome to degrade 

IDPs such as α-syn without needing ubiquitination, making it a strong candidate for 

addressing proteostasis disturbances in neurodegenerative diseases.  

The discovery of TCH-165 represented a significant milestone.159 This molecule 

modulated the equilibrium between 26S and 20S proteasomes, favoring 20S assembly 

and activity. It effectively prevented α-syn accumulation and aggregation in cellular 
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models by enhancing proteasomal degradation. The mechanism of activation was 

attributed to its ability to induce allosteric activation of the 20S proteasome by stabilizing 

its open-gate conformation.160  This led to enhanced degradation of IDPs, including α-

syn, and delayed aggregation in vitro.159,161 These findings laid the groundwork for 

exploring targeted activators that could increase proteasomal activity and selectively clear 

pathological proteins. 

Subsequently, a high-throughput screen identified chlorpromazine as a lead compound 

capable of activating the 20S proteasome. Chemical modifications of chlorpromazine 

yielded phenothiazine derivatives that retained proteasome-enhancing activity while 

abrogating off-target interactions with dopamine receptors.161 These analogs 

demonstrated robust activation of the 20S proteasome, effectively reducing the burden of 

α-syn oligomers and aggregates in neuronal models.162 

Dihydroquinazoline derivatives further advanced this therapeutic strategy. A library of 

these compounds was developed to probe structure-activity relationships, leading to the 

identification of potent 20S activators that induced degradation of α-syn in both in vitro 

and cellular systems. These compounds exhibited remarkable selectivity for the 20S 

proteasome, sparing structured proteins while targeting IDPs for degradation.163 

More recently, fluspirilene and its derivatives have shown exceptional promise. These 

compounds achieved up to a 10-fold enhancement in 20S proteasome activity and 

demonstrated the ability to restore proteasome function impaired by a-syn oligomers.164 

By overcoming proteasome inhibition and facilitating the clearance of mutant and 

aggregated α-syn, these molecules represent a novel approach to mitigating proteostasis 

impairment in PD. While these findings highlight the potential of 20S proteasome 

activators, challenges remain. Translating preclinical successes into clinically viable 

therapies requires optimizing pharmacokinetics, achieving effective blood-brain barrier 

penetration, and ensuring long-term safety. Nevertheless, the chronological progression 

of these studies underscores the growing feasibility of targeting the 20S proteasome to 

treat α-syn associated pathologies, offering hope for disease-modifying interventions in 

PD. 

In Chapter 2, I will detail our collaborative efforts to design, synthesize, and systematically 

evaluate third-generation chlorpromazine analogs as activators of the 20S proteasome. 
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This chapter will comprehensively analyze these analogs' structure-activity relationships 

(SARs). It will highlight their ability to modulate proteasome activity and target the 

degradation of intrinsically disordered proteins such as α-syn. 

Chapter 3 will focus on applying these optimized analogs to mitigate the detrimental 

effects of oxidative stress, a key contributor to proteostasis impairment in 

neurodegenerative diseases. This discussion will include mechanistic studies on how 

these compounds enhance proteasome activity under conditions of oxidative damage and 

their potential therapeutic implications for cellular homeostasis. 

In Chapter 4, I will present my identification of a novel scaffold for 20S proteasome 

activation and the subsequent design, synthesis, and evaluation of innovative analogs 

derived from this scaffold. This chapter will include detailed investigations into these 

analogs' biochemical and cellular activities, their efficacy in promoting proteasome-

mediated degradation of pathological proteins, and their potential advantages over 

existing proteasome activators. 
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2.1 Introduction 

Despite being the second most common neurodegenerative disease (ND), Parkinson's 

disease (PD) is very prevalent in North America, with an estimated 930,000 individuals 

aged ≥45 years living with PD in 20201. This number is projected to increase to 1,238,000 

by 2030.2 PD belongs to a group of disorders known collectively as neurodegenerative 

diseases characterized by progressive neuronal loss and simultaneous accumulation of 

misfolded or aggregated proteins.3–5 NDs include Alzheimer's disease (AD), Huntington's 

disease (HD), amyotrophic lateral sclerosis (ALS), and multiple system atrophy 

(MSA), with each affecting different parts of the central nervous system. Despite 

extensive research, the causes of NDs remain unclear, with genetic, environmental, and 

age-related factors all implicated.6–8 The slow disease progression, coupled with the lack 

of early diagnosis, makes them challenging to treat. Current treatment options target 

symptoms rather than the underlying causes with no definitive cure.9,10 

One general feature of NDs is the accumulation of misfolded or aggregated proteins.5,11 

These misfolded proteins, such as amyloid beta12 in Alzheimer's disease and α-

synuclein11,13–15 (α-syn) in Parkinson’s disease have been shown to form toxic aggregates 

that are believed to interfere with cellular functions. A common mechanism has been 

reported whereby soluble oligomeric forms derived from these IPDs bind and inhibit the 

proteasome, exacerbating their toxic effects.4 In addition, the cells' failure to degrade 

protein aggregates leads to proteotoxic stress, which triggers inflammation and neuronal 

death.3,15,16 Moreover, when misfolded proteins accumulate inside cells, they can spread 

between cells in a prion-like fashion, worsening disease progression.17,18 

Additionally, the loss of dopaminergic neurons in the substantia nigra par compacta and 

the abnormal accumulation of α-syn in Lewy Bodies and Lewy neurites are vital 

pathological features of PD.19,20 Although most PD are considered to be idiopathic, a 

single missense mutation has been linked to a familial form of PD.21 This mutant α-syn, 

A53T, is known to have a higher propensity to aggregates than the wild type.21,22 The key 

role of α-syn in Parkinson's disease has driven intense research to find therapies that 

reduce its aggregation and toxicity.13,14,23  

However, the lack of a stable 3D-conformation of α-syn makes it harder to target this 

protein directly using traditional drug discovery approaches.24–26 Current therapeutic 
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strategies targeting α-syn aim to mitigate the toxic effects of its accumulation and 

subsequent aggregation. 

Immunotherapy has emerged as an attractive strategy. This strategy uses antibodies to 

target and neutralize α-syn aggregates. Active and passive immunotherapies have shown 

promise in reducing α-syn load in preclinical models by promoting clearance through 

immune-mediated pathways.27 In clinical trials, these therapies demonstrated good 

tolerability and some efficacy in reducing α-syn levels, though challenges with brain 

delivery remain.13,14  Another promising approach involves small molecules that prevent 

α-syn from misfolding and aggregating. These molecules bind to α-syn, stabilizing its 

structure and preventing the formation of harmful fibrils.28 

Protein clearance mechanisms also play a vital role in current therapeutic strategies. The 

autophagy-lysosomal pathway, responsible for degrading misfolded proteins like α-syn, 

is often impaired in PD.29,30 Enhancing this pathway through small molecules that boost 

autophagy or lysosomal activity can facilitate the degradation of α-syn aggregates.31 By 

improving protein clearance, these treatments aim to reduce the burden of toxic 

aggregates on neurons.  

Another pathway through which α-syn clearance has been achieved is the proteasome-

mediated protein degradation. The study of small molecules capable of modulating 

proteasomal activity began with identifying inhibitors, with bortezomib being the first 

proteasome inhibitor approved to treat multiple myeloma.32,33 However, the idea of 

enhancing proteasome function, specifically the 20S proteasome, emerged later 

motivated by the potential to counteract diseases associated with protein aggregation. 

Tanaka and co-workers were the first to demonstrate that the 20S proteasome could be 

activated using the small molecule detergent, sodium dodecyl sulfate (SDS), and poly-

lysine.34 The study found that SDS can activate these latent proteasomes in the presence 

of a substrate, enhancing their ability to degrade proteins. This activation is reversible, as 

the proteasomes return to their latent state when SDS is diluted.35 However, without a 

substrate, SDS causes irreversible inactivation of proteasomes. Substrates are critical in 

maintaining the active state and protecting proteasomes from SDS-induced inactivation. 

Subsequently, lipids, fatty acids36, and the natural product, oleuropein37 have been shown 

to exhibit SDS-like proteasome activation. Although their observed dose-response is 
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attenuated in physiologically relevant systems, they are still essential tools for in vitro 

studies.38 Haung et al.,39 discovered the triterpenoid betulinic acid as a proteasome 

activator. However, an attempt to improve its activity through chemical modification led to 

the generation of a proteasome inhibitor. To discover new bona fide 20S proteasome 

activators, Kodadek and co-workers screened the NIH Clinical Collection (NCC) library. 

Although a dozen compounds stimulated the degradation of small fluorogenic peptides, 

only two compounds, AM-404 and MK-886, activated the proteasome under 

physiologically relevant conditions.40 Following up on this work, the Trader lab developed 

small molecules 20S proteasome activators derivatives based on AM-404 and oleic 

amide, respectively.41 

The Tepe lab has explored using small molecules to activate the 20S proteasome to 

degrade IDPs as a novel approach to treating NDs. TCH-165, an imidazoline, increased 

the proteolytical activity of the 20S proteasome by favoring the open gate conformation 

of the 20S complex.42 Subsequent studies expanded the repertoire of the 20S 

proteasome activator class to include the dihydroquinazolines43 and analogs of the FDA-

approved antipsychotic agent fluspirilene44. Recently, novel classes of 20S proteasome 

activators, including peptide-based activators, have been introduced.45,46 A notable 

example is the development of HIV-1 Tat protein-derived peptides, which were shown to 

enhance proteasome activity by binding to specific α-ring subunit interfaces.47 These 

peptides demonstrated in vitro proteasome activation and the ability to cross the blood-

brain barrier, which is crucial for targeting neurodegenerative diseases.47 Although the 

field of 20S proteasome activation has seen significant attention in recent years, the level 

of activity displayed by current agents needs to be improved significantly before any 

relevant clinical studies can be initiated. 

To tackle this, the Tepe lab screened the NIH, clinical, and Prestwick libraries and 

identified chlorpromazine (CPZ), an FDA-approved antipsychotic, as a 20S proteasome 

activator.48 CPZ was serendipitously discovered in the early 1950s as an antipsychotic 

agent.49 Initially developed as a surgical anesthetic, its profound effects on behavior led 

to its use in psychiatric treatment, marking a significant breakthrough in schizophrenia 

management. Structurally, chlorpromazine belongs to the phenothiazine class, and its 

therapeutic action is primarily attributed to its ability to block dopamine receptors in the 
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brain, particularly the dopamine D2 receptors (D2R).50 The planarity of the phenothiazine 

ring in CPZ mimics the conformation of dopamine molecules, which allows them to bind 

to dopamine receptors and prevent dopamine from exerting its effects.51,52 Furthermore, 

the protonation of the alkylamine side chain in CPZ is crucial for its interaction with 

dopamine D2 receptors (D2R). This interaction is critical to CPZ's neuroleptic activity, as 

it allows CPZ to effectively block D2R, reducing dopamine signaling and alleviating 

symptoms of psychosis.52 

Implementing CPZ analogs as 20S proteasome activators requires structural 

modifications to achieve two key goals: (i) improving the observed 20S proteasome 

activity and (ii) abolishing the observed neuroleptic properties. Dr. Jones achieved this 

aim by modifying the alkylamine side chain of CPZ, a critical structural feature responsible 

for its neuroleptic effects. Substituting the amine chain with aryl ester led to CJ-4-72, 

which retained proteasome activation but had diminished affinity for D2R (Figure 2.1 B 

and C). In addition, molecular docking tools were implemented, which predicted that CJ-

4-72 interacted with the α1/α2 inter-subunit pockets of the α-rings of the 20S proteasome, 

inducing an open-gate conformation, which allowed IDPs access to the proteolytic core 

for subsequent degradation.48 CJ-4-72 exhibited 20S proteasome activation, which 

provided a good lead for further exploration and insight into the mechanism of 20S gate 

regulation. 

Buoyed by this success, Dr. Staerz aimed to design a potent and selective 20S 

proteasome activator based on the Chlorpromazine analogs. Dr. Staerz pursued the 

design and synthesis of additional pendant groups featuring aromatic structures to 

enhance interaction with the 20S proteasome. The final design iteration, SS-2-71 (Figure 

2.1 C), was crafted to mimic the disubstituted amine group found in  CPZ. However, the 

nitrogen in this new structure was electron-depleted (acylated) and effectively 

suppressing its N-protonation potential (Figure 2.1 A vs C). This modification was 

intended to reduce any residual affinity for dopamine D2 receptors whose interaction with 

CPZ requires protonation of the free tertiary amine. Hence, this will prevent neuroleptic 

side effects while enhancing compound SS-2-71’s interaction within the 20S 

proteasome's α-ring. Each structural modification in the pendant group was made to fine-
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tune the compound's electronic properties and spatial arrangement, maximizing the 

efficacy of proteasome activation. 

 

Figure 2.1: Chlorpromazine Analog and Their Functional Group Modifications. 

(A) The structure of chlorpromazine highlights the core, linker, and pendant groups. The 

structure analogs are (B) CJ-7-42, (C) SS-2-71, and (D) the comparison of the 

enhancement of the 20S proteasome by CPZ, CJ-7-42, and SS-2-71.  

Through molecular docking, the potent activity of SS-2-71 as a 20S proteasome activator 

was predicted to rely on its precise interactions with tyrosine 159 (Y159) and cysteine 161 

(C161) within the α1/α2 inter-subunit pocket.53 The interactions with these residues were 

predicted to stabilize the open-gate conformation necessary for enhanced proteolysis. 

Y159, an aromatic residue, engages in π-π stacking with the electron-deficient aromatic 

ring, creating both parallel and T-shaped stacking configurations. Parallel stacking is 

especially critical, as it offers optimal orbital overlap and a more substantial stabilizing 

effect than T-shaped stacking. The electron-poor nature of the diphenyl tail of the pendant 

group also enhances "aromatic donor-acceptor" interactions with the electron-rich Y159, 

further strengthening binding affinity. 

This specific π-π stacking configuration is crucial to compound high activation potency, 

providing an interaction strength not seen in less electron-deficient analogs. C161, on the 
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other hand, provides a unique sulfur atom capable of forming strong edge-on π-sulfur 

interactions with the aromatic system. This edge-on configuration stabilizes the ligand-

proteasome complexes and positions them effectively within the binding site. Unlike 

sulfur-alkyl interactions observed in less active compounds, π-sulfur interactions with 

C161 anchor SS-2-71 stabilize the α-ring's open conformation and facilitate proteasome 

activation. 

Despite the ability of SS-2-71 to activate the 20S proteasome, it required higher 

micromolar concentrations (10 µM) for significant activity in cellular assays, requiring the 

development of more potent compounds.54 Furthermore, phenothiazines, like CPZ, have 

well-documented interactions with dopamine receptors (D2R), leading to potential central 

nervous system side effects, mainly because of their neuroleptic activity.55–57 

Phenothiazines undergo complex hepatic biotransformation mediated primarily by the 

cytochrome P450 enzyme system, encompassing several distinct metabolic pathways.58 

N-Demethylation, predominantly facilitated by cytochrome P450 2D6 (CYP2D), 

generates secondary amine derivatives with attenuated pharmacological activity.59,60 

Concurrently, aromatic ring hydroxylation, often mediated by CYP1A2, yields 

hydroxylated metabolites, which may subsequently conjugate with glucuronic acid or 

sulfates, leading to hepatotoxicity. Another major pathway, S-oxidation, converts the sulfur 

atom in the thiazine ring to sulfoxides.59 It is catalyzed by multiple isoforms, including 

CYP2D6, CYP3A4, and flavin-containing monooxygenases. A notable aspect of 

phenothiazine metabolism is the bioactivation process, wherein hydroxylated 

intermediates undergo further oxidation to form electrophilic iminoquinone species.61 

These reactive metabolites can conjugate with glutathione or covalently bind to cellular 

macromolecules, potentially precipitating idiosyncratic hepatotoxicity. This intricate 

metabolic profile, influenced by both genetic polymorphisms and co-administered drugs, 

underscores the variability in therapeutic response and adverse effects observed with 

phenothiazine use.62 Hence, the following sections of this chapter will describe the 

collaborative efforts of Dr. Sophie D. Staerz and me toward the design, synthesis, and 

biological evaluation of third-generation chlorpromazine analogs for 20S proteasome 

activation. 
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2.2 Design and Synthesis of Third-Generation Chlorpromazine Analogs 

2.2.1 Rational  

The design of the third generation chlorpromazine analogs was conceived to investigate 

two hypotheses: i) the effect of linker length on 20S proteasome activation and ii) different 

heterocyclic cores to replace the phenothiazine core. We implemented the same pendant 

group found in SS-2-71 and varied the linker using one and two carbon chains.54 The 

heterocyclic cores included tricyclic, bicyclic, and monocyclic cores with different 

heterocyclic atoms. To differentiate compounds prepared by Dr. Staerz and in this 

collaborative effort, Dr. Staerz synthesized and characterized all compounds with an 

asterisk against their number identifier. 

2.2.2 Synthesis 

The design and synthesis of small molecules described in this work were guided by two 

main objectives: (1) replacing the phenothiazine core and (2) investigating the effect of 

linker length on 20S proteasome activation. To achieve these aims, the N,N-bis(4-

fluorophenyl)amine pendant group was synthesized by adding p-fluorophenylboronic acid 

to a mixture of p-fluorophenylalanine, CuOAc2, TEA, and 4 Å molecular sieves in DCM 

(Scheme 2.1 ) giving the coupled product, compound 1 with varying yields of 48%-73%.63 

The yields were sensitive to the reaction scale, with a reaction scale higher than 1 gram 

giving lower yields. The methylene linker length was explored to examine its influence on 

proteasome activation.  The synthesized N, N-bis(4-fluorophenyl)amine, compound 1 

was functionalized by coupling it with either a one- or two-methylene-linked N,N-bis(4-

fluorophenyl)amide linker, which were subsequently attached as pendant groups to 

various heterocyclic cores. The amide synthesis involved treating N,N-bis(4-

fluorophenyl)amine with triethylamine (TEA) and either 2-chloroacetyl chloride or 3-

bromopropanoyl chloride, yielding compounds 2 and 3 in 67% and 88% yield, respectively 

(Figure 2.1).64 This approach facilitated the preparation of versatile derivatives for further 

exploration. 

The impact of different heterocyclic cores on proteasome activation was examined using 

bi- and tricyclic systems. The investigation was initiated by coupling the amide tails (2 and 

3) to carbazole-containing cores, focusing on the role of ring size and the absence of 

sulfur. The carbazole-containing core was first treated with sodium hydride (NaH), 



44 
 

followed by the subsequent addition of the respective linker to yield the unsubstituted and 

2-chlorocarbazole derivatives. The reactions with 3 produced compounds 4 (59%) and  6 

(88%), while the coupling with 2 produced compounds  5 and 7 in 92% and 58% 

respectively (Scheme 2.1). 

Next, we explored the influence of electron-poor aromatic systems by coupling the amide 

tails with a β-carboline core. The electron-deficient nature of β-carboline was 

hypothesized to affect proteasome activation by altering electronic interactions with the 

target protein. The synthesis yielded compounds 8 (38%) and 9 (65%), indicating that the 

two-methylene linker 3 may provide a more favorable conformation for interaction with 

the proteasome. To assess whether a tricyclic core is necessary for proteasome 

activation, a series of activators with various bicyclic heterocyclic cores were synthesized. 

Indole derivatives were chosen due to their structural similarity to carbazoles but with 

fewer fused rings. Using NaH as the base, indole was coupled with the one- and two-

methylene amide linkers, resulting in compounds 10 and 11 in 65% and 60%, respectively 

(Scheme 2.1). The comparable yields of 10 and 11 suggest that indole maintains 

adequate reactivity, even with a more straightforward core structure. 

To further understand the effect of halogen substitution, 2-chloroindole derivatives were 

synthesized. Compounds 12 (62%) and 13 (77%) were obtained using the two- and one-

methylene linkers, respectively. The higher yield of 13 may indicate that the shorter linker 

favors a more optimal spatial orientation for coupling. 
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Scheme 2.1: The Synthetic Routes to Access Compounds (A) 1- 3, (B) 4-14, and (C) 

16-26. 

In an effort to mimic the sulfur found in the phenothiazine core, 3-oxo-3,4-dihydro-2H-1,4-

benzothiazine was employed as a replacement. Compounds 14 (98%) and 15 (80%) were 

synthesized using NaH, demonstrating high yields and underscoring the robustness of 

the reaction conditions with this core structure. 

Next, the impact of hydrogen bond acceptors within the core structure was investigated. 

Compounds 16 (47%)and 17 (70%) were synthesized by refluxing 3,4-dihydro-2H-
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benzo[b][1,4] oxazine in toluene using TEA as the base in the presence of one-methylene 

(2) and two-methylene (3) linker respectively.  

We then investigated the role of hetero atoms on 20S proteasome activation. To achieve 

these, two cores bearing three hetero atoms were each coupled with the one and two 

methylene linkers. The 2-benzoxazolinone core was coupled with the two-methylene 

linker to produce compound 18 in 46% while coupling with the one-methylene linker 

yielded compound 19 (84%). The marked difference in yields suggests a significant effect 

of the linker length on the efficiency of the reaction. In addition, refluxing the two-

methylene linker (3) eliminated HBr to yield N,N bis(4-fluorophenyl)acrylamide as a side 

product, explaining the lower yields under such reaction conditions. When 1,3-dihydro-

2H-benzo[d[imidazole-2-one was reacted with one methylene linker (2) in the presence 

of K2CO3 as base and tetrabutylammonium bromide as phase transfer agent yielded 

compound 20 in 36%. Efforts to produce the two-methylene linker counterpart proved 

futile. The reaction resulted in complex mixtures which with no not isolated.  

To determine if an aromatic core is necessary for proteasome activation, we synthesized 

derivatives based on non-aromatic piperazine-2-one and morpholine cores. Piperazin-2-

one was reacted with the amide linkers (3 and 2) using TEA  as a base, yielding 

compounds 21 and 22 in 44% and 70%, respectively (Scheme 2.1). The morpholine 

derivatives were accessed similarly to produce compounds 23 (36%) and 24 (30%). The 

lower yields of the morpholine derivatives (23 and 24) may imply a reduced ability to 

engage in π-stacking interactions, which could be crucial for binding to the proteasome 

active site. Finally, we synthesized compounds 25 and 26 by coupling the amide linkers 

with a dimethyl amine moiety, similar to the structure of chlorpromazine. The reactions, 

conducted in the presence of TEA in THF, yielded compound 25 (64%) with the two-

methylene linker and compound 26 (48%) with the one-methylene linker (Scheme 2.1).  

2.2.3 Evaluation of analogs towards the Activation of 20S proteasome 

Having synthesized compounds 4-26, we tested them for their ability to activate the 20S 

proteasome in a small fluorogenic peptide assay. In this assay, a fluorescent 7-amino-

methyl coumarin (AMC) tag was attached to peptides that mimic the preferred cleavage 

sites of the three catalytic subunits of the 20S proteasome: chymotrypsin-like (Suc-LLVY-

AMC), caspase-like (Z-LLE-AMC), and trypsin-like (Boc-LRR-AMC) sites using an 
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excitation and emission wavelengths of 380 nm and 460nm, respectively.40,65–67 Upon the 

proteasome cleavage of these peptides, the AMC tag is released, emitting a fluorescent 

signal (Figure 2.2). This signal was measured every 5 minutes for one hour to monitor 

the degradation rate of the peptides, indicating the proteasome activity.43,54 

 

Figure 2.2: Schematic Diagram for Small Peptide Assay. 

The 26S proteasome cleaves the AMC probe, releasing the AMC fluorophore, which is 

monitored by a plate reader at 480 nm.  

An equimolar mix of these probes was used to assess the effect of each test compound 

on the overall 20S proteasome function. The proteasome was incubated with various 

concentrations of the compounds alongside a vehicle control (DMSO-treated sample) for 

20 minutes at 37 °C. A mixture of the fluorogenic probes (13.3 µM each) was added, and 

fluorescence was monitored over time. In a 96-well plate setup, purified human 20S 

proteasome (0.5 nM) was exposed to concentrations of 30 µM, 15 µM, 7.5 µM, and 3.75 

µM of each compound, with DMSO serving as the vehicle (2% final concentration). The 

increase in proteasome activity was quantified by calculating the fold change in 

degradation rate compared to the untreated control. The concentration required to 

achieve a two-fold increase (EC200) was determined through a range of doses. 

Compounds with an EC200 below 3.75 µM underwent additional testing across a 9-point 

concentration gradient (30 µM to 0.16 µM). The results are summarized in Figure 2.3. 

Compounds featuring a tricyclic heterocycle structure exhibited varying degrees of 

proteasome activation. The length of the methylene linker did not significantly impact 

activity, as demonstrated by the comparable performance of carbazole-based molecules 

4 and 5. Compound 4, with a two-methylene linker, showed strong activation with an 

EC200 of 1.6 µM and a maximal fold increase of 8.8 at 30 µM. Conversely, compound 5, 

having a one-methylene linker, displayed lower potency, with an EC200 of 3.8 µM and a 

maximal fold increase of 5.1 at 30 µM. Interestingly, this trend reversed when the core 

structure was changed to 2-chlorocarbazole. In this case, the one-methylene-linked 
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compound 7 outperformed its two-methylene counterpart, compound 6. Compound 7 had 

an EC200 of 1.2 µM and a maximal enhancement of 6.1-fold, while compound 6 showed 

an EC200 of 0.9 µM but a lower fold enhancement of 4.5 (Figure 2.3). 

Both carbolines (compounds 8 and 9) demonstrated similar potencies, with EC200 values 

of 3.8 µM and 2.0 µM, respectively. However, the two-methylene-linked carboline 

(compound 8) showed a higher maximal fold increase (12) compared to the one-

methylene variant (compound 9), which had a maximal fold increase of 5.5. These 

observations suggest that chlorine at the 2-position influences the interaction of these 

molecules with the proteasome, affecting their activation potential (Figure 2.3). 

In contrast to tricyclic derivatives, bicyclic compounds exhibited lower efficacy and 

potency overall. Both unsubstituted indole derivatives, compounds 10 and 11, showed 

poor potency with an EC200 of 7.5 µM and max folds of 3.5 and 4.4, respectively. Only 

compound 12, a two-methylene-linked 2-chloroindole, achieved an EC200 below 1 µM, 

demonstrating strong activity with an EC200 of 0.9 µM and a 4.4-fold increase in 

proteasome activation. The one-methylene-linked analog, compound 13, showed similar 

efficiency, with an EC200 of 1.6 µM (Figure 2.3). Compounds 16 and 17 had comparable 

activation effects with an EC200 of 9.0 µM and 8.0 µM respectively.  These indoles were 

predicted to bind the α1/2 pocket of the proteasome, interacting with cysteine-161 through 

a π-alkyl interaction. Previous studies have shown that such interactions typically result 

in weaker EC200 values and reduced maximal fold increases.53 

Increased flexibility in the bicyclic analogs, as observed in compounds 16 and 17, resulted 

in diminished potency, with EC200 values of 9.0 µM and 8.0 µM, respectively. Incorporating 

hydrogen bond acceptors enhanced activity when linked to a two-methylene spacer, as 

seen with compound 18, which had an EC200 of 1.3 µM. However, the proteasome 

activation was lost entirely when the acceptors were attached to a one-methylene linker, 

as in compound 19.  
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Figure 2.3: 20S Proteasome Activity of Compounds 4-26.  

(A) The table shows the EC200 and max fold increase of 20S proteasome-mediated 

proteolysis induced by compounds 4-26.  
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Figure 2.3 (Cont’d): 

EC200 depicts the concentration of compounds that increase the proteolytic degradation 

rate of fluorogenic peptide by 200%. The 20S proteasome activity graphs of compounds 

(B) 4-5, (C) 6-7, (D) 12-13, and (E) 18-19. 

Interestingly, the one-methylene linker derivative of 19, which has the oxygen replaced 

with nitrogen (compound 20) was active with an EC200 of 4.0 µM. This underscores how 

subtle changes can significantly impact analogs' ability to activate the 20S proteasome. 

However, the inability to access the two methylene-linked counterparts means a 

reasonable conclusion could not be drawn regarding the effect of chain lengths. The 

removal of the aromatic group from the heterocyclic core, as in compounds 21-26, led to 

a complete loss of proteasome activity, emphasizing the critical role of the aromatic 

moiety in the interaction with the proteasome's active sites. 

2.2.4 Evaluation of analogs towards the proteolytic degradation of pathologically 

relevant substrate 

The pathological aggregation of alpha-synuclein (α-synuclein) is a defining feature of 

Parkinson’s disease (PD) and related synucleinopathies, including dementia with Lewy 

bodies.68–71 This presynaptic protein plays a pivotal role in neurotransmitter regulation.72 

However, its misfolding and subsequent aggregation result in toxic oligomer and fibril 

formation, disrupting cellular homeostasis.73,74 Key pathological mechanisms include 

mitochondrial dysfunction, oxidative stress, and impaired proteasomal activity, ultimately 

culminating in the degeneration of dopaminergic neurons within the substantia nigra pars 

compacta. Targeting α-synuclein aggregation has emerged as a promising therapeutic 

strategy to address the underlying pathophysiology of PD, potentially slowing disease 

progression.14,15,75,76 Building upon efforts to identify potent 20S proteasome activators 

capable of degrading α-synuclein, we focused on a subset of molecules demonstrating 

robust activity in initial fluorogenic peptide assays. Compounds with an EC200 value below 

1 µM were prioritized for further evaluation. Additionally, methylene linker variants were 

included as controls to assess the impact of linker length on 20S proteasome activation, 

particularly with physiologically relevant substrates.  

To refine our analysis, two concentrations of each compound (5 µM and 15 µM) were 

examined. The putative 20S proteasome activator TCH-16577,78 was a positive control, 
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while dimethyl sulfoxide (DMSO)-treated proteasome functioned as the vehicle control. 

The purified 20S proteasome was diluted to a final concentration of 10 nM in a buffer 

comprising 50 mM HEPES and 5 mM DTT (pH 7.2). The desired compounds or controls 

were added to the proteasome solution and incubated at 37°C for 45 minutes. 

Subsequently, purified α-synuclein (final concentration: 300 nM) was introduced, and the 

reaction proceeded at 37°C for 3.5 hours. The degradation of α-synuclein was assessed 

through immunoblotting, quantifying full-length α-synuclein depicted in Figure 2.4 . 

TCH-165 demonstrated effective enhancement of 20S proteasome-mediated 

degradation of α-synuclein, leaving 60% and 40% of the substrate intact at concentrations 

of 5 µM and 15 µM, respectively (Figure 2.4).  

Remarkably, at 15 µM, several test compounds surpassed the performance of TCH-165, 

with compounds 4 and 5 also exhibiting superior activity at the lower concentration of 5 

µM. Specifically, compound 4 facilitated significant degradation, leaving only 45% and 

28% of α-synuclein intact at 5 µM and 15 µM, respectively (Figure 2.4 ). Similarly, the two 

2-chlorocarbazole analogs, compounds 6 and 7, displayed comparable efficacy at 15 µM, 

reducing intact α-synuclein levels to 33% (Figure 2.4 B).  

However, compound 7 underperformed relative to compound 6 at 5 µM, with 58% α-

synuclein remaining. Interestingly,  compound 12  did not enhance the degradation of α-

synuclein at both 15 µM and 5 µM despite having an EC200 0.9 µM in the small 

fluorogenic peptide assay (Figure 2.4 B). Unsurprisingly, the one methylene linker 

counterpart of the 2-chloroindole compound 13 did not display any activity in agreement 

with the small peptide assay results (Figure 2.3 and 2.4 B).  

In addition, at 5 µM concentrations, compounds 6, 12, and 5 failed to significantly impact 

the proteolytic degradation of α-synuclein (Figure 2.3 A and B). 
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Figure 2.4: Evaluation of In Vitro 20S Proteasome-Mediated Degradation of α-

Synuclein Degradation. 

(A and B) The degradation of purified α-synuclein by the 20S proteasome treated with (A) 

5 µM and (B) 15 µM of compounds 4-9, 9, 12, 13, 18, 19, or the positive control, TCH-

165. GAPDH was added as a loading control. Each set of assays was done in triplicate. 

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, 

****p < 0.0001). Error bars based on standard deviation. n denotes the number of 

replicates. 

A. 

B. 
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Given their superior degradation capabilities at both tested concentrations, compounds 4 

and 7 were selected for further investigations. These findings underscore the potential of 

20S proteasome activators in mitigating α-synuclein aggregation, paving the way for 

novel therapeutic interventions in synucleinopathies. 

2.2.5 Evaluation of Compounds 4 and 7 for Cellular Degradation of A53T α-

Synuclein 

To determine whether the enhanced 20S proteasome activity mediated by compounds 4 

and 7 translates to cellular systems, we employed HEK-293T cells transiently transfected 

with an A53T α-synuclein plasmid. The A53T mutation is associated with familial 

Parkinson's disease (PD) due to its propensity to destabilize the native alpha-helical 

structure of α-synuclein, accelerating its transition to toxic β-sheet aggregates, oligomers, 

and fibrils. These features make it a pathological model for assessing potential 

therapeutic interventions. 

After 48 hours of transfection, cells expressing A53T α-synuclein were treated with 

varying concentrations (1, 5, 10, and 15 µM) of compounds 4 and 7 for 16 hours, followed 

by lysis and immunoblotting to quantify A53T α-synuclein levels. Positive and negative 

controls included 10 µM TCH-165, 15 µM of an inactive structural analog (19), 30 nM of 

the proteasome inhibitor Bortezomib (BTZ)79,80, and DMSO as a vehicle control. 

Compound 4 significantly reduced A53T α-synuclein levels in a dose-dependent manner. 

At the lowest concentration (1 µM), 64% of A53T α-synuclein remained, while at the 

highest concentration (15 µM), only 21% remained (Figure 4.5 B).  

By comparison, the positive control TCH-165 at 10 µM left 52% α-synuclein intact. The 

inactive control (19) had no significant effect, whereas BTZ, as expected, increased A53T 

α-synuclein levels by 148%, underscoring its role in inhibiting the proteasome (Figure 4.5 

B). These results highlight compound 4’s capacity to promote proteasomal degradation 

of A53T α-synuclein. Compound 7 exhibited equal or superior efficacy compared to 

compound 4. At 1 µM, 67% of α-synuclein was degraded, while at 5 µM, only 30% 

remained, outperforming compound 4 at this concentration (Figure 4.5 C). At higher 

concentrations (10 and 15 µM), compound 4 further reduced α-synuclein levels to 14% 

and 11%, respectively. TCH-165 (10 µM) achieved an average of 40% remaining α-
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synuclein, while the inactive control compound 19 remained ineffective. BTZ increased 

α-synuclein levels by 135%, confirming its inhibitory effect on the proteasome. 

 

Figure 2.5: Compounds 4 and 7 Enhance the Proteolytic Degradation of Mutant  

A53T α-Synuclein in HEK Cells.  

(A) Structures of compounds 4, 7 and 19. The evaluation of A53T a-synuclein levels in 

HEK-293T cells once they have been treated with 1, 5, 10, or 15 µM of compounds (B) 4 

and (C) 7, and with 15 µM of an inactive control (19), 10 µM of positive control, TCH-165, 

and 30 nM of a proteasome inhibitor, BTZ, and (D) The experimental set up was repeated, 

with 0.5, 0.75, and 1 µM of compound 7, and 0.75 and 1 µM of compound 4.   

 

 

 

 

A. B. 

D. C. 



55 
 

Figure 2.5: (Cont’d ) 

Each set of assays was done in triplicate. 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, ****p < 0.0001). Error bars based on 

standard deviation. n denotes the number of replicates. 

HEK-293T cells were treated with 0.75 µM of compounds 4 and 7 to evaluate activity at 

lower concentrations. Both compounds demonstrated notable activity even at this sub-

micromolar dose, with 55% and 72% of A53T α-synuclein remaining (Figure 4.5 D). 

These results suggest that the potency observed in the fluorogenic peptide assays 

translates effectively to cellular contexts. Compounds 4 and 7 exhibited strong 20S 

proteasome-activating properties that translated to robust cellular degradation of the 

pathologically relevant A53T α-synuclein. Compared to controls, their dose-dependent 

and sub-micromolar efficacy underscores their potential as therapeutic candidates for 

mitigating α-synuclein pathology in PD. These findings and a follow-up study of 

compounds 4 and 7 in a physiologically relevant multiple system atrophy model have 

been published in IScience.81   

2.3 Conclusion 

This study elucidates the systematic design, synthesis, and evaluation of third-generation 

chlorpromazine analogs as 20S proteasome activators to address the proteotoxic burden 

characteristic of neurodegenerative diseases, particularly Parkinson's disease. Through 

the development of these analogs, specific structural modifications were explored to 

optimize proteasome activation, reduce off-target neuroleptic effects, and enhance 

substrate specificity. The integration of heterocyclic cores and varying linker lengths 

allowed a comprehensive evaluation of the influence of structural parameters on 

proteasome modulation. The rational design process underscored the critical role of π-π 

stacking interactions with proteasomal residues, such as tyrosine-159, and sulfur-

mediated stabilization through cysteine-161, exemplified by the lead compounds SS-2-

71 and its derivatives.42,48,54 These interactions are hypothesized to facilitate the open-

gate conformation of the 20S proteasome, thereby promoting the degradation of 

intrinsically disordered proteins like α-synuclein. Notably, the lead analogs, compounds 4 

and 7, demonstrated significant activation of the 20S proteasome, with distinct patterns 
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of efficacy tied to the length of methylene linkers and the electronic properties of the 

pendant groups. 

Functional assays revealed the robust activity of these compounds in proteasome-

mediated degradation of synthetic fluorogenic peptides and physiologically relevant 

substrates such as α-synuclein. Compounds 4 and 7 emerged as particularly promising 

candidates, displaying superior efficacy in degrading A53T α-synuclein, a pathogenic 

variant associated with familial Parkinson's disease.14,21,82–84 These findings highlight the 

translational potential of these compounds, particularly in the context of cellular systems 

where their activity was dose-dependent and exhibited sub-micromolar potency. These 

analogs (compounds 4 and 7) are currently the most potent 20S proteasome activators 

developed in the Tepe lab. Several lab members are using them as tools for exploring the 

impact of 20S proteasome activation in different disease-relevant systems. Despite these 

advancements, limitations remain. The variable efficacy of different analogs, the 

dependence on specific structural motifs, and the challenge of achieving optimal 

proteasome activation at lower concentrations suggest further refinement. Additionally, 

the complexity of phenothiazine metabolism and its potential for off-target effects 

necessitate a cautious approach to therapeutic development. Future studies should focus 

on enhancing the pharmacokinetic properties of these analogs, ensuring their stability 

and bioavailability while minimizing the risk of neuroleptic side effects.  

In conclusion, this work provides a foundational framework for developing targeted 20S 

proteasome activators as therapeutic agents for neurodegenerative diseases. The 

insights gained from the structure-activity relationship studies and the demonstrated 

ability of these analogs to degrade pathological α-synuclein aggregates represent 

significant strides toward addressing the proteotoxic stress underlying synucleinopathies. 

Continued optimization and preclinical evaluation of these compounds could pave the 

way for novel therapeutic strategies to combat Parkinson's disease and related disorders. 
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APPENDIX 

Chemistry 

 

 

 

Bis(4-fluorophenyl)amine (1) 

Compound 1 was synthesized using the previously described method.3 A 100 mL round 

bottom flask containing a 4 Å molecular sieve was added 4- fluorophenylboranic acid (10 

mmol),  30 mL of dried DCM, and 4-fluoroaniline (10 mmol). After that, triethyl amine (10 

mmol) and Copper acetate (5 mmol) were added to the reaction mixture. The mixture was 

stirred at room temperature under air for 16 h. The reaction was stopped, and the mixture 

dried over a celite plug. The crude mixture was purified using automated Combiflash 

chromatography (silica gel, 20-40 microns, gradient 0-15% ethyl acetate in hexane).  The 

compound was isolated as a dark yellowish oil (549 mg, 50%). ).  IR: 3401, 2908 cm-1. 1H 

NMR (CD2Cl2, 500 MHz) δ 6.98-6.97(m, 4H), 6.96 – 6.95 (m, 4H), 5.60 (s, 1H). 13C{1H} 

NMR (CD2Cl2, 126 MHz) δ159.6 (d, JCF = 241.0 Hz), 140.0 (d, JCF = 2.4 Hz), 119.8 (d, JCF 

= 8.0 Hz), 116.1 (d, JCF = 22.8 Hz). HRMS (ESI-TOF) m/z: [(M+H)+] calcd for (C12H10FN2
+) 

206.0781; found, 206.0783. 

General acylation procedure 

The bis(fluorophenyl) amine (1.0 equiv) and TEA (1.3 equiv) were dissolved in DCM (15.0 

mL) and cooled to 0 °C, and the desired acyl halide (1.2 equiv) was added dropwise. The 

reaction mixture was warmed to room temperature and stirred for 12 hours under inert N2 

gas. The crude reaction was washed with brine (2 x 10 mL) and extracted with DCM (2 x 

10 mL). The organic layer was dried over anhydrous Na2SO4, filtered, and concentrated 

under reduced pressure. The desired product was purified using an automated 

CombiFlash chromatography (silica gel, 20-40 microns, 20−40 μm, with a gradient mobile 

phase of 0% - 40% EtOAc in Hexane). 
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General procedure A 

The desired heterocycle (1.0 equiv) was dissolved in DMF (3.0 mL) and cooled to 0 °C. 

Then, NaH (1.1 equiv) was added, and the mixture stirred at 0 °C for one hour. The 

corresponding N,N-bis(4-fluorophenyl) amide (2 equiv) was added, and the reaction was 

slowly warmed to room temperature and stirred for 24 hours under inert N2 gas. The crude 

mixture was washed with LiBr (3 x 9 mL), and the organic layer was extracted with EtOAc 

(1 x 10 mL). The organic layer was  dried over anhydrous Na2SO4, filtered, concentrated 

under reduced pressure, and purified using an automated CombiFlash chromatography 

(silica gel, 20−40 μm, with a gradient mobile phase of 0% - 20%  EtOAc in Hexane).  

General procedure B 

The desired heterocycle (1.0 equiv) and the corresponding N, N-bis(4-fluorophenyl) 

amide (1.0 equiv) were dissolved in toluene (5.0 mL). Then, TEA (4.0 equiv) was added 

dropwise, and the solution was refluxed for 24 hours under inert N2 gas. The crude mixture 

was washed with brine (3 x 5 mL), and the organic layer was extracted with DCM (1 x 10 

mL). The organic layer was dried over anhydrous Na2SO4, filtered, concentrated under 

reduced pressure, and purified using an automated CombiFlash chromatography (silica 

gel, 20−40 μm, with a gradient mobile phase of 0% - 20%  EtOAc in Hexane). 

General procedure C 

The corresponding N,N-bis(4-fluorophenyl) amide (1.0 equiv) was dissolved in THF (5 

mL), and TEA (1.2 equiv) was added dropwise. Then, 2 M dimethyl amine in THF (2.0 

equiv) was added dropwise, and the solution was stirred for 24 hours at room temperature 

under inert N2 gas. The crude mixture was washed with brine (3 x 5 mL), and the organic 

layer was extracted with DCM (10 mL). The crude mixture was dried over Na2SO4, filtered, 

concentrated under reduced pressure, and purified using an automated CombiFlash 

chromatography (silica gel, 20−40 μm, with a gradient mobile phase of 0 - 30% EtOAc in 

Hexane).  
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General acylation procedure produced a light-yellow solid (67%). MP: 95-97 ℃.   1H NMR 

(CD2Cl2, 500 MHz) δ 7.32-7.27 (m, 4H), 7.16-7.08 (m, 4H), 4.02 (s, 2H). 13C{1H} NMR 

(DMSO-d6, 126 MHz) δ 166.0, 139.2, 138.2, 131.4, 129.3, 117.2, 116.3, 43.7. IR: 3067 

cm-1, 2980 cm-1, 1686 cm-1, 1503 cm-1.  HRMS (APCI) m/z: [M+H]+ calc’d for 

(C14H11ClF2NO+) 282.0492; Found 282.0338. *1H NMR and 13C{1H} NMR were run in 

different solvents for better resolution of the observed peaks. 

 

General acylation procedure produced a pale pink solid (88%). MP: 94-96 °C. 1H NMR 

(CD2Cl2, 500 MHz) δ 7.29-7.25 (m, 4H), 7.17-7.03 (m, 4H), 3.64 (t, J = 6.7 Hz, 2H), 2.82 

(t, J = 6.7 Hz, 2H). 13C{1H} NMR (CD2Cl2, 126 MHz) δ 170.2, 138.9, 130.9, 128.5, 117.4 

(d, JCF = 22.6 Hz ), 116.1 (d, JCF = 22.6 Hz), 38.3, 28.1. IR: 3117 cm-1, 2950 cm-1, 1600 

cm-1, 1425 cm-1.   HRMS (APCI) m/z: [M+H]+ calc’d for (C15H13BrF2NO+) 340.0143; 

Found 340.0063. 

 

2-(9H-carbazol-9-yl)-N,N-bis(4-fluorophenyl)acetamide (5) 

General Procedure A produced a white solid (92%). MP: 189-190 ℃. 1H NMR (CDCl3, 

500 MHz) δ 8.05 (d, J = 7.7 Hz, 2H), 7.41 (t, J = 7.7 Hz, 2H), 7.26-7.20 (m, 4H), 7.15-6.93 

(m, 8H), 5.01 (s, 2H). 13C{1H} NMR (CDCl3, 126 MHz) δ 168.0, 140.2, 138.3, 136.9, 129.4, 

127.5, 125.7, 123.1, 120.3, 119.6, 117.1, 115.9, 108.3, 46.8. IR: 3069 cm-1, 2978 cm-1, 
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1668 cm-1, 1501 cm-1. (APCI) m/z: [M+H]+ calc’d for (C26H19F2N2O+) 413.1460; Found 

413.1466. 

 

3-(2-chloro-9H-carbazol-9-yl)-N,N-bis(4-fluorophenyl)propanamide (6) 

General procedure A produced a white solid in 88% yield. MP: 133-134 °C. 1H NMR 

(DMSO-d6, 500 MHz) δ 8.17 (dd, J = 8.1, 1.5 Hz, 2H), 7.57 (d, J = 1.8 Hz, 1H), 7.51 (d, J 

= 8.2 Hz,    1H), 7.45-7.42 (m, 1H), 7.25-7.20 (m, 2H), 7.14-7.00 (m, 8H), 4.64 (t, J = 6.8 

Hz, 2H), 2.66 (t, J = 6.8 Hz, 2H).13C{1H} NMR (CDCl3, 126 MHz) δ 171.0, 140.4, 140.3, 

137.92, 137.89, 131.7, 129.6 (d, J = 8.6 Hz), 128.0 (d, J = 8.8 Hz), 126.2, 122.3, 121.5, 

121.2, 120.3, 119.9, 119.8, 116.6 (d, J = 22.8 Hz), 116.0 (d, J = 22.5 Hz), 109.2, 109.0, 

40.0, 33.3. IR: 3030 cm-1, 2865 cm-1, 1605 cm-1, 1320 cm-1. HRMS (APCI) m/z: [M+H]+ 

calc’d for (C27H20ClF2N2O+) 462.1227; Found 462.1157. *1H NMR and 13C{1H} NMR were 

run in different solvents to better resolve the observed peaks. 

 

 

 

 

 

N,N-bis(4-fluorophenyl)-2-(9H-pyrido[3,4-b]indol-9-yl)acetamide (9) 

General procedure A produced a light-yellow solid (65%). MP:161-162 ℃.  1H NMR 

(CDCl3, 500 MHz) δ 8.76 (s, 1H), 8.44 (d, J = 5.3 Hz, 1H), 8.12 (dt, J = 7.9, 1.0 Hz, 1H), 

7.94-7.93 (m, 1H), 7.60-7.57 (m, 1H), 7.36 (dt, J = 8.3, 0.9 Hz, 1H), 7.33-7.29 (m, 1H), 

7.24-7.18 (m, 8H), 5.08 (s, 2H). 13C{1H} NMR (CDCl3, 126 MHz) δ 166.9, 141.5, 138.6, 

137.8, 136.8, 136.4, 131.0, 129.7, 129.3, 128.9, 127.5, 122.1, 121.3, 120.6, 117.6 (d, J = 

22.5 Hz), 116.0 (d, J = 22.5 Hz), 114.7, 109.3, 46.6. IR: 3062 cm-1, 2954 cm-1, 1686 cm-
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1, 1450 cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for (C25H18F2N3O+) 414.1412; Found 

414.1446.  

 

2-(6-chloro-1H-indol-1-yl)-N,N-bis(4-fluorophenyl)acetamide (13) 

General procedure A produced a white solid (77%). MP: 144-145 ℃. 1H NMR (CD2Cl2, 

500 MHz) δ 7.55 (d, J = 8.4 Hz, 1H), 7.38-7.22 (m, 6H), 7.18 (dt, J = 1.5, 0.7 Hz, 1H), 

7.10 (dd, J = 8.4, 1.9 Hz, 2H), 7.02 (d, J = 3.3 Hz, 2H), 6.52 (dd, J = 3.2, 0.9 Hz, 1H), 4.77 

(s, 2H). 13C{1H} NMR (CD2Cl2, 126 MHz) δ 167.3, 138.5, 137.5, 137.2, 130.7 (d, J = 8.2 

Hz), 129.9, 128.04, 128.01, 127.5, 122.2, 120.6, 117.9 (d, J = 23.9 Hz), 116.2 (d, J = 22.9 

Hz), 109.4, 102.6, 49.6. IR: 3056 cm-1, 2979 cm-1, 1669 cm-1, 1499 cm-1. HRMS (APCI) 

m/z: [M+H]+ calc’d  for (C22H16F2ClN2O+) 397.0914; Found 397.0916. 

 

N,N-bis(4-fluorophenyl)-3-(3-oxo-2,3-dihydro-4H-benzo[b][1,4]thiazin-4-yl)propanamide 

(14) 

General procedure A produced a fluffy white solid (98%) with THF as the solvent in place 

of DMF. MP:150-151 ℃. 1H NMR (CD2Cl2, 500 MHz) δ 7.40 (dd, J = 7.7, 1.6 Hz, 1H), 

7.27-7.23 (m, 5H), 7.14-7.04 (m, 6H), 4.33 (t, J= 6.8 Hz, 2H), 3.35 (s, 2H), 2.62 (t, J= 6.8 

Hz, 2H). 13C{1H} NMR (CD2Cl2, 126 MHz) δ 170.3, 165.0, 139.3, 138.6, 138.5, 130.3, 

128.5, 128.2, 127.3, 123.9, 123.4, 117.6, 116.9 (d, J = 23.2 Hz), 115.7 (d, J = 22.8 Hz), 

41.5, 32.8, 31.5. IR: 3067 cm-1, 2966 cm-1,1677 cm-1, 1656 cm-1, 1497 cm-1. HRMS (APCI) 

m/z: [M+H]+ calc’d for (C23H19F2O2N2S+) 425.1130; Found 425.1173. 
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N,N-bis(4-fluorophenyl)-2-(3-oxo-2,3-dihydro-4H-benzo[b][1,4]thiazin-4-yl)acetamide 

(15) 

General procedure A produced a fluffy white solid (80%) with THF as the solvent in place 

of DMF. MP: 90-92 ℃. 1H NMR (CD2Cl2, 500 MHz) δ 7.47 (s, 2H), 7.39 (dd, J = 7.7, 1.5 

Hz, 1H), 7.28-7.25 (m, 3H), 7.18 (s, 2H), 7.06 (td, J = 7.6, 1.2 Hz, 3H), 6.99 (dd, J = 8.2, 

1.2 Hz, 1H), 4.51 (s, 2H), 3.42 (s, 2H). 13C{1H} NMR (CD2Cl2, 126 MHz) δ 167.5, 166.2, 

140.2, 138.7, 137.7, 130.9, 128.7, 128.1, 127.7, 124.0, 123.9, 117.8, 117.7 (d, J= 23.1 

Hz), 116.1 (d, J= 21.8 Hz), 49.2, 31.6. IR: 3065 cm-1, 2983 cm-1, 1660 cm-1, 1499 cm-1. 

HRMS (APCI) m/z: [M+H]+ calc’d for (C22H17F2O2N2S+) 411.0973; Found 411.0974. 

 

N,N-bis(4-fluorophenyl)-3-(2-oxobenzo[d]oxazol-3(2H)-yl)propanamide (18) 

To a solution of benzo[d]oxazol-2(3H)-one (1.0 equiv) in CH3CN (5 mL), K2CO3 (1.5 equiv) 

and 3 (1.15 equiv) were each added. The reaction mixture was stirred for 24 hours at 80 

°C under inert N2 gas. The reaction was then cooled to room temperature and 

concentrated under reduced pressure. The crude mixture was washed with water (2 x 10 

mL) and extracted with DCM (20 mL). The organic layer was dried over Na2SO4, filtered, 

concentrated under reduced pressure, and purified using automated Combiflash 

chromatography (silica gel, 20-40 microns using a mobile phase of 0%-20% EtOAc in 

Hexane), yielding a white solid (46%). MP: 141-142 ℃ 1H NMR (CD2Cl2, 500 MHz) δ 7.25-

7.20 (m, 6H), 7.16-7.12 (m, 4H), 7.05 (t, J = 8.5 Hz, 2H), 4.15 (t, J = 6.7 Hz, 2H), 2.77 (t, 

J = 6.7 Hz, 2H). 13C{1H} NMR (CD2Cl2, 126 MHz) δ 170.0, 154.2, 142.6, 138.4, 138.2, 

131.1, 130.3 (d, J = 8.8 Hz), 128.2 (d, J = 8.4 Hz), 123.8, 122.3, 117.1 (d, J = 22.9 Hz), 

115.8 (d, J = 22.7 Hz), 109.7, 109.0, 38.6, 33.0. IR: 3069 cm-1, 2926 cm-1,1760 cm-1, 1666 
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cm-1, 1501 cm-1.  HRMS (APCI) m/z: [M+H]+ calc’d for (C22H17F2N2O3
+) 395.1202; Found 

392.1208. 

 

N,N-bis(4-fluorophenyl)-2-(2-oxobenzo[d]oxazol-3(2H)-yl)acetamide (19) 

The procedure detailed for compound 18 was followed, but the CH3CN solvent was 

replaced with DMF, yielding a white solid (84 %). MP: 155-156 ℃. 1H NMR (CDCl3, 500 

MHz) δ 7.40 (s, 2H), 7.25-7.15 (m, 6H), 7.13 (td, J = 7.8, 1.3 Hz, 1H), 7.00 (t, J = 8.2 Hz, 

2H), 6.95-6.93 (m, 1H), 4.47 (s, 2H). 13C{1H}  NMR (CDCl3, 126 MHz) δ 165.3, 154.5, 

142.6, 137.6, 136.6, 131.0, 130.3, 127.3, 123.9, 122.8, 117.8 (d, J = 23.1 Hz), 116.0 (d, J 

= 22.9 Hz), 110.2, 108.6, 44.6 IR: 3065 cm-1, 2930 cm-1, 1764 cm-1, 1666 cm-1. HRMS 

(APCI) m/z: [M+H]+ calc’d for (C21H15F2N2O3
+) 381.1045; Found 381.1070. 

 

To a stirred solution of 1,3-dihydro-2H-benzo[d]imidazol-2-one (119.8 mg, 0.89 mmol) in 

DMF (10 mL) was added potassium carbonate (69.5 mg, 0.50 mmol). Tertbutyl 

ammonium bromide (5.4 mg, 17 μmol) was added to the solution and stirred for 5 minutes 

at rt. Acetamide 2 (138.16 mg, 0.49 mmol) was added in 3 portions over 10 minutes. The 

mixture was stirred at rt for a further 24 h and filtered. The solvent was removed under 

reduced pressure, and the resulting solid was dissolved in 30 mL of DCM and washed 

with deionized water (4X, 10 mL). The organic layer was dried over sodium sulfate 

concentrated into silica gel and purified by flash chromatography ( 50% ethyl acetate in 

hexane).  The compound was isolated as a white solid (50.5 mg, 36%). MP: 194-195 ℃. 

IR: 3069, 1686, 1501 cm-1. 1H NMR (CD)3SO, 500 MHz) δ 10.86 (s, 1H), 7.75 (br s, 2H), 

7.36 (br s, 4H), 7.21 (br s, 2H), 7.11-7.09 (m, 1H), 7.01-7.16 (m, 2H), 4.45 (s, 2H). 13C{1H} 
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NMR (CD2Cl2, 125 MHz) δ166.7, 154.8, 131.1, 121.4, 121.0, 109.2, 43.4. HRMS (ESI-

TOF) m/z: [(M+H)+] calcd for (C21H16F2N3O2
+) 380.1211; found, 380.1212. 

 

N,N-bis(4-fluorophenyl)-3-(3-oxopiperazin-1-yl)propanamide (21) 

General procedure B produced an off-white solid (44%). MP: 94-95 ℃. IR: 3174, 3058, 

1659, 1496 cm-1. 1H NMR (CD2Cl2, 500 MHz) δ 7.26-7.21 (m, 4H), 7.13-7.04 (m, 4H), 

6.07 (s, 1H), 3.30-3.27 (m, 2H), 2.98 (s, 2H), 2.75 (t, J = 7.2 Hz, 2H), 2.59 (t, J = 5.5 Hz, 

2H), 2.42 (t, J = 7.2 Hz, 2H). 13C{1H} NMR (CD2Cl2, 126 MHz) δ 171.7, 169.1, 139.2, 

130.7, 128.6, 117.2, 116.1, 57.2, 53.7, 49.8, 41.7, 32.2. HRMS (ESI-TOF) m/z: [(M+H)+] 

calcd for (C19H20F2N3O2
+) 360.1524; found, 360.1538. 

 

 

N,N-bis(4-fluorophenyl)-3-(3-oxopiperazin-1-yl)propanamide (22) 

General procedure B produced an off-white solid (70%). MP: 73-75 ℃.  IR: 3215, 3066, 

1664, 1499 cm-1. 1H NMR (CDCl3, 500 MHz) δ 7.30-7.26 (m, 4H), 7.13-7.04 (m, 4H), 3.28-

3.25 (m, 2H), 3.18 (s, 2H), 3.18 (s, 2H), 3.18 (s, 2H), 2.76-2.74 (m, 2H).  δ 13C{1H} NMR 

(CD2Cl2, 125 MHz) δ 169.3, 168.4, 138.8, 138.3, 116.7, 115.7, 58.7, 56.3, 48.8, 41.1. 

HRMS (ESI-TOF) m/z: [(M+H)+] calcd for (C18H18F2N3O2
+) 346.1367; found, 346.1415. 
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Figure 2.6: Proton NMR of compound 1. Related to Scheme 2.1. 
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Figure 2.7: Carbon-13 NMR of compound 1. Related to Scheme 2.1. 
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Figure 2.8: Proton NMR of compound 2. Related to Scheme 2.1. 
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Figure 2.9: Carbon-13 NMR of compound 2. Related to Scheme 2.1. 
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Figure 2.10: Proton NMR of compound 3. Related to Scheme 2.1. 
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Figure 2.11: Carbon-13 NMR of compound 3. Related to Scheme 2.1. 
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Figure 2.12: Proton NMR of compound 5. Related to Scheme 2.1. 
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Figure 2.13: Carbon-13 NMR of compound 5. Related to Scheme 2.1. 
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Figure 2.14: Proton NMR of compound 6. Related to Scheme 2.1. 
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Figure 2.15: Proton NMR of compound 6. Related to Scheme 2.1. 
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Figure 2.16: Proton NMR of compound 9. Related to Scheme 2.1. 
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Figure 2.17: Carbon-13 NMR of compound 9. Related to Scheme 2.1. 
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Figure 2.18: Proton NMR of compound 13. Related to Scheme 2.1 
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Figure 2.19: Carbon-13 NMR of compound 13. Related to Scheme 2.1 
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Figure 2.20: Proton NMR of compound 14. Related to Scheme 2.1 
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Figure 2.21: Carbon-13 NMR of compound 14. Related to Scheme 2.1 
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Figure 2.22: Proton NMR of compound 15. Related to Scheme 2.1 
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Figure 2.23: Carbon-13 NMR of compound 15. Related to Scheme 2.1 
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Figure 2.24: Proton NMR of compound 18. Related to Scheme 2.1 
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Figure 2.25: Carbon-13 NMR of compound 18. Related to Scheme 2.1 
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Figure 2.26: Proton NMR of compound 19. Related to Scheme 2.1 
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Figure 2.27: Carbon-13 NMR of compound 19. Related to Scheme 2.1 
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Figure 2.28: Proton NMR of compound 20. Related to Scheme 2.1 
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Figure 2.29: Carbon-13 NMR of compound 20. Related to Scheme 2.1 
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Figure 2.30: Proton NMR of compound 21. Related to Scheme 2.1 
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Figure 2.31: Carbon-13 NMR of compound 21. Related to Scheme 2.1 
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Figure 2.32: Proton NMR of compound 22. Related to Scheme 2.1 
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Figure 2.33: Carbon-13 NMR of compound 22. Related to Scheme 2.1 
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Biological Evaluations 

Fluorogenic Peptide Assay 

Purified enzymatic activity assays were performed in black flat-bottom, clear-bottom 96-

well plates with a total reaction volume of 100 µL per well. Varying concentrations of test 

compounds (3.75−30 µM or 0.16−30 µM) were added to wells containing 0.5 nM human 

constitutive 20S proteasome, diluted in buffer (38 mM Tris, 100 mM NaCl, pH 7.8). The 

drug-proteasome mixtures were incubated at 37 °C for 20 minutes. Following incubation, 

10 µL of a fluorogenic substrate solution was added to each well. The substrate solution 

consisted of Suc-LLVY-AMC, Z-LLE-AMC, and Boc-LRR-AMC, with a final concentration 

of 6.67 µM for each substrate. The enzymatic activity was measured at 37 °C using a 

SpectraMax M5e spectrometer. Fluorescence intensity was recorded every minute for 

one hour, with excitation and emission wavelengths of 380 nm and 460 nm, respectively. 

The rate of substrate hydrolysis in vehicle control wells was normalized to 100%. The 

relative enzymatic activity of treated samples was calculated as the fold change in 

hydrolysis rate compared to the vehicle control. 

Purified α-Synuclein Digestion with 20S Proteasome 

Proteolytic degradation assays for purified α-synuclein were conducted in a total reaction 

volume of 25 µL, prepared in a buffer containing 50 mM HEPES and 5 mM DTT (pH 7.2). 

Each reaction contained 300 nM of purified α-synuclein, 10 nM of purified human 20S 

proteasome, and the test compound or vehicle control. The 20S proteasome was first 

diluted to a working concentration of 11.1 nM in HEPES buffer (22 µL) . Subsequently, 

0.5 µL of the test compound (dissolved in DMSO) or DMSO alone was added to the 

proteasome solution. The drug-proteasome mixture was incubated at 37 °C for 45 

minutes. Following this initial incubation, 2.5 µL of a 3 µM stock solution of purified α-

synuclein was introduced into the reaction, and the mixture was incubated at 37 °C for an 

additional 3.5 hours. After the digestion phase, 0.5 µM GAPDH was added as a loading 

control. The reaction was terminated by adding a concentrated SDS loading buffer, and 

the samples were boiled for 10 minutes at 95°C  using a heating block. The digested 

samples were then analyzed by immunoblotting. 
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Western Blotting 

To prepare samples for immunoblotting, a concentrated Laemmli buffer containing 25% 

β-mercaptoethanol was added, and the mixture was boiled for 10 minutes. Proteins were 

separated using a 4–20% Tris-glycine SDS-PAGE gel and transferred onto PVDF 

membranes with a Mini Trans-Blot Electrophoretic Transfer Cell for 90 minutes. After 

transfer, membranes were blocked at room temperature for 30 minutes using a 5% 

blocking solution prepared in Tris-buffered saline containing Tween 20 (TBST). The 

membranes were then incubated for 1 hour at rt or overnight (16 hours) at 4°C with the 

appropriate primary antibody, diluted according to specifications, in TBST. Following 

primary antibody incubation, membranes were washed three times, each for 3 minutes, 

with TBST. They were then exposed to a secondary antibody for 1 hour at room 

temperature. Protein detection was performed using an ECL Western reagent, and 

signals were captured using the Azure Biosystems 300Q imaging system. When multiple 

proteins needed to be probed, membranes were stripped using a mild stripping buffer 

(200 mM glycine, 3.5 mM SDS, 8 mM Tween 20, pH 2.2) for 30 minutes. The membranes 

were then washed thrice with TBST, 5 minutes per wash, before re-probing using the 

same protocol. Protein band intensities were quantified using Bio-Rad Image Lab 

software. 

Cell Culture 

HEK-293T cell lines were obtained from the American Type Culture Collection (ATCC). 

HEK-293T cells were maintained in Dulbecco's Modified Eagle’s Medium supplemented 

with 10% fetal bovine serum and 1% penicillin-streptomycin. The cells were maintained 

at 37°C in a humidified incubator with 5% CO₂ on 10 cm tissue-culture-treated plates. 

Cells tested negative for mycoplasma contamination before use for assay. 

Cellular degradation of α-synuclein in HEK cells 

HEK-293T cells were cultured in 60 mm plates until reaching approximately 80% 

confluency. Transient transfection was performed using Xtreme Gene transfection 

reagent (Sigma, 6366236001) and the desired plasmid DNA. A mixture of 5 µg of plasmid 

DNA 10 µL of transfection reagent, and Opti-MEM medium was prepared and added to 

the cells. Protein expression was allowed for 48 hours, followed by treatment with test 

compounds or DMSO for 16 hours. After treatment, the cells were detached from the plate 
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by scraping, collected in media and PBS, and washed with PBS. The plates were also 

rinsed with PBS. The cell suspensions were pelleted at 300 g for 5 minutes, and the 

supernatant was discarded. The pellets were resuspended in ice-cold PBS, pelleted again 

at 300 g for 5 minutes, and the supernatant was removed. Cell lysis was performed by 

resuspending the pellet in RIPA buffer supplemented with protease inhibitors. The lysates 

were incubated on ice for 15 minutes, followed by centrifugation at 500 g for 25 minutes. 

The supernatant containing the total protein extract was collected, while the debris pellet 

was discarded. Protein concentrations were measured using the bicinchoninic acid (BCA) 

assay. Total protein amounts were normalized across samples to match the lowest 

concentration among the set. A Laemmli buffer was added to each sample, and western 

blot analysis was performed using the above protocol. 
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Technical Replicates 

 

 

Figure 2.34:Replicates of western blots of purified α-synuclein degradation by the 

20S proteasome. 

(Related to Figure 2.3). Westerns of α-synuclein degradation by purified 20S proteasome 

treated with (A) 5 µM and (B) 15 µM of compounds 4, 5, 18, 19, and TCH-165. The 

quantification values were normalized to the GAPDH, and the gels shown indicate n=3 

independent experiments.  

A. 

B. 



105 
 

 

 

 

Figure 2.35:Replicates of western blots of purified α-synuclein degradation by the 

20S proteasome.  

(Related to Figure 2.3). Westerns of α-synuclein degradation by purified 20S proteasome 

treated with (A) 15 µM and (B) 5 µM of compounds 6, 7, 12, 13, and TCH-165. The 

quantification values were normalized to the GAPDH, and the gels shown indicate n=3 

independent experiments.  

 

 

A. 

B. 
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Figure 2.36: Replicates of western blots of α- synuclein degradation in HEK-293T 

cells. 

Related to Figure 2.4B. Western blots of A53T mutated α-synuclein degradation in 

HEK-293T cells treated with vehicle (DMSO), bortezomib (BTZ), TCH-165, and 

compounds 4 and 19. The quantification values were all normalized to the GAPDH, and 

the gels shown indicate n=3 independent experiments. Error bars are based on 

standard deviations.  
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Figure 2.37: Replicates of western blots of α- synuclein degradation in HEK-293T 

cells. 

Related to Figure 2.4C. Western blots of A53T mutated α-synuclein degradation in 

HEK-293T cells treated with vehicle (DMSO), bortezomib (BTZ), TCH-165, and 

compounds 7 and 19. The quantification values were all normalized to the GAPDH, and 

the gels shown indicate n=3 independent experiments. Error bars are based on 

standard deviations.  
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Figure 2.38: Replicates of western blots of α- synuclein degradation in HEK-293T 

cells. 

Related to Figure 2.4D. Western blots of A53T mutated α-synuclein degradation in 

HEK-293T cells treated with vehicle (DMSO), bortezomib (BTZ), TCH-165, and 

compounds 4 and 7. The quantification values were all normalized to the GAPDH, and 

the gels shown indicate n=3 independent experiments. Error bars are based on 

standard deviations.  
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CHAPTER THREE: 20S Proteasome Activation as a Therapeutic Strategy: Mitigating 

Oxidative Stress and Proteotoxicity in HT-22 cells 
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3.1 Introduction 

Aging is an inevitable biological phenomenon characterized by a progressive decline in 

cellular and systemic functions, often culminating in increased vulnerability to various 

diseases.1–3 The molecular and cellular underpinnings of aging encompass genomic 

instability,4 telomere attrition5, epigenetic drift6, and a gradual breakdown in 

proteostasis1,2,7,8—the tightly regulated balance of protein synthesis, folding, and 

degradation. This decline in physiological robustness contributes significantly to the 

pathogenesis of numerous age-associated diseases. Age-related diseases and 

neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s disease 

(PD), and Huntington’s disease (HD) stand as prominent examples.2,9 These conditions 

diminish the quality of life for affected individuals and impose substantial societal and 

economic burdens on patients. 

The hallmarks of these diseases are the accumulation and aggregation of misfolded 

proteins10,11, mitochondrial dysfunction12,13, oxidative stress12,14, and 

neuroinflammation13, all of which intersect with the broader mechanisms of aging. In AD, 

amyloid-beta plaques and hyperphosphorylated tau proteins disrupt synaptic 

communication.15,16 In PD, the pathological aggregation of alpha-synuclein (α-syn) in 

Lewy bodies causes dopaminergic neuronal loss.17–21 Similarly, HD is characterized by 

the expansion of polyglutamine repeats in the huntingtin protein, leading to its aggregation 

and consequent neuronal toxicity.22 Despite significant advances in understanding their 

molecular underpinnings, these disorders remain refractory to curative treatments, 

underscoring the pressing need for novel therapeutic strategies. 

Proteostasis, the maintenance of protein homeostasis, is integral to cellular health, 

particularly in long-lived and metabolically active cells such as neurons. This equilibrium 

is maintained by a proteostasis network comprising molecular chaperones, the ubiquitin-

proteasome system (UPS), and the autophagy-lysosome pathway.1,2,23 These systems 

function synergistically to ensure the proper folding, trafficking, and degradation of 

proteins, thereby mitigating the accumulation of damaged or misfolded proteins. 

However, with advancing age, the proteostasis network becomes increasingly 

compromised. Chaperones lose their efficiency, while the proteasome and autophagic 

systems exhibit diminished activity.24 This decline is especially pronounced in neurons, 
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where the inability to clear misfolded proteins exacerbates the formation of toxic 

aggregates.15,25–27 In neurodegenerative diseases, this loss of proteostasis control is a 

pivotal factor driving disease progression.  

Oxidative stress, arising from an imbalance between reactive oxygen species (ROS), 

reactive nitrogen species (RNS) production, and antioxidant defenses, is another critical 

factor linking aging to neurodegenerative diseases. ROS and RNS are pivotal mediators 

in cellular physiology and pathology. They are chemically reactive molecules derived from 

oxygen and nitrogen, respectively, and include superoxide anion (O₂⁻), hydrogen 

peroxide (H₂O₂), hydroxyl radicals (•OH), nitric oxide (NO), and peroxynitrite (ONOO⁻). 

While their regulated production plays critical roles in cellular signaling and homeostasis, 

excessive accumulation disrupts redox balance, leading to oxidative stress, a condition 

implicated in aging and various pathologies.28 ROS are predominantly generated during 

aerobic respiration in the mitochondrial electron transport chain (ETC). During normal 

respiration, approximately 2–3% of electrons leak from the ETC and react with molecular 

oxygen to form superoxide, which is subsequently dismutated to H₂O₂ by superoxide 

dismutase (SOD).10 H₂O₂ can be further reduced to water by catalase or glutathione 

peroxidase or can interact with metal ions, such as iron or copper, via the Fenton reaction 

to generate highly reactive •OH radicals. Other cellular compartments, including the 

endoplasmic reticulum and peroxisomes, produce ROS during metabolic processes. 

RNS, on the other hand, are predominantly generated through enzymatic activity 

involving nitric oxide synthase (NOS).11,14,29,30 This enzyme catalyzes NO production from 

L-arginine, which can interact with superoxide to form peroxynitrite, a potent oxidant. 

While NO is a key signaling molecule in vascular and immune responses, its excessive 

production under pathological conditions amplifies oxidative damage.28,31,32  

Under physiological conditions, ROS and RNS are tightly regulated by antioxidant 

defenses, including enzymatic systems like SOD, catalase, and glutathione peroxidase, 

as well as non-enzymatic molecules such as vitamin E and glutathione.14,31,33–35 These 

reactive species play critical roles in cellular signaling at moderate levels, influencing 

processes like proliferation, differentiation, and apoptosis. However, oxidative stress 

ensues when their production overwhelms antioxidant defenses, leading to proteins, 

lipids, and DNA oxidative modifications. These modifications disrupt cellular functions and 
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contribute to the pathogenesis of age-related diseases, including neurodegenerative 

disorders, cancer, and cardiovascular diseases.14 Hence, the generation and regulation 

of ROS and RNS are integral to cellular function, but their dysregulation underpins 

oxidative stress. Understanding their dual role as signaling molecules and mediators of 

damage is essential for developing therapeutic strategies to mitigate oxidative stress-

associated pathologies. 

The central nervous system is particularly vulnerable to oxidative stress due to its high 

metabolic rate and relatively low antioxidant capacity. In the context of aging, chronic 

oxidative stress exacerbates proteostasis decline by impairing the function of molecular 

chaperones and proteolytic systems, creating a vicious cycle of protein aggregation and 

cellular dysfunction.27 Moreover, oxidative stress-induced mitochondrial damage further 

amplifies ROS production, perpetuating neuronal degeneration.36  

The convergence of aging-related proteostasis decline and oxidative stress establishes 

a fertile ground for the onset and progression of neurodegenerative diseases. As neurons 

age, their capacity to adapt to proteotoxic and oxidative stress diminishes, making them 

susceptible to AD, PD, and HD pathological features. Importantly, this susceptibility is not 

merely a consequence of chronological aging but is influenced by cumulative cellular 

damage and genetic predispositions. Emerging evidence highlights the therapeutic 

potential of targeting proteostasis and oxidative stress to mitigate neurodegeneration. 

Enhancing proteasome activity, for instance, has shown promise in reducing protein 

aggregation and improving cellular resilience.37–39 Similarly, bolstering antioxidant 

defenses through pharmacological or dietary interventions holds potential for mitigating 

oxidative damage.12 These approaches represent a paradigm shift in treating 

neurodegenerative diseases, moving from symptomatic management to addressing the 

underlying cellular dysfunctions. 

Given the multifactorial nature of neuronal death in PD (Chapter 1), a multi-faceted 

strategy may offer the most promise for counteracting toxic protein aggregate 

accumulation and restoring proteostasis. Our recent work has demonstrated that 20S 

proteasome activators, specifically those based on bis(fluorophenyl)-amide scaffold with 

chlorocarbazole core (compound 7, chapter 2), effectively reduce the accumulation of 

mutant A53T α-synuclein in cellular models at sub-micromolar concentrations.40 Here, we 
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extend these findings by showing that this 20S proteasome activator also confers 

protection against oxidative stress in HT-22 cells. This protective effect is achieved 

through enhanced proteolytic degradation of damaged proteins, high reduced/oxidized 

glutathione levels, and lower intracellular ROS levels, underscoring the therapeutic 

potential of proteasome activation in alleviating neurodegenerative disease pathology. 

3.2 Rational  

The activation of the proteasome, particularly the 20S core proteasome, is emerging as 

a pivotal mechanism for combating age-related diseases, including neurodegenerative 

disorders.  Proteasome activation enhances the degradation of misfolded and oxidatively 

damaged proteins, directly mitigating proteotoxic stress and preserving cellular 

homeostasis. By clearing protein aggregates, such as tau and alpha-synuclein, 

proteasome activation reduces cytotoxicity and improves neuronal functionality.40 

Reducing oxidative stress through enhanced proteasomal activity could alleviate the 

cellular burden of reactive oxygen species (ROS) and associated damage. These effects 

extend the organismal lifespan and health span, promoting resistance to stress and 

delaying the progression of aggregation-related pathologies. This dual intervention 

underscores proteasome activation as a transformative therapeutic strategy to address 

oxidative stress's molecular and systemic impacts.  

Most interventions aimed at enhancing proteasomal activity have focused on genetic 

manipulations37,38 or biochemical methods,41,42 which, while effective in research 

contexts, lack pharmacological feasibility for therapeutic applications. A 

pharmacologically viable approach to activating the 20S proteasome holds significant 

promise, particularly in addressing the detrimental effects of oxidative stress. The 20S 

proteasome is uniquely positioned to degrade oxidized and damaged proteins in an ATP-

independent manner, making it a critical component of the cellular defense against 

oxidative damage.43–46 During oxidative stress, the 20S proteasome plays a 

compensatory role in maintaining proteostasis, as the ubiquitin-proteasome system often 

becomes overwhelmed. However, its natural activity can decline with age and under 

sustained oxidative conditions, accumulating proteotoxic aggregates and exacerbating 

cellular dysfunction.42,47,48 
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Developing and applying small-molecule activators targeting the 20S proteasome 

provides an innovative strategy to restore its proteolytic capacity. These activators are 

hypothesized to promote the proteasome's open-gate conformation, enhancing substrate 

accessibility to its catalytic core.40,49–53 By facilitating the clearance of damaged or 

oxidized proteins, such molecules can mitigate proteotoxicity and improve cellular 

resilience under oxidative stress. 

Furthermore, small-molecule 20S proteasome activators are advantageous due to their 

potential for systemic delivery, dose optimization, and target specificity. This 

pharmacological approach could effectively reduce the cellular burden of oxidative stress, 

thereby preventing or slowing the progression of age-related and oxidative stress-induced 

diseases, including neurodegenerative disorders like Alzheimer’s and Parkinson’s. 

3.3 Results and Discussion 

3.3.1 20S Proteasome Activator Does Not Offer Protection Against tBHP-Induced 

Toxicity in HT-22 Cells 

Research has shown increased oxidative stress could induce protein damage, ultimately 

leading to cell death. My first goal was to test the protective capacity of the 20S 

proteasome activator, compound 7, against oxidative stress-induced cell death. To 

achieve this, the mouse hippocampal cell line HT-22 was used as a model system while 

tert-butyl hydroperoxide (tBHP) was used an oxidant. TBHP is a lipid-soluble peroxide 

commonly used to induce oxidative stress. It generates hydroxyl radicals and superoxide 

upon metabolism by intracellular processes. I first performed a dose-response curve by 

treating HT-22 cells with varying concentrations of tBHP (160 µM to 1.25 µM) for 24 or 48 

hours. Cell viability was assessed using the CellTiter-Glo® Luminescent Cell Viability 

Assay (Promega) following the manufacturer’s protocol. Luminescence was measured 

using a microplate reader, and the results were normalized to untreated controls to 

determine relative cell viability.  

The IC50 values for the tBHP-mediated reduction of cell viability were 32.2 µM and 40.8 

µM for 48 h and 24 h treatments, respectively (Figure 3.1 B).   
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Figure 3.1: 20S proteasome activator could not protect against tBHP-induced cell 

toxicity in HT-22 cells. 

(A) compound 7 and L-ascorbic acid structures. Viability of cells treated with (B) dose-

response of tBHP (160 to 1.25 µM) for 24 and 48 h (C) cells were treated with compound 

7(1 µM or 3 µM) and 100 µM of L-ascorbic acid for 2 h before further treatment with tBHP 

(30 µM) for 24 h (D) Cells were treated individually with compound 7(1 µM or 3 µM), tBHP 

(30 µM) and 100 µM of L-ascorbic acid for 24 h (E) cells were treated with compound 7(1 

µM or 3 µM) and 100 µM of L-ascorbic acid for 2 h before further treatment with tBHP (30 

µM) for 48 h and (F) Cells were treated individually with compound 7(1 µM or 3 µM), tBHP 

(30 µM) and 100 µM of L-ascorbic acid for 48 h. All experiments were done in triplicates. 

One-way ANOVA statistical analysis was used to determine statistical significance (ns = 

not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Error bars based on 

standard deviation.  
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With the dose-response of tBHP determined, the protective effect of compound 7 on 

oxidative stress was explored against oxidative stress induced by (tBHP). Pre-treatments 

with DMSO (vehicle) and compound 7 (1 µM or 3 µM) for 2 hours before tBHP exposure 

(30 µM) provided an opportunity to evaluate dose-dependent protective effects over acute 

(24-hour) and prolonged (48-hour) oxidative challenges, with the inclusion of the putative 

antioxidant, L-ascorbic acid (100 µM) serving as a positive control. Comparisons of cells 

treated with compound 7 or L-ascorbic acid alone for similar durations aimed to delineate 

their intrinsic antioxidative properties without exogenous oxidative insults. However, the 

data demonstrate that neither compound 7 (1 µM and 3 µM) nor L-ascorbic acid could 

exhibit protective effects against tBHP-induced oxidative stress in cells, as measured by 

cell viability (Figure 3.1). In the acute (24-hour) treatment groups, cells treated with tBHP 

alone exhibited 65.5% viability relative to the vehicle control, indicating significant 

oxidative damage. Co-treatment with compound 7 showed similar viability of 66.5% and 

68% at 1 µM and 3 µM, respectively, suggesting no protective effect at these 

concentrations (Figure 3.1 B). L-ascorbic acid (100 µM) could not overcome the oxidative 

damage by tBHP with a viability of 55%. When treated individually, both concentrations 

of compound 7 (1 µM and 3 µM) showed high viability (90% and 93%, respectively), 

comparable to L-ascorbic acid (91%), underscoring their inherent lack of toxicity. The 

limited improvement in cell viability upon co-treatment of compound 7 and L-ascorbic acid 

may somewhat mitigate oxidative stress. However, their effects are not significantly 

pronounced at these concentrations under acute conditions.  

The 48-hour treatment outcomes reveal nuanced effects of compound 7 and L-ascorbic 

acid on cell viability under oxidative stress induced by (tBHP). Notably, cells treated with 

tBHP alone exhibited a viability of 75.5%, indicating a potential adaptive response to 

prolonged oxidative exposure. Co-treatment with compound 7 at 1 µM maintained cell 

viability at 75.5%, mirroring the tBHP-only group, while the 3 µM concentration reduced 

viability to 68%. However, these decreases in viability were not significant. Interestingly, 

L-ascorbic acid co-treatment significantly reduced cell viability by 49.5%, which could be 

attributed to its pro-oxidant activity at high concentrations, leading to increased oxidative 

stress and reduced cell survival (Figure 3.1 E). Without that, cells treated solely with 

compound 7 at 1 µM and 3 µM showed 98% and 85% viabilities, respectively, indicating 
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that higher concentrations may exert cytotoxic effects. L-ascorbic acid alone yielded 87% 

viability, consistent with its known cytoprotective properties at appropriate doses (Figure 

3.1 F). 

These findings suggest compound 7 could not exhibit protective effects against oxidative 

stress at the concentrations tested (1 and 3 µM). Conversely, L-ascorbic acid may exert 

pro-oxidant effects under certain conditions, leading to decreased cell viability.54 Further 

attempts to explore the protective effect of compound 7 by varying the concentration of 

tBHP (20 µM or 40 µM) proved unsuccessful. In addition, several factors, such as DNA 

damage55, mitochondrial dysfunction56, and protein misfolding or aggregation57, may 

precede cell death, complicating the interpretation of cell viability as a sole measure of 

protection. Thus, relying exclusively on cell death as a readout may fail to accurately 

capture the cellular mechanisms regulated by 20S proteasome activation. 

Complementary analyses are necessary to elucidate its role fully, such as assessing 

proteasomal activity, ROS levels, protein homeostasis, and the activation of stress-

response pathways, to provide a comprehensive understanding of how 20S proteasome 

modulation impacts cellular resilience against oxidative stress. 

3.3.2 The 20S Proteasome Activator Alleviates Oxidative Stress in HT-22 Cells by 

Decreasing Protein Damage and ROS Levels While Boosting Reduced 

Glutathione 

Protein carbonylation is an irreversible oxidative modification that introduces carbonyl 

groups (aldehydes and ketones) into the side chains.58 This process occurs via direct 

oxidation of susceptible amino acids—primarily lysine (Figure 3.2 A), arginine, proline, 

and threonine—or secondary reactions with reactive carbonyl species derived from lipid 

peroxidation or glycoxidation. Protein carbonylation is a definitive marker of oxidative 

stress, indicative of irreversible protein oxidation that impairs cellular function and drives 

pathological states.59,60 Its stability and disease relevance, especially in conditions like 

neurodegeneration and cancer, emphasize its diagnostic and mechanistic 

importance.11,61,62 In this context, I investigated the impact of the 20S proteasome 

activator, compound 7, on oxidative stress-induced protein damage, specifically targeting 

protein carbonylation. The aim is to elucidate potential proteostasis regulatory 

mechanisms under oxidative stress. This approach provides a direct link between 
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proteasome activity and mitigation of oxidative protein damage. To this end, HT-22 cells 

were cultured to 70% confluency and treated with DMSO or compound 7 (1 µM or 3 µM) 

for 24 or 48 hours. Cells were lysed by sonication, and protein lysates 250 µL (1 mg/ml) 

were derivatized with dinitrophenyl hydrazine (DNPH). Derivatized proteins were resolved 

via SDS-PAGE, transferred to PVDF membranes, and probed with anti-DNP and anti-β-

actin antibodies to detect carbonylated proteins and loading control, respectively. 

The results demonstrate the effect of 20S proteasome activation by compound 7 on 

oxidative stress-induced protein damage, as quantified by protein carbonylation levels 

(Figure 3.2 B and C). Compound 7 significantly reduced the total protein carbonylation 

in HT-22 cells at both 1 µM and 3 µM concentrations, with the reduction being more 

pronounced at the higher dose. After 24 hours, protein carbonylation was reduced to 67% 

and 53.5% of the vehicle control for 1 µM and 3 µM treatments, respectively (Figure 

3.2C). This trend was sustained at 48 hours, with protein carbonylation levels of 69% for 

1 µM and 55% for 3 µM treatments compared to the vehicle control. This suggests  that 

compound 7-mediated proteasome activation consistently lowers the accumulation of 

oxidized proteins over time (Figure 3.2C). The 20S proteasome, a critical component of 

the ubiquitin-independent proteolytic pathway, selectively degrades misfolded or 

carbonylated proteins, preventing aggregation and mitigating oxidative stress-induced 

cytotoxicity.63 Additionally, Trader and coworkers reported that activation enhanced the 

20S proteasome's degradation of intrinsically disordered and oxidatively damaged 

proteins without significantly affecting the 26S proteasome.64 Compound 7 likely activates 

the 20S proteasome, accelerating the clearance of carbonylated proteins and reducing 

their steady-state levels of endogenous oxidants. This is consistent with prior studies 

indicating that 20S proteasome activation can act as a compensatory mechanism to 

maintain proteostasis in response to oxidative insults.43 

Interestingly, the more significant reduction in protein carbonylation at 3 µM suggests a 

dose-dependent enhancement of proteasomal activity. However, the marginal differences 

between 24-hour and 48-hour treatments suggest that while compound 7 increases 

proteasomal degradation, the initial reduction in carbonylated proteins may reach a 

threshold where further degradation becomes less pronounced. This may reflect a 
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balance between ongoing protein damage caused by oxidative stress and the 

proteasome's capacity to clear these modified proteins. 

These findings highlight the potential of 20S proteasome activators like compound 7 as 

therapeutic strategies to alleviate oxidative stress-associated protein damage. By 

reducing the accumulation of carbonylated proteins, which are often implicated in the 

progression of neurodegenerative and age-related diseases, such compounds may 

improve cellular resilience to oxidative insults.29,65,66 Future studies should explore 

whether sustained proteasome activation influences other aspects of proteostasis, such 

as the synthesis of antioxidant proteins, and whether its efficacy extends to models of 

chronic oxidative stress or disease. 

Next, I analyzed the reduced (GSH) and oxidized glutathione (GSSG) ratio of HT-22 cells 

treated with compound 7. The GSH/GSSG ratio has emerged as a promising biomarker 

for oxidative stress due to its central role in maintaining cellular redox balance and 

detoxifying reactive oxygen species (ROS).67 Glutathione (GSH) directly neutralizes ROS 

by donating electrons, forming oxidized glutathione (GSSG), which is subsequently 

reduced back to GSH via glutathione reductase.68 This dynamic redox cycle prevents 

oxidative damage to cellular components, including lipids, proteins, and DNA. Alterations 

in the GSH/GSSG ratio strongly correlate with oxidative stress in various conditions, such 

as drug-induced hepatotoxicity69,70, bacterial and viral infections, and redox imbalances 

in cryopreserved hepatocytes. Its sensitivity and specificity make it an invaluable tool for 

detecting early oxidative damage before irreversible cellular outcomes occur. HT-22 cells 

were seeded in 96-well plates and treated with DMSO (vehicle control) or compound 7(1 

µM or 3 µM) for 24 hours, and 40 µM menadione (positive control) was added for an hour. 

GSH/GSSG levels were quantified using a luminescence-based assay with luciferin 

generation and detection reagents, and luminescence was measured on a multi-mode 

plate reader.  

The study highlights the utility of the GSH/GSSG ratio as a biomarker for oxidative stress 

in HT-22 cells. It provides insights into the redox-modulating properties of compound 7, a 

20S proteasome activator. The vehicle-treated cells exhibited a baseline GSH/GSSG 

ratio of 47.8, representing the redox balance under normal conditions. Treatment with 
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compound 7 at 1 µM and 3 µM elevated the GSH/GSSG ratio to 56.1 and 57.1, 

respectively, indicating a reduction in oxidative stress (Figure 3.2 D).  

 

Figure 3.2: 20S Proteasome Activator Mitigates Oxidative Stress by Reducing 

Protein Damage and Intracellular ROS Levels and Enhancing Reduced Glutathione 

in HT-22 Cells. 

(A) Mechanism of protein carbonylation on a lysing residue (B) Quantification of 

intracellular protein damage (carbonylation) in HT-22 cells treated with DMSO (vehicle) 

or compound 7 (1 µM or 3 µM) for 24 or 48 h. The cell lysate was derivatized with DNPH, 

and derivatized samples were analyzed using Western blot. (B) Quantification of western 

blot (C) Quantification of GSH/GSSG ratio of HT-22 cells treated with DMSO (vehicle) or 

compound 7 (1 µM or 3 µM)  for 24 h.  
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Figure 3.2: (Cont’d) 

Quantification of intracellular ROS in HT-22 cells treated with DMSO (vehicle) or 

compound 7 (1 µM or 3 µM)  for (D) 24 h or (E) 48 h. TBHP was used as positive control 

and was added 1 h before analysis. All experiments were done in triplicates unless 

otherwise stated. One-way ANOVA statistical analysis was used to determine statistical 

significance (ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Error 

bars based on standard deviation.  

This suggests compound 7 enhances redox homeostasis, likely through the proteasomal 

degradation of oxidized proteins and mitigation of oxidative damage, as supported by its 

demonstrated ability to reduce protein carbonylation (Figure 3.2 B & C). On the contrary, 

menadione, a potent oxidative stress inducer, caused a dramatic reduction in the 

GSH/GSSG ratio to 4.4, reflecting severe redox imbalance. Menadione generates ROS 

via redox cycling, depleting reduced glutathione and increasing oxidized glutathione 

levels, exacerbating oxidative stress (Figure 3.2 D).71,72 The striking contrast between 

the effects of menadione and compound 7 underscores the sensitivity of the GSH/GSSG 

ratio in capturing cellular redox status and oxidative stress severity. 

The increase in the GSH/GSSG ratio with compound 7 treatment can be attributed to its 

activation of the 20S proteasome, which facilitates the removal of oxidized and damaged 

proteins. This proteolytic mechanism prevents protein aggregation and reduces the 

cellular oxidative burden, indirectly preserving glutathione pools. The dose-dependent 

effects observed further suggest that 20S proteasome activation plays a significant role 

in maintaining cellular redox balance. These findings corroborate evidence that the 

GSH/GSSG ratio is a reliable indicator of oxidative stress and supports the therapeutic 

potential of 20S proteasome activators like compound 7 in mitigating oxidative 

damage.69,70,73 Morikawa et al. showed that exposure of cultured human airway epithelial 

cells to ozone caused a transient shift in the intracellular glutathione redox state, 

decreasing the reduced glutathione (GSH) ratio to oxidized glutathione (GSSG). 

However, pretreatment with a reduced glutathione ester (GSH-OEt) suppressed IL-8 

production, mitigating the inflammatory response.74 Future studies should explore the 

long-term effects of compound 7 on redox balance and its efficacy under conditions of 
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chronic oxidative stress or in vivo models of neurodegenerative diseases, where protein 

aggregation and oxidative damage are key pathological features. 

I next focused on evaluating intracellular ROS levels to elucidate the underlying factors 

contributing to the observed decrease in reduced GSH levels. This investigation will 

provide insights into whether the depletion of GSH is primarily driven by increased 

oxidative stress, enhanced ROS production, or other mechanisms, such as disrupted 

glutathione recycling or excessive protein oxidation. By quantifying ROS levels and 

correlating them with changes in the GSH/GSSG ratio, the analysis aims to identify the 

specific oxidative pathways at play and clarify the impact of compound 7 on cellular redox 

dynamics. This approach will further enhance our understanding of the redox-regulatory 

role of 20S proteasome activation on oxidative stress. The intracellular ROS levels in HT-

22 cells were assessed by culturing cells in DMEM with sodium pyruvate until 70% 

confluency, followed by seeding in 96-well plates (10⁴ cells/well) and overnight incubation. 

Cells were treated with DMSO (control), compound 7 (1 µM or 3 µM), or tBHP (positive 

control) for 48 hours. After washing with HBSS, cells were incubated with CM-DCFDA 

dye at 37 °C for 30 minutes. Fluorescence (excitation: 487 nm; emission: 528 nm) was 

measured using a plate reader to quantify intracellular ROS. 

After 24 hours of treatment, ROS levels were reduced to 57% and 67% at 1 µM and 3 µM 

concentrations of compound 7, respectively, compared to control. However, tBHP-treated 

cells displayed a marked increase in ROS, reaching 141%. Similarly, at 48 hours, ROS 

levels with compound 7 treatment were maintained at 62% (1 µM) and 61% (3 µM), 

whereas tBHP-induced oxidative stress further elevated ROS to 161%. These results 

demonstrate the capacity of compound 7 to mitigate ROS accumulation over both time 

points despite varying concentrations. 

Compound 7's ROS attenuation aligns with its action mechanism as a 20S proteasome 

activator. Compound 7 reduces the burden of damaged proteins by enhancing proteolytic 

degradation of carbonylated proteins, thereby alleviating ROS amplification pathways and 

maintaining intracellular redox balance. Increased carbonylated proteins can overwhelm 

the proteostasis network, contributing to cellular damage. This effect is particularly 

significant, given that oxidative stress, characterized by excessive ROS levels, disrupts 
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cellular homeostasis, damages biomolecules, and contributes to the pathology of 

neurodegenerative diseases, cancer, and aging.11,27,47,59 

Furthermore, the observed stabilization of ROS levels with compound 7 treatment may 

be indirectly linked to glutathione (GSH) metabolism. Glutathione, a key cellular 

antioxidant, operates as a first line of defense against oxidative damage by scavenging 

ROS and maintaining redox homeostasis.77 Excessive ROS levels deplete reduced GSH 

pools, shifting the GSH/GSSG ratio and exacerbating oxidative stress. By mitigating ROS, 

compound 7 may preserve intracellular GSH, preventing its overutilization and 

maintaining an optimal GSH/GSSG ratio. This preservation of glutathione pools further 

supports cellular resilience against oxidative insults. 

In contrast, the pronounced ROS elevation in tBHP-treated cells underscores the 

pathological consequences of unregulated ROS production. tBHP-induced oxidative 

stress exemplifies the damage from an overwhelmed antioxidant system, reinforcing the 

significance of proteasomal degradation in managing oxidative damage. These findings 

position compound 7 as a potential therapeutic strategy for diseases driven by oxidative 

stress and protein aggregation, including Parkinson’s disease, Alzheimer’s disease, and 

amyotrophic lateral sclerosis. Future studies should explore the long-term efficacy of 

compound 7 under chronic oxidative stress conditions and its effects on broader 

antioxidant systems. 

3.3.2 The 20S Proteasome Activator Induces Selective Proteolysis and Maintains 

Mitochondrial Integrity 

The activation of the 20S proteasome has emerged as a novel and promising therapeutic 

approach for combating neurodegenerative diseases, including Alzheimer’s disease 

(AD), Parkinson’s disease (PD), and multiple system atrophy (MSA). These disorders 

share common pathological hallmarks, such as the accumulation of misfolded or aberrant 

proteins, including tau, alpha-synuclein, which disrupt cellular homeostasis and lead to 

neurotoxicity.24–26,48 By selectively enhancing the proteolytic degradation of such 

pathogenic proteins, 20S proteasome activation offers a targeted strategy to alleviate 

protein aggregation and restore cellular function. 

However, a critical barrier to the clinical application of 20S proteasome activators lies in 

their ability to discriminate between aberrant proteins and those essential for normal 
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cellular processes. Non-selective degradation could disrupt proteostasis and compromise 

vital cellular pathways, leading to unintended consequences. This challenge underscores 

the importance of advancing our understanding of the selectivity mechanisms underlying 

20S proteasome activation and its impact on the global proteome. Without ensuring 

specificity, the therapeutic potential of this approach remains limited. 

To address this pivotal challenge, we undertook a detailed proteomic analysis of HT-22 

cells treated compound 7 compared to vehicle-treated controls. Our objective was to 

evaluate the scope and specificity of proteolytic degradation induced by compound 7. 

This investigation aimed to identify the subset of proteins targeted by 20S proteasome 

activation and assess the potential off-target effects that could compromise mitochondrial 

integrity, cellular signaling, or other critical functions. Such a targeted approach is 

essential to refine the therapeutic window of 20S proteasome activators and minimize 

their risk profile. HT-22 cells were treated with compound 7 (1 µM) or vehicle control for 

24 hours (n=3 per group). The collected samples were digested using trypsin and labeled 

with tandem mass tag  (TMT) 6-plex reagents. After pooling the labeled peptide samples, 

the peptide mixture was subjected to two-dimensional LC-MS/MS for proteomic analysis. 

Statistically significant differences in protein expression between the treated and control 

groups identify proteins modulated by compound 7 exposure. I undertook cell culturing 

and lysate preparation. Subsequent sample preparation, proteomic data acquisition, and 

data processing were performed in collaboration with Professor Zhang's lab at the 

University of Virginia Medical School.  

Additionally, this study sought to explore the broader impact of 20S proteasome activation 

on cellular processes, particularly its effect on mitochondrial function. Mitochondrial 

dysfunction is a hallmark of many neurodegenerative diseases, and ensuring the integrity 

of mitochondrial membrane potential under proteasome activation is crucial for 

developing safe therapies. By demonstrating that 20S proteasome activation preserves 

mitochondrial function while selectively targeting pathogenic proteins, this work provides 

critical insights into the feasibility of this approach for long-term clinical application. 

In the current study, the global proteomic profiling of HT-22 cells treated with compound 

7, a 20S proteasome activator, revealed selective and significant modulation of protein 

expression. A total of 7,348 proteins were identified, among which 146 proteins exhibited 
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downregulation (>25%, p < 0.05), with 11 proteins showing reductions ≥50%. In contrast, 

26 proteins were upregulated (>25%, p < 0.05), with 5 demonstrating ≥ 50% increase 

(Figure 3.3 A).  

The proteomic profiling of HT-22 cells treated with compound 7, a 20S proteasome 

activator, provides valuable insights into its selective modulation of protein expression. 

The identification of 7,348 proteins highlights the breadth of this analysis and underscores 

the wide-ranging potential effects of compound 7 within the cellular environment. Of 

particular interest is the selective nature of the observed protein expression changes.  

The downregulation of 146 proteins, with 11 exceeding a reduction of 50%, suggests that 

compound 7 preferentially targets specific proteins for enhanced degradation (Figure 3.3 

C). This aligns with the known activity of 20S proteasome activators, which promote the 

degradation of intrinsically disordered or damaged proteins without ubiquitin tagging.45,63 

Such specificity may have therapeutic implications, particularly in the context of 

neurodegenerative disorders where the accumulation of misfolded or damaged proteins 

plays a pivotal role. 
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Figure 3.3: Compound 7 Does Not Significantly Impact the General Proteome and 

Maintains Mitochondrial Integrity in HT-22 Cells.  

(A) The volcano plot shows the significantly changing proteins in trypsin digestion 

followed by tandem mass tags proteomic analysis. The red line delineates increased 

protein abundance upon (red, log2(CF)>0.32, adj. P value <0.05) and a decrease in 

protein abundance (teal, log2 (CF)<-0.42, adj. P value,0.05) or no significant change (light 

gray) upon treatment with 1 µM of compound 7 for 24 h. Pie chart showing the number of 

proteins that are significantly (B) up-regulated, (C) down-regulated, (D) Relative TMRM 

fluorescence intensity of HT-22 cells treated with DMSO (vehicle) of 1 µM of compound 

7 for 24 h.  
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Figure 3.3: (Cont’d) 

For positive control, cells were treated with 20 µM of FCP 20 minutes before TMRM 

loading. One-way ANOVA statistical analysis was used to determine statistical 

significance (ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Error 

bars based on standard deviation.  

On the other hand, the upregulation of 26 proteins, with 5 showing increases greater than 

50%, might reflect compensatory cellular responses to enhanced proteasomal activity 

(Figure 3.3B). These proteins could represent pathways activated to counterbalance the 

heightened degradation or may indicate indirect effects of compound 7 on cellular 

systems, such as stress response or metabolic reprogramming. 

These results demonstrate that compound 7's activity is not indiscriminate, as only a small 

fraction of the proteome exhibits significant modulation. This selective action is a critical 

feature for therapeutic strategies aimed at targeting pathological proteins while minimizing 

unintended cellular disruptions. Future studies should focus on characterizing the identity 

and functional roles of the significantly affected proteins to elucidate the broader 

implications of these findings and to refine the therapeutic potential of 20S proteasome 

activators like compound 7. 

These findings align with prior studies suggesting that 20S proteasome activation 

primarily targets proteins with disordered regions or oxidative modifications for 

degradation while sparing structured, functional proteins.50,51 This selectivity minimizes 

the risk of indiscriminate proteolysis, a critical factor in maintaining cellular integrity during 

therapeutic interventions. The modest subset of proteins affected by compound 7 

highlights its specificity, as less than 2.5% of the proteome showed significant changes 

in expression. Such precision is essential for therapeutic applications, as the uncontrolled 

degradation of essential proteins could impair critical cellular functions. A similar study 

reported that HEK-293 cells treated with Btz caused many changes in protein levels, 

affecting 29% of proteins (>50%, P<0.05) compared to the vehicle control. However, 20S 

proteasome activators  MO and AM had a much smaller impact, changing 11% and 5.8% 

of proteins (>50%, P<0.05), respectively.64 This observation was attributed to the 

indiscriminate inhibition of all proteasome isoforms by Btz , causing widespread changes 
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in protein levels and cellular systems, while 20S CP activators are designed to specifically 

target only the 20S CP isoform of the proteasome. 

The upregulation of specific proteins suggests that 20S proteasome activation may 

indirectly influence oxidative stress and proteostasis pathways. For instance, degradation 

of damaged proteins can alleviate oxidative burdens, as oxidized proteins act as 

secondary sources of reactive oxygen species (ROS) if not promptly cleared. 

Furthermore, the downregulation of proteins with a >50% decrease in abundance may 

reflect the 20S proteasome's role in selectively targeting proteins prone to aggregation, 

such as alpha-synuclein and p25α, as supported by our previous studies.40,49–53 

The proteomic analysis revealed that more than 50% of proteins downregulated were 

mitochondrial-associated proteins, many of which play crucial roles in oxidative stress 

regulation and cellular metabolism. This finding necessitated an investigation into the 

underlying mechanisms driving this downregulation. Specifically, it was essential to 

determine whether the reduction in these mitochondrial proteins resulted from compound 

7's protective effects in mitigating oxidative stress or indicative of a detrimental impact on 

mitochondrial function.   

Mitochondria are critical for maintaining cellular energy homeostasis, redox balance, and 

apoptosis regulation. Any compromise to mitochondrial health can precipitate widespread 

cellular dysfunction, including bioenergetic failure, increased reactive oxygen species 

(ROS) production, and activation of cell death pathways.78–80 Thus, the downregulation 

of mitochondrial proteins raised a pertinent concern regarding the potential unintended 

effects of compound 7 on mitochondrial integrity. Given the dual role of mitochondria in 

both energy production and ROS generation, the proteasome's role in modulating 

mitochondrial-associated proteins could profoundly influence cellular homeostasis. 

I evaluated mitochondrial integrity using mitochondrial membrane potential as a functional 

readout to elucidate whether the downregulation of mitochondrial proteins reflected a 

protective response or a pathological perturbation. Changes in mitochondrial membrane 

potential is a robust indicator of mitochondrial health, as it reflects the proton gradient 

across the inner mitochondrial membrane—a critical driver of ATP synthesis through 

oxidative phosphorylation.81 A loss of mitochondrial membrane potential typically signifies 
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mitochondrial dysfunction, impaired bioenergetics, and increased susceptibility to 

oxidative stress.79,80,82 

By measuring mitochondrial membrane potential, we sought to determine whether 

compound 7 preserved mitochondrial functionality while selectively reducing the 

abundance of stress-related mitochondrial proteins. This analysis is crucial, as 

maintaining mitochondrial integrity is a prerequisite for the therapeutic viability of 20S 

proteasome activators in oxidative stress and neurodegenerative disease models. 

 To assess mitochondrial membrane potential (ΔΨm) in HT-22 cells treated with DMSO 

or compound 7 (1 µM), cells were plated in 96-well plates, treated with either DMSO 

(vehicle control), compound 7 (1 µM), or p-trifluoromethoxyphenylhydrazone, FCCP (20 

µM) as a positive control, and loaded with tetramethylrhodamine, methyl ester, 

perchlorate (TMRM). Fluorescence was measured using a plate reader, and data were 

normalized to vehicle control. Fluorescence intensities were compared between 

treatments to evaluate (ΔΨm) changes, with FCCP serving as a validation control. 

Experiments were conducted in triplicate to ensure reliability. 

The assessment of mitochondrial membrane potential (ΔΨm) in HT-22 cells treated with 

compound 7 and FCCP revealed that compound 7 had no significant impact on ΔΨm at 

the tested concentrations, while the positive control, FCCP, caused a marked and 

statistically significant reduction. In vehicle-treated cells, ΔΨm was normalized to 100% 

as a comparison baseline. Treatment with compound 7 (1 µM and 3 µM) resulted in ΔΨm 

levels of 105% and 103%, respectively, both of which were not statistically significantly 

different (p>0.005) from the vehicle control (Figure 3.3 D). These results indicate that 

compound 7 does not affect mitochondrial membrane potential at the concentrations 

tested, suggesting that it lacks direct modulatory effects on mitochondrial function within 

this experimental context. In contrast, cells treated with FCCP, a known mitochondrial 

uncoupler, exhibited a substantial reduction in ΔΨm to 54%, which was statistically 

significant (P ≤ 0.01). FCCP acts by dissipating the proton gradient across the inner 

mitochondrial membrane, thereby reducing ΔΨm and validating the sensitivity and 

reliability of the TMRM assay. 83  

In summary, the data underscore the specificity of compound 7, which does not impact 

mitochondrial membrane potential under the tested conditions, while highlighting the 
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robust response to FCCP, reinforcing the utility of this assay for detecting alterations in 

ΔΨm. Further studies may be required to evaluate the effects of compound 7 under 

different conditions or at higher concentrations. Still, these findings strongly suggest that 

it does not compromise mitochondrial function at the concentrations tested. 

Furthermore, a lack of adverse effects on mitochondrial function would reinforce the 

specificity and safety of compound 7 as a modulator of proteostasis and oxidative 

balance. The results of this investigation could provide critical insights into the interplay 

between proteasome activation, mitochondrial health, and oxidative stress resilience, 

thereby informing the development of targeted therapeutic strategies. 

3.4 Conclusions 

This study highlights the therapeutic potential and specificity of compound 7, a small-

molecule 20S proteasome activator, in modulating proteostasis and oxidative stress in 

neuronal cells. By selectively enhancing the degradation of damaged and oxidized 

proteins, compound 7 reduces oxidative protein damage and intracellular reactive oxygen 

species while preserving mitochondrial integrity, as evidenced by stable mitochondrial 

membrane potential. Notably, the compound demonstrated no significant off-target 

effects on mitochondrial function or general protein abundance, underscoring its safety 

profile. The proteomic analysis revealed targeted modulation of a small subset of proteins, 

with downregulation predominantly observed in oxidatively stressed and aggregation-

prone proteins. This selectivity minimizes the risk of indiscriminate proteolysis, a critical 

consideration for therapeutic viability. Furthermore, the observed increase in the 

reduced/oxidized glutathione ratio supports the role of 20S proteasome activation in 

maintaining cellular redox balance under oxidative stress. 

While compound 7 demonstrated significant protective effects at lower concentrations, its 

efficacy against acute oxidative challenges, such as tBHP-induced toxicity, was limited, 

suggesting a need for optimization in experimental conditions or combination therapies. 

The robust response to FCCP validates the assay sensitivity and reinforces the 

importance of mitochondrial health as a functional readout in assessing therapeutic 

interventions. These findings establish a foundation for further investigations into the long-

term effects of 20S proteasome activation in models of chronic oxidative stress and 

neurodegenerative diseases. Future studies should explore the broader systemic impact 
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of proteasome activation, particularly in vivo, to elucidate its full therapeutic potential and 

safety profile. The selective and multifaceted actions of compound 7 position it as a 

promising candidate for mitigating oxidative damage and proteotoxic stress in 

neurodegenerative disorders and related pathologies. 
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APPENDIX 

Methods 

Cell culture 

HT-22 cells, a murine hippocampal cell line, were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) 

penicillin-streptomycin. Cells were maintained in a humidified incubator at 37°C with 5% 

CO2 to ensure optimal growth conditions. For passaging, cells at approximately 70% 

confluency were rinsed with sterile phosphate-buffered saline (PBS) to remove residual 

medium and detached using 0.25% trypsin-EDTA. The trypsinization reaction was 

terminated by adding complete DMEM medium, and the cell suspension was centrifuged 

at 300×g for 3 minutes. The pellet was resuspended in fresh complete medium, and cells 

were seeded into new culture vessels at an appropriate density. 

Cells were routinely monitored under a phase-contrast microscope to assess confluency 

and morphology. Medium was replaced every 48 hours, and cells were passed every 3–

4 days to maintain healthy, actively growing cultures. All experiments were conducted 

using cells at passage numbers 4–10 to ensure consistency and reproducibility. Cells 

tested negative for mycoplasma contamination prior to being used for experiments. 

Cell viability assay 

HT-22 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 

with sodium pyruvate under standard culture conditions (37°C, 5% CO2). For 

experiments, cells were seeded in 96-well plates at densities of 1.0 × 104 or 1.5 × 104 

cells per well (100 μL) and allowed to adhere overnight. The medium was then replaced 

with DMEM without sodium pyruvate, and cells were incubated for 30 minutes prior to 

treatment. Cells were subsequently exposed to DMSO (vehicle control) or tert-butyl 

hydroperoxide (tBHP) for 24 or 48 hours. Cell viability was quantified using the CellTiter-

Glo® luminescence assay, following the manufacturer’s protocol, with luminescence 

measured using a microplate reader. 

Quantification of protein damage (carbonylation) 

HT-22 cells were cultured . Once cells reached 70% confluency, they were treated with 

DMSO or compound 7 (1 and 3 μM) for 24 or 48 h. Adherent cells were detached using 

0.25% trypsin-EDTA, neutralized with complete DMEM, or directly scraped following PBS 
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washing. The cell suspension was collected in a centrifuge tube and pelleted by 

centrifugation at 300×g for 5 minutes at 4°C. The supernatant was discarded, and the 

pellet was washed once with ice-cold PBS. Cells were lysed using iced cold PBS 

supplemented with protease and phosphatase inhibitors (Roche). The pellet was 

resuspended in 100 µl of ice-cold lysis buffer and lyzed by sonication. The lysates were 

clarified by centrifugation at 2,000×g for 15 minutes at 4°C, and the supernatant 

containing soluble proteins was transferred to a fresh pre-chilled microcentrifuge tube. 

Protein concentrations were determined using a BCA or Bradford assay, and samples 

were normalized for downstream applications. Lysates were stored at −80°C for long-

term storage or kept on ice for immediate use in assays. 

Protein carbonylation was assessed using a dinitrophenylhydrazine (DNPH) 

derivatization method. Protein samples (1 mg/ml) were mixed with 10 mM DNPH solution 

(100 µl to 500 µl protein) and incubated in the dark at room temperature for 60 minutes, 

with vortexing every 15 minutes. Proteins were precipitated by adding 20% trichloroacetic 

acid (TCA, 600 µl), incubating on ice for 15 minutes, followed by centrifugation at 10,000 

× g for 10 minutes at 4°C. The supernatants were discarded, and pellets were washed 

once with 20% TCA (500 µl) and vortexed before further centrifugation under identical 

conditions. The pellets were subsequently washed with 1:1 ethanol: ethyl acetate (v/v, 

500 µl) three times to remove free DNPH and air-dried for 5 minutes to ensure complete 

solvent evaporation. 

Protein pellets were resuspended in 0.2% SDS prepared in 20 mM Tris–HCl (pH 6.8, 100 

µl) and heated at 95°C for 5 minutes to ensure complete solubilization. Protein 

concentrations were determined using a BCA assay and normalized to 0.31 µg/ml (40 µl) 

for electrophoresis. Samples were mixed with 5 µl of loading buffer, heated at 95°C for 5 

minutes, and separated on a 4–20% Tris-glycine SDS-PAGE gel. Proteins were 

transferred to a PVDF membrane using the iBlot-3 semidry transfer system. The 

membrane was blocked with 5% milk in TBST at room temperature for 1 hour and probed 

with a mouse anti-DNP antibody (1:1000 dilution in 2% milk/TBST) for 1 hour. After two 

10-minute washes in TBST, an anti-mouse HRP-conjugated secondary antibody (1:1000 

in 2% milk/TBST) was applied for 1 hour. Chemiluminescence was detected using 

Radiance Plus reagent (Azure Biosystems). 
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The membrane was washed twice with water and stripped using mild stripping buffer for 

30 minutes at room temperature. After washing in TBST for 30 minutes, the membrane 

was re-probed with a mouse β-actin-HRP antibody (1:1000 in 2% milk/TBST) for 1 hour. 

Imaging was performed as described above, and protein levels were quantified by 

densitometric analysis using ImageLab software (Bio-Rad). 

Quantification of intracellular ROS 

HT-22 cells at 70% confluence were seeded at 1.0 × 104 cells per well overnight in 96-

well plates with opaque side walls, followed by treatment with DMSO or Compound 7 ( 1 

µM and 3 µM) for 24 h or 48 h. For positive control, cells were treated with 200 µM tBHP 

for 30 minutes.  After treatment, and cells were loaded with 10 µM CM-H2DCFDA in 

prewarmed HBSS. The cells were then incubated in the dark for 30 min at 37 °C in a 

humidified 5% CO2 atmosphere. The wells were then washed three times with warm 

HBSS,  and the fluorescence was measured using a Biotek Synergy Neo 3 plate reader 

with an excitation wavelength of 487 nm and an emission wavelength of 529 nm. The 

fluorescence of the DMSO treated sample was set to 100%. 

Measurement of GSH/GSSH levels 

HT-22 cells were cultured in DMEM supplemented with sodium pyruvate until reaching 

approximately 70% confluency. Cells were plated in 96-well plates at a density of 1 × 104 

cells per well (100 µL) and allowed to adhere overnight. Treatments were performed using 

DMSO (vehicle control) or SS-4-15 at concentrations of 1 µM or 3 µM for 24 hours. For 

the positive control, cells were exposed to 40 µM menadione for 1 hour. Following 

treatment, cells were washed once with cold HBSS buffer to remove residual compounds. 

Cell lysis was performed using 50 µL of either total or oxidized glutathione reagent, 

incubating for 5 minutes at room temperature. Subsequently, 50 µL of luciferin generation 

reagent was added, and the plate was incubated for 30 minutes. To complete the reaction, 

100 µL of luciferin detection reagent was added, and the plate was equilibrated at room 

temperature for 15 minutes. Luminescence was measured using the Synergy Neo3 multi-

mode plate reader at room temperature. 
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CHAPTER FOUR: Development of Novel Small Molecule Activators of the 20S 

Proteasome Based on Piperazinone Scaffold 
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4.1 Introduction 

The proteostasis network orchestrates a delicate equilibrium between protein synthesis 

and degradation, encompassing ribosomal machinery, molecular chaperones, and 

proteolytic systems.1–4 This network exhibits remarkable adaptability and robustness 

under homeostatic conditions, swiftly counteracting proteomic perturbations to preserve 

cellular stability. However, proteostasis becomes progressively impaired with age, 

culminating in the accumulation of misfolded or aggregation-prone proteins and ensuing 

proteotoxicity.1,5,6 Such disruptions are strongly implicated in the pathogenesis of 

neurodegenerative disorders, as the aggregation of intrinsically disordered proteins 

(IDPs) such as tau and α-synuclein perturbs neuronal function in Alzheimer's and 

Parkinson's diseases, respectively.7–9 Therapeutic strategies to mitigate IDP 

concentrations present a promising avenue for addressing these conditions, particularly 

as they remain refractory to conventional small-molecule interventions.10,11 

Central to proteostasis are two degradation pathways: the ubiquitin-proteasome system 

(UPS) and the autophagy-lysosome pathway.12 The proteasome, a pivotal component of 

the UPS, comprises the 26S holoenzyme, which includes the 20S core particle (CP) and 

one or two 19S regulatory particles (RPs).12–14 The 20S CP adopts a barrel-like 

architecture formed by four heptameric rings: two outer α-rings and two inner β-rings. 

Among the seven β subunits, three (β1, β2, and β5) confer distinct proteolytic activities—

caspase-like, trypsin-like, and chymotrypsin-like, respectively.15,16 The 19S RP modulates 

proteasomal activity via ATP-dependent conformational changes, which enable substrate 

recognition, unfolding, and translocation into the 20S catalytic chamber.17,18 

Polyubiquitinated substrates require 19S-mediated processing for degradation, whereas 

the 20S CP, in the absence of the 19S RP, preferentially degrades IDPs due to their 

inherently unfolded states.19 

Traditionally, protein function has been tightly linked to a defined three-dimensional 

structure, yet the discovery of functional IDPs challenges this paradigm. These proteins 

lack a stable tertiary conformation under physiological conditions, with their structural 

plasticity integral to their function.20,21 calcineurin—a serine/threonine phosphatase—

activates upon interaction with the Ca²⁺-calmodulin complex through its intrinsically 

disordered region.22,23 IDPs are ubiquitous across all domains of life, serving 
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indispensable roles in cellular signaling, transcriptional and translational regulation, and 

cell cycle control.8,20,24 Their conformational flexibility underpins their functional versatility, 

enabling dynamic interactions with multiple partners and facilitating their involvement in 

complex regulatory networks. The activation domain of p53 exemplifies the functional 

versatility of intrinsically disordered proteins (IDPs), engaging in interactions with a 

diverse array of binding partners, including mouse double minute 2 (Mdm2), replication 

protein A (RPA), and histone acetyltransferase p300.25–27 This multifaceted interactome 

underscores the structural plasticity inherent to IDPs. Notably, their disordered nature 

renders them intrinsically unstable, necessitating stringent regulation. Basal levels of 

IDPs are maintained by stabilizing proteolytically resistant complexes formed with 

molecular chaperones, 'nanny' proteins, and other macromolecular assemblies, which 

mitigate their susceptibility to degradation.28,29 

Perturbations in IDP homeostasis, characterized by elevated cellular concentrations, 

predispose these proteins to promiscuous interactions, culminating in aberrant signaling 

cascades. Such dysregulation has been causally implicated in the etiology of diverse 

pathologies, including oncogenesis and neurodegenerative disorders.5,7,9 The functional 

dysregulation of p53, driven by its aberrant interaction landscape, exemplifies the 

pathological potential of IDP imbalance, underscoring the necessity of maintaining 

proteostasis for cellular integrity.26,27 

In 2018, the development of TCH-165, a 20S proteasome activator based on an 

imidazoline scaffold, marked a significant advancement in the selective modulation of 

proteasomal activity (Figure 4.1). TCH-165 was demonstrated to enhance 20S 

proteasome-mediated degradation of intrinsically disordered proteins (IDPs), including α-

synuclein, in both in vitro systems and cellular models.30 Notably, this activation exhibited 

remarkable selectivity, as the degradation of the housekeeping protein glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) remained unaffected. Furthermore, in collaboration 

with the Gaczynska laboratory, biophysical studies provided compelling evidence for 

small molecule-induced gate-opening of the 20S proteasome. Atomic force microscopy 

(AFM) imaging corroborated this mechanistic hypothesis (Figure 4.1).30 
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Figure 4.1: Top view atomic force microscopy (AFM) images of closed and open-

gate 20S proteasome before and after treatment with TCH-165, respectively. 

Despite its promise, TCH-165 is hindered by physicochemical limitations that preclude its 

therapeutic utility. The compound's molecular weight of 595 g/mol and a calculated 

partition coefficient (ClogP) of 8.35 violate two criteria of Lipinski's 'Rule of Five,' thereby 

undermining its drug-like properties.31 Moreover, evaluations using the multi-parameter 

optimization framework developed by Wager and colleagues predict suboptimal suitability 

for central nervous system (CNS) applications, further limiting its translational potential.32 

Although extensive efforts have been directed towards optimizing the imidazoline scaffold 

to address these deficits, such endeavors have thus far yet to be successful. These 

findings underscore the pressing need to design novel scaffolds with enhanced 

physicochemical profiles to facilitate effective and selective 20S proteasome activation 

for therapeutic purposes. 

4.2 Rational  

The trans-imidazoline analog TCH-165 represents the first potent 20S proteasome 

activator identified by the Tepe group. This small molecule activates all three catalytic 

sites of the 20S proteasome, demonstrating its unparalleled efficacy. Despite its potent 

activity, TCH-165 suffers from poor physicochemical properties, which restrict its 

translational potential. Consequently, TCH-165 has primarily been employed as a positive 

control in pursuing novel 20S proteasome activators. This raises a pivotal question: can 

structurally distinct scaffolds be designed to replicate the proteasome-activating 

properties of trans-imidazolines while exhibiting superior drug-like characteristics? 
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The discovery of cis-imidazolines, such as nutlins, as inhibitors of protein-protein 

interactions (PPIs) can serve as a precedent for scaffold diversification.33  This sparked 

extensive research interest, and subsequent studies revealed that alternative scaffolds, 

including pyrrolidines and piperidinones, could mimic cis-imidazoline's inhibitory activity 

on the same PPIs (Figure 4.2).34 

 

Figure 4.2: The Protein-Protein Interaction (PPI) Inhibitor nutlin-3a (cis-

imidazoline) and its trans-piperidinone Mimic.34 

This structural adaptability suggests that rationally designed scaffolds could replicate the 

trans-imidazoline-mediated activation of the 20S proteasome while addressing their 

limitations. Among candidate scaffolds, piperazinones emerge as particularly compelling. 

Regarded as “privileged scaffolds” in medicinal chemistry, piperazinone derivatives 

feature prominently in various biologically active small molecules, including 

antidepressants, antibiotics, and anticancer agents.35,36 Their structural similarity to 

amino acids renders piperazinones valuable as conformationally constrained 

peptidomimetics, which protect peptides from enzymatic degradation and modulate 

physicochemical properties by reducing hydrogen bond donor groups.37,38 The carbonyl 

functionality of piperazinones further facilitates synthetic versatility, enabling the 

generation of diverse derivatives, including reduced piperazine analogs, through 

straightforward chemical transformations.39 
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Figure 4.3: Structures of TCH-165 and an Analog of its Piperazinone Mimic. 

We proposed the synthesis of piperazinone-based analogs as trans-imidazoline mimics. 

These compounds will incorporate strategic functionalization at nitrogen atoms to orient 

phenyl groups in a trans configuration, closely emulating the stereochemistry of TCH-165 

(Figure. 4.3). Preliminary in silico analyses support the viability of this scaffold: a 

prototype piperazinone analog (compound 27)  exhibits a calculated logP of 1.91 and a 

logS of -5.56.31 These parameters align with the multi-parameter optimization guidelines 

proposed by Wager et al. for CNS drug candidates.32 Furthermore, these properties 

suggest that the analogs will likely traverse the blood-brain barrier, a critical criterion for 

addressing proteostasis dysregulation in neurodegenerative diseases.40 

The potential of piperazinone-based scaffolds is underpinned by their documented utility 

in medicinal chemistry and their compatibility with rational design principles. By 

synthesizing and optimizing these analogs, we aim to develop next-generation 20S 

proteasome activators that combine the efficacy of TCH-165 with enhanced drug-like 

characteristics, providing a promising therapeutic avenue for diseases linked to 

proteostasis impairment. 

4.3 Design and synthesis of analogs 

The synthesis of the piperazinone core was achieved by reacting α-halo ester (ethyl 2-

bromoacetate) with (1R,2R)-1,2-diphenylethane-1,2-diamine in the presence of sodium 

ethoxide. Initially, the reaction at room temperature yielded compound 27 in 31% and the 

side product S1 in 16%. Optimization of the reaction conditions by introducing ethyl 2-
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bromoacetate dropwise over 3 h at 0 °C, followed by refluxing the reaction mixture for 16 

h, significantly improved the yield of compound 27 to 77%, with no side product detected. 

These findings suggest that the controlled addition of ethyl 2-bromoacetate at reduced 

temperature minimizes double alkylation of the diamine nitrogen, thus favoring the 

desired cyclization step.  

 

Scheme 4.1: Synthesis of compounds 27-31. Alkylating agents used; 29: benzyl 

chloride, 30: p-fluorobenzyl bromide and 31: p-chlorobenzyl bromide). 

Following the optimization of the cyclization step, attention shifted to the methylation of 

the amine nitrogen in compound 27. The methylation was achieved by reacting one 

equivalent of compound 27 with three equivalents each of diisopropylamine and methyl 

iodide in tetrahydrofuran (THF) at room temperature for 20 h, affording compound 28 in 

a yield of 56%. This methylation protocol was subsequently extended to other alkylation 

reactions, including benzylation, para-fluorobenzylation, and para-chlorobenzylation, to 

furnish compounds 29, 30, and 31, respectively. When benzyl chloride was employed as 

the alkylating agent, the desired product was obtained with a yield of 41%. A slightly 

improved yield of 66% was observed with p-fluorobenzyl bromide, while p-chlorobenzyl 

bromide afforded the product a 43% yield (Scheme 4.1). These results demonstrate that 

the nature of the alkylating agent significantly influences the reaction outcome, with 

bulkier or less reactive reagents leading to diminished yields under the same conditions. 
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Scheme 4.2: Synthesis of Compounds 33-36. Alkylating Agents Used; 35-36: p-

fluorobenzyl bromide and 37: p-chlorobenzyl chloride). 

Having successfully achieved the alkylation of the amine nitrogen, efforts were directed 

toward the alkylation of the amide nitrogen to generate a series of analogs (compounds 

33-37). These transformations were achieved by treating the corresponding 

intermediates with three equivalents, each sodium hydride, and the chosen alkylating 

agent, in dry tetrahydrofuran (THF) for 48 h. The product yields displayed a clear 

dependence on the steric and electronic properties of the alkylating agent. Using methyl 

iodide as the alkylating agent yielded compound 33 in an excellent 96%. In comparison, 
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using the bulkier para-fluorobenzyl bromide reduced yield by approximately 74% 

(compounds 34-  37). 

 

Scheme 4.3: Synthesis Route to Access Compounds 38-40. 

The effect of their removal from the molecular core was systematically evaluated to 

investigate the role of the phenyl groups in the activity of 20S proteasome activators. To 

this end, a series of analogs bearing identical alkyl substitutions on the amine nitrogen 

were synthesized and tested using small fluorogenic peptide substrates. This approach 

aimed to assess the contribution of the phenyl groups to proteasome-mediated peptide 

degradation. Additionally, removing the phenyl groups results in a smaller core structure 

with retained biological activity, which may offer enhanced potential for structural 

optimization. The 2-piperazinone core was synthesized by reacting ethylenediamine 

with ethyl-2-bromoacetate in the presence of sodium ethoxide, following previously 

established methods. Subsequently, alkylation of the amine nitrogen within the 2-

piperazinone framework yielded a series of derivatives with moderate efficiency. As 

shown in Scheme 4, these derivatives were subjected to further analysis to elucidate 
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structure-activity relationships and evaluate the functional significance of the phenyl 

groups. 

4.4 Biological Evaluation of Synthesized Analogs 

Having accessed the piperazinone analogs, I moved on to evaluate them for their ability 

to activate the 20S proteasome. The primary assay was small fluorogenic peptide 

substrates. The peptide substrates are conjugated to a 7-amino-4-methylcoumarin (AMC) 

fluorescent probe, a widely accepted method for evaluating proteasome function in 

vitro.41–43  The assay relies on the proteasome’s catalytic sites cleaving these substrates, 

releasing AMC, which emits fluorescence upon excitation. Monitoring this fluorescence 

provides a direct measure of proteasome activity. This method has been extensively used 

to characterize proteasome dynamics under various conditions and treatments, providing 

reliable insights into catalytic site-specific activity.444546 

In this study, varying concentrations of each analog (80 μm to 1.25 uM)  were pre-

incubated with purified 1 nM of purified 20S proteasome, allowing sufficient interaction 

time  (15 minutes) to modulate proteasome activity. After substrate addition, fluorescence 

was recorded over 1 h with an excitation and emission wavelength of 280 and 460 nm, 

respectively. This offers a quantitative assessment of the rate of substrate cleavage.  

The substrates for the three catalytic sites were used at the following concentrations:  Z-

LLE-AMC (Casp-L activity, 10 μM),  Suc-LLVY-AMC (CT-L activity, 10 μM), and Boc-

LRR-AMC (T-L activity, 20 μM, due to the low activity of the trypsin-like site). This 

combination of all three substrates reflects the overall impact on the 20S proteasome 

activity. This approach minimizes temporal variability and provides a robust platform for 

determining fold changes in proteasome activation. 

The untreated sample (vehicle) fluorescence was standardized to 100%, and each 

compound's fold change in proteasome activity was calculated. This normalization 

facilitates a clear comparison between treated and untreated samples, a practice 

previously validated in proteasome modulation studies.TCH-165, a known proteasome 

activator, was used as a positive control to benchmark the extent of activation induced by 

the synthesized analogs.47 Analog-induced activation exceeding two-fold over the vehicle 

control was considered significant and warranted further investigation into site-specific 

activity.  
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Figure 4.4: Schematic Diagram for Small Peptide Assay. 

The 26S proteasome cleaves the AMC probe, releasing the AMC fluorophore, which is 

monitored by a plate reader at 480 nm.  

The preliminary data indicate that compounds 27 and 28 could not activate the 20S 

proteasome to facilitate the degradation of small peptide substrates (Figure 4.4). The 

EC200 values for these analogs exceeded 80 µM, while their maximum fold-activation of 

the proteasome remained below 2 relatives to the benchmark compound TCH-165. The 

max fold of activation for compounds 27 and 28 was 1.3, showing poor activity. 

The subsequent introduction of an additional benzyl group at the amide nitrogen (29) 

slightly improved the activity level, with an EC200 of 38.9 µM and a max fold of 3.3 (Figure 

4.5A). These results suggest additional interactions between the added benzyl ring and 

key residues in the proteasome's binding pockets.  

Previous studies from our laboratory suggested that halogenation could enhance 

proteasome activation.1 Prior studies on phenothiazine-based analogs reinforced this 

hypothesis. For example, para-substituted halogen derivatives of phenothiazines have 

demonstrated notable efficacy as 20S proteasome activators. Halogenation modulates 

bioactivity by altering electronic properties, hydrophobicity, and binding affinity, as 

observed in various proteasome activators.22 Thus, compounds 30 and 7 were designed 

to incorporate halogen substitutions to leverage these properties to enhance activity. 

These modifications warrant further investigation to delineate their impact on the 

proteasome activation profile. 

Following established protocols, the newly synthesized analogs (compounds 30 and 31) 

were evaluated for their ability to enhance 20S proteasome proteolytic activity. 

The incorporation of Fluorine and chlorine at the para positions of the benzyl moiety 

dramatically increased proteasome activity. The  EC200 of the fluorinated analog (30) 

was 8.7, whereas the chlorinate analog (31) had an EC200 of 8.5 μM (Figure 4.5A).  
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I hypothesize that adding these halogens could create additional hydrogen bonds not 

seen in the previous analogs. Interestingly, methylation of the amide nitrogen (33 and 34) 

decreased activity with an EC200 of 18.7 and 26.3, respectively. 

Halogens' positive impact on 20S proteasome activation made me develop new analogs 

with more halogen groups to improve interactions. Analogs with amide and amine 

nitrogen benzylated were developed (35-37).  

 

 

Figure 4.5: Enhancement of 2S Proteasome activity by Synthesized Analogs 

(A)The  concentration of compounds needed to activity the proteasome by 200% (EC200 

values) for compounds 21-41. Activity graphs for compounds (B) 29-31 and positive 

control, TCH-165 and (C) 38-42. 

These analogs showed increased activity with lower EC200 values (Figure 4.5 A). 

Compounds 35 and 36 had EC200 of 2.6 μM and 7.4 μM, respectively. However, these 

analogs (35-37) had lower max fold values due to their poor solubility at higher 

concentrations. Those results suggest the propensity for the 20S proteasome to interact 

with analogs with bulky aromatic groups. 
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Finally, the impact of the phenyl rings on the piperazine was evaluated (40-41). 

Interestingly, none of these analogs (40-42) could activate the 20S proteasome to 

degrade the small fluorogenic peptides.  

 

 

Figure 4.6: Evaluation of in vitro 20S proteasome-mediated degradation of α-

synuclein degradation. 

The degradation of purified α-synuclein by the 20S proteasome treated with 10 µM of 

compound 30 and TCH-165 or the proteasome inhibitor, BTZ. GAPDH was added as a 

loading control. Each set of assays was done in triplicate. 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,). Error bars based on standard 

deviation. n denotes the number of replicates. 

The subsequent phase of this study aimed to investigate the biological efficacy of 

compounds 30 as activators of the 20S proteasome, focusing specifically on their ability 

to facilitate the degradation of a disease-relevant intrinsically disordered protein (IDP). α-

syn, an established substrate of the 20S proteasome and a protein implicated in the 

pathogenesis of Parkinson's disease, was selected for this evaluation due to its critical 

role in proteostasis imbalance and neurotoxicity when aggregated. 

To assess the activity of the compounds, purified human 20S proteasome (10 nM) was 

pre-incubated with DMSO (2%) or 10 µM of compound 30 or the positive control TCH-
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165. After incubation with α-syn (300 nM) for three and a half hours, reaction mixtures 

were analyzed using protein gel electrophoresis followed by western blotting to quantify 

the remaining α-syn. These assays were designed to determine whether the compounds 

could enhance proteasomal degradation of α-syn, potentially reducing its pathological 

accumulation and alleviating proteotoxic stress. 

Results indicated compound 30 could not significantly enhance the degradation of α-syn, 

with 87% of the protein remaining under this treatment conditions. This lack of activity 

may reflect inadequate compound-induced structural changes in the 20S proteasome to 

promote efficient substrate engagement and catalysis. In contrast, TCH-165, the 

benchmark compound, facilitated a marked degradation of α-syn, leaving only 72% of the 

substrate intact. These findings underscore the superior efficacy of TCH-165 in 

modulating proteasome activity against IDP substrates. 

As expected, the proteasome inhibitor bortezomib abrogated α-syn degradation, 

confirming the proteasome's role in substrate turnover during these assays. These results 

emphasize the specificity of the 20S proteasome in degrading α-syn and highlight the 

importance of identifying small-molecule activators capable of enhancing this process. 

The findings suggest that while the halogenated derivative, compound 30, exhibits 

promising physicochemical properties, further optimization is necessary to improve their 

biological activity. Refinement of molecular interactions and enhancement of proteasomal 

engagement may be required to achieve degradation profiles comparable to TCH-165. 

These insights provide valuable guidance for the continued development of therapeutic 

agents targeting proteostasis pathways in neurodegenerative diseases 

4.5 Conclusion 

Exploring piperazinone-based small molecules as activators of the 20S proteasome offers 

significant insights into the therapeutic potential for targeting neurodegenerative disorders 

characterized by proteostasis impairment. This study successfully synthesized and 

evaluated a range of piperazinone derivatives, demonstrating that structural 

modifications, particularly halogenation and specific alkyl substitutions, can substantially 

enhance proteasome activation. Compounds with para-halogen substitutions on benzyl 

moieties exhibited improved EC200 values and increased activation profiles, affirming the 

critical role of these modifications in facilitating proteasomal engagement. Conversely, 
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analogs lacking key structural features, such as phenyl rings, could not induce 

proteasomal activity, highlighting the specificity of these interactions. 

While the analogs showed promise in enhancing proteasome-mediated peptide 

degradation, their efficacy in promoting the degradation of disease-relevant intrinsically 

disordered proteins such as α-synuclein was limited compared to the benchmark activator 

TCH-165. This underscores further the need to optimize these compounds for substrate 

specificity and translational relevance. Challenges related to solubility and 

physicochemical properties also emerged as critical factors limiting the functional 

potential of the synthesized analogs, suggesting that future efforts should focus on 

balancing potency with drug-like characteristics. 

In conclusion, the findings from this study provide a robust foundation for the rational 

design of next-generation 20S proteasome activators. By leveraging the structural 

adaptability of piperazinones and incorporating advanced optimization strategies, 

clinically viable compounds capable of restoring proteostasis and mitigating the 

progression of neurodegenerative diseases may be possible. These insights contribute 

to the broader understanding of proteasome biology and its therapeutic implications, 

paving the way for innovative interventions in managing proteostasis-related pathologies. 
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APPENDIX 

Synthesis: 

(5R,6R)-6,6-diphenylpiperazin-2-one (27) 

 

The compound was synthesized by following previously described method.3  To a clean, 

dry 100 mL round bottom flask was added, (1R, 2R) 1,2 diphenyl ethylenediamine (2.0 

equiv, 3.0 mmol) followed by 30 mL of absolute ethanol. The reaction mixture was cooled 

to 0 °C. Ethyl bromoacetate (1.0 equiv, 1.5 mmol) was dissolved in 10.0 mL of absolute 

ethanol and added to the reaction mixture dropwise over 3 hours. The mixture was 

allowed to warm to room temperature and stirred overnight under nitrogen gas. Sodium 

ethoxide (2.0 equiv, 3.0 mmol) was added to the reaction mixture and then refluxed for 

24 hours. After that, the reaction mixture was cooled to room temperature and the solvent 

evaporated under reduced pressure. The purification was achieved using automated 

Combiflash chromatography (silica gel, 20-40 microns, gradient 5-10% methanol in 

dichloromethane).  The compound was isolated as a white fluffy solid. Yield: 276 mg 

(72%).MP: 165-166 ℃. IR: 3321, 3060, 1683 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.18-

7.24 (m, 6H), 7.05 (dd, J = 7.7, 1.6 Hz, 2H), 6.93 (dt, J = 8.2, 2.2 Hz, 2H), 6.11(br s, 1H), 

4.54 (d, J = 9.2 Hz, 1H), 3.80 (s, 2H), 3.78 (d, J = 9.2 Hz, 1H), 2.1 (s, 1H).  13C{1H} NMR 

(125 MHz, CDCl3) δ 169.5, 138.4, 138.4, 128.4, 128.4, 128.4, 128.3, 127.8, 127.4, 66.1, 

64.7, 50.3. HRMS (ESI-TOF) m/z: [(M+H)+] calcd for (C16H17N2O+) 253.1341; Found 

253.1341. 

Side Product 

Yield: 26.0 mg (21%). 1H NMR (500 MHz, CDCl3) δ 7.25 – 7.09 (m, 6H), 7.05 (dd, J = 7.7, 

1.6 Hz, 2H), 6.93 (dt, J = 8.2, 2.2 Hz, 2H), 6.07 (s, 1H), 4.64 (d, J = 9.4 Hz, 1H), 4.07 – 

4.00 (m, 3H), 3.84 (d, J = 16.9 Hz, 1H), 3.74 (d, J = 16.9 Hz, 1H), 3.26 (d, J = 17.5 Hz, 

1H), 3.14 (d, J = 17.5 Hz, 1H), 1.15 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (125 MHz, CDCl3) δ 

170.3, 168.8, 138.5, 136.4, 129.2, 128.7, 128.5, 128.4, 18.4, 127.6, 69.3, 64.2, 60.5, 55.5, 
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53.9, 14.3. HRMS (ESI-TOF) m/z: [(M+H)+] calcd for (C20H23N2O3
+) 339.1709; Found 

339.1709.3 

General procedure the synthesis of compounds 28-31, 33 

To a clean, dry 25 mL, round bottom flask was charged with (5R,6R)-6,6-

diphenylpiperazin-2-one (1.0 equiv,), different alkylating agents (3.0 equiv), and 10.0 mL 

of dry tetrahydrofuran. After stirring the mixture at room temperature for 90 minutes, 

diisopropylethylamine (3.0 equiv) was added to the reaction mixture and stirred at the 

same temperature for 24-48 hours under nitrogen gas. After that, the reaction was 

stopped, and the solvent evaporated under reduced pressure. The mixture was purified 

using automated Combiflash chromatography (silica gel, 20-40 microns, gradient 70-0% 

hexane in ethyl acetate). 

General procedure for synthesizing compounds 32, 34, 34 and 37. 

Various amine alkylated (5R,6R)-6,6-diphenylpiperazin-2-one (1.0 equiv) was dissolved 

in 10 mL of anhydrous tetrahydrofuran. The reaction mixture was cooled to -78 °C and 

added sodium hydride (3.0 equiv). After 90 minutes, different alkylating agents (3.0 equiv, 

1.08 mmol) were dissolved in 2.0 mL of tetrahydrofuran and added to the reaction mixture 

dropwise. The reaction was quenched with 10 mL of H2O and extracted with EtOAc (4 x 

10 mL). The organics were combined, washed once with brine, dried over anhydrous 

sodium sulfate, and concentrated under reduced pressure. The crude solid was purified 

using automated Combiflash chromatography (silica gel, 20-40 microns, gradient 90-10% 

hexane in ethyl acetate).  

 

(5R,6R)-4-methyl-5,6-diphenylpiperazin-2-one (28). 

 

Isolated with 5% methanol in ethyl acetate. Flaky pale brown solid (0.28 g, 56%). MP:110-

111 °C. IR: 3250, 3027, 2781, 1668 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.12-7.22 (m, 6H), 

7.05 (dd, J = 7.7, 1.9 Hz,  2H), 6.90 (dt, J = 6.6, 2.2 Hz, 2H), 6.19 (br s, 1H), 4.60 (d, J = 
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9.3Hz, 1H), 3.13 (d, J = 17.0 Hz, 1H), 3.13 (d, J = 9.3 Hz, 1H), 2.20 (s, 3H).  13C{1H} NMR 

(125 MHz, CDCl3) δ 168.9, 138.7, 137.4, 128.9, 128.5, 128.4, 128.3, 128.2, 127.6, 73.7, 

64.1, 59.2, 43.2. HRMS (ESI-TOF) m/z: [(M+H)+] calcd for (C17H19N2O+) 267.1492; 

Found. 267.1499. 

 

(5R,6R)-4-benzyl-1-methyl-5,6-diphenylpiperazin-2-one (29). 

 

 

Isolated with 50% hexane in ethyl acetate. White solid (112.7 mg, 41%). MP: 174-175 °C. 

IR: 3231, 3030, 1682 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.20-7.16 (m, 14H), 6.96 (dd, 

J=8.4, 1.6 Hz, 2H), 6.00 (s, 1H), 4.70 (d, J = 8.7 Hz, 1H), 3.81 (d, J = 13.2 Hz, 1H), 3.56 

(d, J = 17.2 Hz, 1H), 3.49 (d, J = 8.7 Hz, 1H), 3.06 (d, J = 17.2 Hz, 1H), 2.88 (d, J = 13.2 

Hz, 1H). 13C{1H} NMR (125 MHz, CDCl3) δ 169.1, 139.0, 137.6, 137.4, 129.0, 128.9, 

128.7, 128.5, 128.4, 128.4, 128.3, 127.6, 127.5, 71.9, 64.2, 59.1, 55.7. HRMS (ESI-TOF) 

m/z: [(M+H) +] calcd for (C23H23N2O+) 343.1805; found, 343.1836. 

 

(5R,6R)-4-(4-fluorobenzyl)-5,6-diphenylpiperazin-2-one (30). 

 

 Isolated with 75% hexane in ethyl acetate. White solid (173.8 mg, 66%). MP: 161-162 

°C. IR: 3238, 3030, 1687 cm-1. 1H NMR (500 MHz, CD2Cl2) δ 7.26 – 7.13 (m, 10H), 7.01- 

6.93 (m, 4H), 5.99 (s, 1H), 4.69 (d, J= 8.7 Hz, 1H), 3.69 (d, J = 13.2 Hz, 1H), 3.50 (d, J = 

8.7 Hz, 1H)3.40 (d, J = 17.0 Hz, 1H), 3.01 (d, J = 17.0 Hz, 1H), 2.86 (d, J = 13.2 Hz, 1H). 

13C{1H} NMR (125 MHz, CDCl3) δ 169.0, 162.2 (d, JCF=243.8 Hz), 161.2, 138.9, 137.4, 
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133.0 (d, JCF = 2.5 Hz), 130.3 (d, JCF = 8.8 Hz) 128.9, 128.7, 128.4, 128.4, 128.4, 127.6, 

115.3 (d, JCF = 21.3 Hz), 71.7, 64.0, 58.3, 55.5. HRMS (ESI-TOF) m/z:[(M+H) +] calcd for 

(C23H22FN2O+) 361.1711; found, 361.1721. 

(5R,6R)-4-(4-chlorobenzyl)-5,6-diphenylpiperazin-2-one (31) 

 

 

 Isolated with 50% hexane in ethyl acetate. White solid (156.6 mg, 43%). MP: 151-152 

°C. IR: 3250, 1683 cm-1. 1H NMR (500 MHz, cdcl3) δ 7.26-7.23 (m, 5H) 7.22-7.13 (m, 7H), 

6.95 (dt, J = 6.6, 1.6 Hz, 2H), 6.19 (s, 1H), 4.69 (d, J = 8.5 Hz, 1H), 3.74 (d, J = 13.3 Hz, 

1H), 3.50 (d, J = 17.1 Hz, 1H), 3.47 (d, J = 8.5 Hz, 1H), 3.05 (d, J = 17.1 Hz, 1H), 2.87 (d, 

J = 13.3 Hz, 1H). 13C{1H} NMR (125 MHz, CDCl3) δ 168.9, 138.9, 137.3, 135.9, 133.2, 

130.1, 128.9, 128.8, 128.6, 128.4, 128.4, 127.6, 71.6, 64.0, 58.3, 55.5. HRMS (ESI-TOF) 

m/z: [(M+H) +] calcd for (C23H22ClN2O+) 377.1415; found :377.1431. 

(5R,6R)-1-benzyl-4-methyl-5,6-diphenylpiperazin-2-one (32). 

 

Isolated with 5% methanol in ethyl acetate. White solid (30.3 mg, 16%). MP: 159-161 °C. 

IR: 3030, 2800, 1650 cm-1. 1H NMR (500 MHz, CDCl3) δ 7.29-7.08 (m, 11H), 6.91-6.88 

(m, 2H), 6.83-6.81 (m, 2H), 5.50 (d, J = 14.8 Hz 1H), 4.37 (d, J = 8.7 Hz, 1H), 3.74 (d, J 

= 16.5 Hz, 1H), 3.38 (d, J = 14.8 Hz, 1H), 3.28 (d, J = 8.7 Hz, 1H), 3.26 (d, J = 16.5 Hz, 

1H), 1.99 (s, 3H).  13C{1H} NMR (125 MHz, CDCl3) δ 168.1, 138.0, 137.9, 136.4, 128.8, 

128.6, 128.5, 128.4, 128.3, 128.1, 128.1, 127.4, 74.6, 67.2, 59.6, 46.4, 43.0. HRMS (ESI-

TOF) m/z: [(M+H)+] calcd for (C24H25N2O+) 357.1961; found 357.1968. 
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(5R,6R)-4-benzyl-1-methyl-5,6-diphenylpiperazin-2-one (33). 

 

 Isolated with 50% hexane in ethyl acetate. White solid (81.8 mg, 96%). MP: 114-115 °C. 

IR: 3030, 2800, 1650 cm-1. 1H NMR (500 MHz, CdCl3) δ 7.31 – 7.20 (m, 8H), 7.17 – 7.12 

(m, 4H), 7.01 – 6.97 (m, 2H). 4.54 (d, J = 7.1 Hz, 1H), 3.66 (d, J = 13.3 Hz, 1H), 3.60 (d, 

J = 7.1 Hz, 1H), 3.47 (d, J = 16.8 Hz, 1H), 3.15 (d, J = 16.8 Hz, 1H), 2.94 (d, J = 13.3 Hz, 

1H), 2.76 (s, 3H). 13C{1H} NMR (125 MHz, CDCl3) δ 168.2, 138.8, 137.5, 137.3, 128.9, 

128.8, 128.7, 128.5, 128.4, 128.3, 128.1, 127.8, 127.4, 71.5, 70.0, 58.7, 55.2, 32.6. 

HRMS (ESI-TOF) m/z: [(M+H) +] calcd for (C24H25N2O+) 357,1961; found, 357.1963. 

(5R,6R)-4-(4-fluorobenzyl)-1-methyl-5,6-diphenylpiperazin-2-one (34) 

 

Isolated with 30% hexane in ethyl acetate. White solid (87.4 mg, 83%). MP: IR:3060, 

2953, 1654 cm-1. 1H NMR (500 MHz, CD2Cl2) δ 7.31 – 7.25 (m, 5H), 7.14- 7.09 (m, 4H), 

7.00-6.92 (m, 2H), 6.94-6.90 (m, 2H), 4.55 (d, J = 7.0 Hz, 1H), 3.60 (d, J = 13.3 Hz, 1H), 

3.59 (d, J = 7.0 Hz, 1H), 3.44 (d, J = 16.7 Hz, 1H), 3.16 (d, J = 16.7 Hz, 1H), 2.93 (d, J = 

13.3 Hz, 1H). 13C{1H} NMR (125 MHz, CDCl3) δ 169.0, 162.2 (d, JCF = 243.8 Hz), 161.2, 

138.9, 137.4, 133.0 (d, JCF = 2.5 Hz), 130.3 (d, JCF = 8.8 Hz) 128.9, 128.7, 128.4, 128.4, 

128.4, 127.6, 115.3 (d, JCF= 21.3 Hz), 71.7, 64.0, 58.3, 55.5. HRMS (ESI-TOF) 

m/z:[(M+H) +] calcd for (C24H24FN2O+) 357.1961; found, 357.1958. 

 

 

(5R, 6R)-4-benzyl-1-(4-flourobenzyl)-5,6-diphenylpiperazin-2-one (35) 
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Isolated with 75 % hexane in ethyl acetate. White solid (130.7 mg, 74%). MP: 163-164 

°C. IR: 3030, 1653 cm-1. 1H NMR (500 MHz, CD2Cl2) δ 7.30-7.10 (m, 13H), 7.03 (td, J = 

5.0, 3.0 Hz 2H), 7.00-6.91 (m, 4H), 5.28 (d, J = 14.6 Hz, 1H), 4.46 (d, J = 6.3 Hz, 1H), 

3.69 (d, J = 6.3 Hz, 1H), 3.56 (d, J = 13.4 Hz, 1H), 3.48 (d, J = 14.6 Hz, 1H), 3.38 (d, J = 

16.8 Hz, 1H), 3.24 (d, JCF = 16.8 Hz, 1H), 3.02 (d, J = 13.4 Hz, 1H).  13C{1H} NMR (125 

MHz, CDCl3) δ 168.2, 163.3 (d, JCF = 245 Hz), 138.7, 137.2 (d, JCF = 10.0 Hz), 132.3 d, 

JCF = 2.5 Hz, 130.8, 130.7, 128.8, 128.7, 128.5, 128.5, 128.4, 128.2, 128.2, 128.1, 127.4, 

115.4 (d, JCF = 21.3 Hz), 70.3, 66.3, 58.5, 54.7, 46.2. HRMS (ESI-TOF) m/z: [(M+H) +] 

calcd for (C30H28FN2O+) 451.2180; found, 451.2193. 

(5R,6R)-1,4-bis(4-fluorobenzyl)-5,6-diphenylpiperazin-2-one (36). 

 

Isolated with 70% hexane in ethyl acetate. White solid (84.8 mg, 73%). MP: 143-145 °C. 

IR: 3064, 1653 cm-1.   1H NMR (500 MHz, CDCl3) δ 7.33-7.27 (m, 3H), 7.25-7.18 (m, 3H), 

7.13 (dd, J = 8.5, 5.5 Hz, 2H), 7.07 (dd, J = 8.4, 5.6 Hz, 2H), 7.01 (dd, J = 7.6, 1.8 Hz, 

2H), 6.96-6.90 (m, 6H), 5.42 (d, J = 14.5 Hz, 1H), 4.45 (d, J = 6.0 Hz, 1H), 3.65 (d, J = 

6.0 Hz, 1H), 3.5(d, J = 13.3 Hz), 3.47 (d, J = 14.5 Hz), 3.43 (d, J = 16.9 Hz), 3.27 (d, J = 

16.9 Hz, 1H), 3.02 (d, J = 13.3 Hz, 1H). 13C{1H} NMR (125 MHz, CDCl3) δ 168.0, 163.3 

(d, JCF = 244 Hz), 162.2 (d, JCF = 244 Hz), 161.4, 161.2, 138.8, 137.0, 133.0, 132.9 (d, 

JCF = 3. Hz), 132.2 (d, JCF = 3.0 Hz), 130.8 (d, JCF = 8.0 Hz), 130.3 (d, JCF = 8.0 Hz), 
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130.8, 130.3, 130.3, 128.7, 128.6, 128.6, 128.3, 128.0, 115.6 (d, JCF = 21.4 Hz), 115.3 (d, 

JCF = 21.4 Hz), 69.9, 66.1, 57.7, 54.5, 46.3. HRMS (ESI-TOF) m/z: [(M+H)+] calcd for 

(C30H27F2N2O+) 469.2086; found, 469.2098. 

(5R,6R)-1-benzyl-4-(4-fluorobenzyl)-5,6-diphenylpiperazi-2-one (37) 

 

 

Isolated with 75 % hexane in ethyl acetate. White solid (21 mg, 21%). 

. IR: 3030, 1653 cm-1. 1H NMR (500 MHz, CD2Cl2) δ 7.30-7.10 (m, 13H), 7.03 (td, J = 5.0, 

3.0 Hz 2H), 7.00-6.91 (m, 4H), 5.44 (d, J = 14.6 Hz, 1H), 4.52 (d, J = 6.0 Hz, 1H), 3.70 

(d, J = 6.3 Hz, 1H), 3.52 (d, J = 13.5 Hz, 1H), 3.46 (d, J = 14.7 Hz, 1H), 3.39 (d, J = 16.8 

Hz, 1H), 3.28 (d, JCF = 16.8 Hz, 1H), 3.05 (d, J = 13.5 Hz, 1H).  13C{1H} NMR (125 MHz, 

CDCl3) δ 168.2, 163.3 (d, JCF = 245 Hz), 138.7, 137.2 (d, JCF = 10.0 Hz), 132.3 d, JCF = 

2.5 Hz, 130.8, 130.7, 128.8, 128.7, 128.5, 128.5, 128.4, 128.2, 128.2, 128.1, 127.4, 115.4 

(d, JCF = 21.3 Hz), 70.3, 66.3, 58.5, 54.7, 46.2. HRMS (ESI-TOF) m/z: [(M+H) +] calcd for 

(C30H28FN2O+) 451.2180; found, 451.2193. 

Piperazin-2-one (S2) 

 

To a solution of ethylenediamine (3.34 mL, 50.0 mmol) in EtOH (40 mL) at 0 °C was added 

ethyl bromoacetate (2.76 mL, 25.0 mmol) dropwise. The solution was allowed to warm to 

room temperature and stirred overnight.  The resulting white solid was removed by 

filtration, and the filtrate was transferred to a flame-dried flask containing sodium ethoxide 

(3.74 g, 55.0 mmol) under nitrogen gas. The solution was then refluxed overnight. The 
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reaction was cooled to room temperature and concentrated. The solid residue was 

purified using an automated combiflash chromatography (silica gel, 20-40 microns, 

gradient 5-10% methanol in dichloromethane). The product identity was confirmed by 

comparing it to previously reported data.4 White solid (977 mg, 39%). MP: 133-134°C. IR: 

3325, 3062, 1684 cm-1. 1H NMR (500 MHz, CD2Cl2) δ 1.62 (s, 1H), 2.96 (d, J = 5.4 Hz, 

2H), 3.30 (td, J = 5.4, 2.4 Hz, 2H )J. 13C{1H} NMR (125 MHz, CD2Cl2) δ 170.2, 50.3, 43.3, 

42.7 HRMS (ESI-TOF) m/z: [(M+H)+] calcd for (C4H9N2O+) 101.0709; found, 101.0713. 

General procedure for the synthesis of compounds 38-40. 

To a solution of piperazin-2-one (2-3 mmol, 1 equiv) was added diisopropyl ethylamine 

(4-6 mmol, 2 equiv), the corresponding alkylating agent and 10 mL of dry THF. The 

solution was allowed to stir at room temperature for 24 hours. The reaction mixture was 

concentrated and dissolved in 10 mL of saturated aqueous NaHCO3 solution. The 

resulting solution was extracted with 20 mL (3x) of EtOAc and the organic layers were 

concentrated until a white solid start precipitating out of solution. The solid was then 

collected by filtration. 

4-(4-fluorobenzyl)piperazin-2-one (38) 

 

White solid (263.7 mg, 54%). MP: 128-129 °C. IR: 3256, 1676 cm-1. 1H NMR (500 MHz, 

CD2Cl2) δ 7.45 – 7.19 (m, 2H), 7.08 – 6.92 (m, 2H), 6.09 (s, 1H), 3.51 (s, 2H), 3.39 – 3.19 

(m, 2H), 3.04 (s, 2H), 2.71 – 2.28 (m, 2H). 13C{1H} NMR (125 MHz, CD2Cl2) δ 169.2, 162.5 

(d, JCF = 243.8 Hz), 133.7 (d, JCF = 2.5 Hz), 130.5 (d, JCF = 7.5 Hz), 115.4 d (JCF = 21.3 

Hz), 61.3, 57.3, 49.0, 41.8. HRMS (ESI-TOF) m/z: [(M+H)+] calcd for (C11H14FN2O+) 

209.1085; found, 209.1079. 
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4-(4-chlorobenzyl)piperazin-2-one (39) 

 

White solid (265.8 mg, 61%). MP: 156-157 °C. IR: 3406, 3063, 1671 cm-1. 1H NMR (500 

MHz, CD2Cl2) δ 7.63 – 7.35 (m, 4H), 6.88 (s, 1H), 3.73 (s, 2H), 3.63 – 3.44 (m, 2H), 3.26 

(s, 2H), 2.82 – 2.78 (m, 2H). 13C{1H} NMR (125 MHz, CD2Cl2) δ 169.5, 136.5, 133.2, 

130.7, 130.7, 128.8, 61.3, 57.3, 49.0, 41.7. HRMS (ESI-TOF) m/z: [(M+H)+] calcd for 

(C11H14ClN2O+) 255.0789; found, 255.0796. 

4-(4-methoxybenzyl)piperazin-2-one (40) 

 

White solid (169.8 mg, 57%). MP: 156-157 °C. IR: 3261, 2837, 1670 cm-1.1H NMR (500 

MHz, CD2Cl2) δ 7.36 – 6.96 (m, 2H), 6.84 (d, J = 8.6 Hz, 3H), 5.89 (s, 1H), 3.76 (s, 3H), 

3.48 (s, 2H), 3.39 – 3.20 (m, 2H), 3.03 (s, 2H), 2.67 – 2.45 (m, 2H). 13C NMR (125 MHz, 

CD2Cl2) δ 169.3, 159.4, 130.6, 129.7, 114.0, 61.5, 57.3, 55.6, 48.9, 41.9. HRMS (ESI-

TOF) m/z: [(M+H)+] calcd for (C12H17N2O2
+) 221.1285; found, 221.1278. 
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APPENDIX 

NMR Spectra: 

 

Figure 4.7: Proton NMR of compound 27. Related to scheme 4.1. 
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Figure 4.8: Carbon-13 NMR of compound 27. Related to scheme 4.1. 
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Figure 4.9: Proton NMR of compound S1. Related to scheme 4.1. 
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Figure 4.10: Carbon-13 NMR of compound S1. Related to scheme 4.1. 
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Figure 4.11: Proton NMR of compound 28. Related to scheme 4.1. 
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Figure 4.12: Carbon-13 NMR of compound 28. Related to scheme 4.1. 

 

 

 

 



178 
 

 

Figure 4.13: Proton NMR of compound 29. Related to scheme 4.1. 
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Figure 4.14: Carbon-13 NMR of compound 29. Related to scheme 4.1. 
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Figure 4.15: Proton NMR of compound 30. Related to scheme 4.1. 
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Figure 4.16: Carbon-13 NMR of compound 30. Related to scheme 4.1. 
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Figure 4.17: Proton NMR of compound 31. Related to scheme 4.1. 
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Figure 4.18: Carbon-13 NMR of compound 31. Related to scheme 4.1. 
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Figure 4.19: Proton NMR of compound 32. Related to scheme 4.2. 
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Figure 4.20: Carbon-13 NMR of compound 32. Related to scheme 4.2. 
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Figure 4.21: Proton NMR of compound 33. Related to scheme 4.2. 
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Figure 4.22: Carbon-13 NMR of compound 33. Related to scheme 4.2. 
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Figure 4.23: Proton NMR of compound 33. Related to scheme 4.2. 
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Figure 4.24: Carbon-13 NMR of compound 34. Related to scheme 4.2. 
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Figure 4.25: Proton NMR of compound 35. Related to scheme 4.2. 
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Figure 4.26: Carbon-13 NMR of compound 35. Related to scheme 4.2. 
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Figure 4.27: Proton NMR of compound 36. Related to scheme 4.2. 
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Figure 4.28: Carbon-13 NMR of compound 36. Related to scheme 4.2. 
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Figure 4.29: Proton NMR of compound SI2. Related to scheme 4.3. 
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Figure 4.30: Carbon-13 NMR of compound SI2. Related to scheme 4.3. 
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Figure 4.31: Proton NMR of compound 38. Related to scheme 4.3. 
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Figure 4.32: Carbon-13 NMR of compound 38. Related to scheme 4.3. 
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Figure 4.33: Proton NMR of compound 39. Related to scheme 4.3. 
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Figure 4.34: Carbon-13 NMR of compound 39. Related to scheme 4.3. 

 

 



200 
 

 

Figure 4.35: Proton NMR of compound 40. Related to scheme 4.3. 
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Figure 4.36: Carbon-13 NMR of compound 40. Related to scheme 4.3. 
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Small peptide assay:  

As described previously, the small peptide assay was carried out in a black 

flat/transparent bottom 96-well plate with a 100 μL volume.1,2 Different concentrations of 

compounds  (between 80 μM to 1.25 μM ) to be tested were incubated with 1 nM 20S 

proteasome (Enzo Life Sciences) in a 50 mM Tris-HCl and 100 mM NaCl buffer at a pH 

of 7.8 for 15 minutes at 37 °C. After incubation, Aminomethylcoumarin (AMC)-

conjugated substrates corresponding to each catalytic site were added. The enzymatic 

activity was measured at 37 °C on a SpectraMax M5e spectrometer by measuring the 

increase in fluorescence units per minute for one hour at excitation and emission 

wavelengths of 380 and 460 nm, respectively. The fluorescence of the vehicle was set at 

100%. The tested compounds' fold activity was then plotted as a function of drug 

concentration using GraphPad Prism. The fluorogenic substrates Z-LLE-AMC (Casp-L 

activity, 10 μM),  Suc-LLVY-AMC (CT-L activity, 10 μM), and Boc-LRR-AMC (T-L activity, 

20 μM, due to the low activity of the trypsin-like site)  used were all obtained from Bosten 

Biochem. 

In vitro α-synuclein degradation assay 

Proteolytic digestions of α-synuclein assays were carried out in a 25 μL reaction volume 

of 50 mM HEPES and 5 mM DTT buffer at a pH of 7.2, 300 nM of purified α-synuclein, 

and 10 nM purified human 20S proteasome. The 20S proteasome was first diluted to 11.1 

nM in the HEPES buffer, and 0.5 μL of the test compounds in DMSO or DMSO alone 

were added. The drug: proteasome solution was incubated for 45 minutes at 37 °C. After 

this incubation, 2.5 μL of a 3 μM stock of α-synuclein was added, and the mixture was 

incubated at 37 °C for an additional 3.5 hours. After the second incubation, 0.5 μM of 

GAPDH was added as a loading control.  A concentrated SDS loading buffer was also 

added, and then the samples were boiled for 10 minutes to stop the digestion and 

immunoblotted. 

To prepare samples for immunoblotting, a concentrated Laemmli buffer containing 25% 

β-mercaptoethanol was added, and the mixture was boiled for 10 minutes. Proteins were 

separated using a 4–20% Tris-glycine SDS-PAGE gel and transferred onto PVDF 

membranes with a Mini Trans-Blot Electrophoretic Transfer Cell for 90 minutes. After 
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transfer, membranes were blocked at room temperature for 30 minutes using a 5% 

blocking solution prepared in Tris-buffered saline containing Tween 20 (TBST). The 

membranes were then incubated for 1 hour at rt or overnight (16 hours) at 4°C with the 

appropriate primary antibody, diluted according to specifications, in TBST. Following 

primary antibody incubation, membranes were washed three times, each for 3 minutes, 

with TBST. They were then exposed to a secondary antibody for 1 hour at room 

temperature. Protein detection was performed using an ECL Western reagent, and 

signals were captured using the Azure Biosystems 300Q imaging system. When multiple 

proteins needed to be probed, membranes were stripped using a mild stripping buffer 

(200 mM glycine, 3.5 mM SDS, 8 mM Tween 20, pH 2.2) for 30 minutes. The membranes 

were then washed thrice with TBST, 5 minutes per wash, before re-probing using the 

same protocol. Protein band intensities were quantified using Bio-Rad Image Lab 

software. 
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Figure 4.37: Westerns of a-synuclein degradation by purified 20S proteasome 

treated with 10 µM of compound 30 ,and TCH-165. The quantification values were 

all normalized to the GAPDH, and the gels shown are indicative of n=3 

independent experiments. Related to Figure 4.6.  
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CHAPTER FIVE: Materials and Miscellaneous 

  



206 
 

5.1 Materials 

5.1.1 Antibodies 

Antibodies Source Catalog number 

Mouse Monoclonal Anti-α-
synuclein 

Novus Biologics NBP2-15365 

Rabbit Monoclonal Anti-p25α Novus Biologics NBP1-91613 

Mouse HRP Tagged Anti-GAPDH Novus Biologics NBP2-27103H 

Anti-Rabbit HRP-Linked Cell Signaling 7074S 

Anti-Mouse HRP-Linked Cell Signaling 70745 

Rabbit Anti-α-synuclein Abcam ab212184 

Mouse HRP Tagged Anti-DNP Santa Cruz Sc-69698 HRP 

Mouse HRP Tagged Anti-Ubiquitin Santa Cruz sc-8017 

Rabbit HRP Tagged Monoclonal  
ant-β Actin 

Cell Signaling 5125 

Table 5.1: List of antibodies used herein. 

5.1.2 Proteins and Peptides 

Proteins and peptides Source Catalog number 

Boc-LLR-AMC (trifluoroacetate 
salt) 

Cayman Chemicals 26642 

Z-LLR-AMC Cayman Chemicals 10008117 

Suc-LLVY-AMC R&D Systems S-280-05M 

Human 20S Proteasome protein, 
CF 

R&D Systems E-360-050 

Recombinant Human alpha-
synuclein protein, CF 

R&D Systems SP-485-500 

Recombinant Human GAPDH 
protein 

Novus Biologics NBP2-52615 

Rabbit HRP Tagged Monoclonal  
ant-β Actin 

Cell Signaling 5125 

Table 5.2: List of proteins and peptides used in this work. 

5.1.3 Mammalian Cell Lines 

Reagents Source Catalog number 

HET-293T ATCC CRL-3216 

HT-22 Cytion 305158 

Table 5.3: List of cell lines used in this work. 
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5.1.4 Reagents and Chemicals  

Reagent  Source Identifier  

Dulbecco’s Modified Eagle’s 
Medium  Gibco 11995-065 

Penicillin–Streptomycin  Gibco 15140-122 

Fetal Bovine Serum  Gibco 26140-079 

RPMI 1640  Gibco 11875-093 

Horse Serum Donor Herd  Sigma-Aldrich H1270 

Opti-mem  Gibco 31985-070 

0.25% Trypsin-EDTA (1x) Gibco 25200-056 

 
DMEM, high glucose, no 
glutamine, no phenol red ThermoFisher Scientific  31053036 

cOmplete™, Mini, EDTA-free 
Protease Inhibitor Cocktail Sigma-Aldrich 11836170001 

X-tremeGENE siRNA 
Transfection Reagent  Sigma-Aldrich 4476093001 

X-tremeGENE HP DNA 
Transfection Reagent Sigma-Aldrich 6366236001 

PBS Sigma-Aldrich D8537 

RIPA Buffer Sigma-Aldrich R0278 

HBSS ThermoFisher Scientific  882484 

TMRM ThermoFisher Scientific  T668 

Pierce BCA Protein Analysis 
Kit  ThermoFisher Scientific  23225 

Laemmli Sample Buffer  Bio-Rad 1610747 

2-Mercaptoethanol  Sigma-Aldrich M6250 

4-20% Tris-glycine SDS-PAGE 
gel  Bio-Rad 4561096 

PVDF membrane  Bio-Rad 1620177 

Blotting Grade Blocker Bio-Rad 1706404 

Table 5.4: List of chemicals and reagents used in this work. 
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Radiance plus Azure Biosystems AC2103 

Cell Titer Glo Reagent  Promega G3580 

GSH/GSSG-GloTM Assay Promega V6611 

TCH-165 Njomen, E.; et al.42  N/A 

TMRM  ThermoFisher Scientific  T668 

Bortezomib Cayman Chemicals  10008822 

Flowmi® Cell Strainers (with a 
porosity of 40 μm) Sigma-Aldrich BAH136800040 

Table 5.4: (Cont’d). 

5.1.5 Instrumentation 

Instrumentation Source Identifier  

Q500 Sonicator Qsonica Q500-110 

Mini Trans-Blot 
Electrophoretic Transfer Cell  Bio-Rad 1703930 

Azure Biosystems 300Q 
imager Azure Biosystems  AZI300-01 

SpectraMax® M5e 
Microplate Reader Molecular Devices Refurbished  

BioTek Synergy Neo Agilent N/A 

Table 5.5: List of instruments used in this work. 

5.1.6. Software 

 Software Source Identifier  

Bio-Rad Image Lab 
software Bio-Rad 

Bio-Rad: https://www.bio-rad.com/en-
us/product/image-lab-

software?ID=KRE6P5E8Z 

GraphPad Prism 8 GraphPad 
GraphPad: https://www.graphpad. 

com/scientific-software/prism/ 

SoftMax Pro 7.1 
Molecular 
Devices 

Molecular Devices: 
https://support.moleculardevices.com/s/article/

SoftMax-Pro-7-1-software-Download-page 

Table 5.6: List of software utilized in this work. 
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5.2 Miscellaneous  

5.2.1 Quantification and statistical analysis 

All data presented in this work are as mean ± standard deviation (SD) unless otherwise 

stated in the legend. For each figure, the number of replicates is indicated in the figure 

legends. Statistical analysis was only performed on experiments with three or more 

replications or “n’s. Western blot quantifications were performed with Bio-Rad Image 

Lab software. Statistical analysis was performed with GraphPad Prism 8 software. One-

way ANOVA analysis, along with appropriate post-hoc tests, was used for multiple 

comparisons of means. Effect was considered significant for *p< 0.05, **p< 0.01, ***p< 

0.001, ****p< 0.0001.  

5.2.2  Note 

Sections 2.2-2.5 of chapter 2 were reproduced with permission from iScience 2024, 27 

(7), 110166-110166. Publication date: July 19, 2024: Copyright 2024 Elsevier Inc. 

https://doi.org/10.1016/j.isci.2024.110166. 

 

 


