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ABSTRACT 

The accumulation of intrinsically disordered proteins (IDPs) and the associated disruption 

of cellular proteostasis is implicated in the progression of a number of neurodegenerative 

diseases and cancers. Due to the highly disordered nature of IDPs, they are considered 

“undruggable” targets because of their lack of typical drug binding pockets. The work in this 

dissertation focuses on the exploration of an alternative approach to pharmacologically regulate 

these “undruggable” proteins through proteasome-mediated degradation. The 20S proteasome 

is a large protein degradation complex responsible for maintaining low cellular levels of IDPs. Our 

approach uses small molecule enhancers of proteolytic activity of the 20S proteasome to 

enhance the degradation of IDPs, thereby preventing their accumulation and associated toxicity.  

To demonstrate the potential use of small molecule 20S activation as a novel therapeutic 

approach for the treatment of neurodegenerative diseases, we studied the effects of a 20S 

proteasome activator toward an IDP target associated with the progression of amyotrophic 

lateral sclerosis (ALS). Recently, 30 to 60 percent of familial ALS cases have been linked to a gene 

mutation that results in the production of five highly disordered dipeptide repeat (DPR) proteins. 

The accumulation and aggregation of DPRs have shown to disrupt cellular proteostasis, leading 

to uncontrolled protein levels, resulting in neuron death and further disease progression. In a 

recent collaborative study, we have demonstrated that 20S proteasome activator, TCH-165, 

enhances the degradation of DPR proteins. The enhanced degradation of DPR proteins led to the 

restoration of cellular proteostasis and provided protection against DPR induced neurotoxicity in 

ALS disease models.  

We then aimed to explore the potential use of small molecule 20S activation as a novel 

therapeutic strategy for cancer treatment. The overexpression of the highly disordered 

transcription factor, c-MYC, has been found in more than 70 percent of all human cancers. 

Dysregulation of c-MYC protein levels and its accumulation has shown to induce its oncogenic 

transcriptional activity, resulting in the transcription of a number of genes that promote tumor 

growth and cancer cell proliferation. In a recent study, we demonstrated the ability of TCH-165 

to reduce cellular c-MYC protein levels. The enhanced degradation of c-MYC prevented its 

oncogenic effects, inhibiting cancer cell proliferation and reducing tumor growth in vivo. 



 
 

To further explore this therapeutic strategy, a novel class of 20S proteasome activators 

was identified and synthetically modified to generate a series of analogues. Through investigation 

of the biological activities of this new class of 20S proteasome activators, a new component of 

the therapeutic mechanism was discovered. These findings provide evidence that activation of 

the 20S proteasome can be tuned to selectively target IDPs based on their amino acid sequence. 

This suggests the exciting possibility that a small molecule 20S proteasome activator could be 

designed to selectively target a specific IDP for a more targeted disease treatment. In all, this 

work suggests that small molecule activation of the 20S proteasome may offer a potential novel 

therapeutic strategy for the treatment of neurodegenerative diseases and cancers in which 

intrinsically disordered protein accumulation plays a significant role in disease progression. 
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CHAPTER ONE 

Restoration of Proteostasis Through Modulation of the Ubiquitin Proteasome System Offers 
Novel Strategy for the Treatment of Neurodegenerative Diseases and Cancers 
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1.1 Introduction 

1.1.1 The Proteostasis Network 

Protein homeostasis, or proteostasis, is achieved by maintaining a balance of protein 

synthesis, folding, and proteolytic degradation through strict regulation of the machineries 

responsible for these processes.1 This extensive network of molecular chaperones, proteolytic 

systems and their regulators are highly interconnected allowing for crosstalk between the 

systems to coordinate a number of functions necessary to maintain proper protein abundance 

and a balanced proteome. If an imbalance is detected, the network works together to correct 

abnormalities to restore proteostasis and ensure proper cellular function. The network is 

responsible for regulating a wide range of functions including protein synthesis through the 

regulation of translation, protein folding and transport through the regulation of molecular 

chaperones, and protein degradation via cellular proteolytic machineries.1,2 

Proteins are synthesized by ribosomes in a process known as translation, in which an 

amino acid sequence encoded by an mRNA strand is synthesized into a polypeptide chain. 

Translation is tightly regulated to control protein abundance in the cell.3 Once the polypeptide 

chain is synthesized, for most proteins, it is essential that it is folded into a specific 3D 

conformation to perform its biological function. Molecular chaperones are proteins that help 

accomplish this by binding to newly translated or misfolded proteins to aid in their folding or 

assembly.3,4 Furthermore, molecular chaperones prevent aggregation of proteins by promoting 

folding of proteins in a partially unfolded or misfolded state.3 Another important function 

performed by molecular chaperones is to transport proteins from their synthesis site in the 

cytosol to specific cellular compartments in order for the protein to perform its specific function.3 

Finally, once a protein has completed its function or is damaged, it is then degraded by the cell’s 

proteolytic machineries. The ubiquitin proteasome system (UPS) and the autophagy-lysosome 

system are two proteolytic systems in place to degrade these damaged or redundant proteins.1,5 

Protein degradation allows the cell’s amino acid pool to be replenished and prevents the 

accumulation of proteins which has shown to induce their aggregation leading to proteotoxicity. 

Due to the crosstalk between the systems of the proteostasis network, it is able to adapt in 

response to a number of stressors, such as mutations and oxidative stress, to preserve 
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proteostasis.6,7 However, decline in the efficiency of the proteostasis network has been 

implicated in disease pathogenesis and will be discussed later in this chapter.2,8,9 

1.1.2 Intrinsically Disordered Proteins and Their Functions 

Despite the long-standing belief that proteins must be folded into a specific, well-defined 

3D conformation to perform their biological function, this is not true for all proteins. Cellular 

proteins are now known to lie on a continuum of protein disorder, ranging from proteins with a 

highly ordered quaternary structure, to proteins that lack any defined tertiary structure at all.10 

Proteins that consist of mostly disordered regions are referred to as intrinsically disordered 

proteins (IDPs), however, proteins exist that lie in the midst of this continuum, containing both 

structured regions and intrinsically disordered regions (IDRs).11 Since the formation of 

hydrophobic interactions has shown to be the driving force behind protein folding, IDPs and IDRs 

have shown to be depleted of order-promoting residues (i.e. Trp, Cys, Tyr, Ile, Phe, Val, Asn, and 

Leu), many of which are quite hydrophobic, and enriched in disorder-promoting residues (i.e. 

Arg, Pro, Gln, Gly, Glu, Ser, Ala, and Lys), often containing repeats of amino acids.12,13 In addition 

to the low hydrophobic amino acid content of IDPs, many have a high net charge under 

physiological pH.13 These sequence characteristics result in a highly dynamic protein, where parts 

of an IDP can be disordered or temporarily gain order at any given time. This high conformational 

flexibility and structural plasticity of IDPs and IDRs allows them to interact with multiple different 

binding partners to perform a wide variety of unique functions which would be difficult for 

ordered proteins.13 

Intrinsically disordered proteins play a central role in the regulation of cellular signaling 

pathways through transient binding events with multiple binding partners. Often intrinsically 

disordered proteins undergo transitions to more ordered states or fold into stable secondary or 

tertiary structures upon binding to their targets, however, this is not always the case.14 It has 

been shown that about one-third of protein chaperones are disordered in nature.11 Since IDPs 

and IDRs can adapt their structures according to different binding partners, they have shown to 

efficiently bind misfolded proteins, burying their hydrophobic residues and preventing their toxic 

aggregation.11 A number of IDPs have also shown to aid in the assembly of macromolecular 
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complexes, such as the ribosome. In these cases, the IDP interacts with multiple binding partners 

simultaneously to promote the formation of higher-order protein complexes.11,15  

Additionally, it has been found that over 90 percent of transcription factors are IDPs or 

contain IDRs.14 A transcription factor is a protein that regulates the transcription of genes by 

promoting the process of RNA synthesis from DNA. The RNA sequences are then translated into 

proteins that perform specific functions throughout the cell. Transcription factors often contain 

a structured DNA binding domain and a disordered domain that recruits transcriptional activation 

or repression components.14 The transcription factor, c-MYC, is an example of an intrinsically 

disordered transcription factor that is responsible for the regulation of many genes involved in 

cell growth and proliferation.16 c-MYC activates transcription through binding its disordered 

binding partner MYC Associated Factor X (MAX) to form a heterodimer, which then binds a DNA 

target sequence to initiate transcription of almost 15 percent of all genes.16–18 

1.1.3 Regulation of Intrinsically Disordered Proteins 

Due to their promiscuity and ability to bind numerous binding partners, IDP abundance 

must be tightly regulated to avoid aberrant signaling. Regulation of IDPs is accomplished through 

a number of mechanisms from protein synthesis to protein degradation. Multiple mechanisms at 

the transcriptional and translational level are in place to maintain low levels of cellular IDPs and 

typically for short periods of time.19 Studies have shown that the mRNA transcripts that encode 

IDPs tend to have higher mRNA decay rates compared to structured proteins.20 These short 

mRNA half-lives allow for rapid changes of protein concentration depending on environmental 

conditions or when signaling inputs change.21  

Furthermore, the protein half-life of a majority of IDPs have been observed to be shorter 

than that of most structured proteins.19 This decreased half-life has been linked to IDPs increased 

susceptibility to proteolytic degradation by the UPS.22,23 However, while IDPs are rapidly 

degraded by the UPS, mechanisms are in place to protect IDPs from UPS degradation if an IDP is 

needed in high concentrations or for long periods of time to perform a specific function. A class 

of proteins known as nanny proteins have shown to stabilize IDPs by binding to the IDRs that 

facilitate their degradation.24 Through formation of this stable protein complex, the IDP gains a 

level of order and degradation of the IDP is prevented. Another method of IDP regulation is 
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through their post-translational modifications, such as phosphorylation. Phosphorylation of IDPs 

have shown to change the net charge of an IDP, thereby modulating the binding affinity of 

interactions with binding partners.25 Again, influencing whether an IDP is in a bound or unbound 

state significantly affects its vulnerability toward proteolytic degradation. 

1.2 The Ubiquitin Proteasome System 

1.2.1 Structural Features of the Proteasome 

The UPS is one of two major proteolytic degradation systems of the proteostasis network. 

The UPS is responsible for the degradation of proteins spanning a wide degree of protein 

structure, ranging from highly structured proteins to IDPs which lack a defined tertiary structure. 

The UPS is made up of the active 26S proteasome, which is primarily responsible for the 

degradation of structured proteins through a ubiquitin-dependent degradation,26,27 and the 20S 

proteasome which is thought to be a less active/latent isoform. The 20S proteasome has shown 

to target IDPs for degradation in a ubiquitin-independent manner.26,28–30  

The 20S core particle is a threonine protease comprised of four stacked hetero-

heptameric rings arranged in an α7β7β7α7 fashion (Figure 1.1A).31 Each of the β-rings contains 

three unique proteolytically active β-subunits (i.e. proteolytic sites), for a total of six proteolytic 

sites per 20S core particle. Each of these proteolytic sites exhibit different substrate preferences 

due to the varying substrate binding pockets of each active site.32 These substrate binding 

pockets among the proteolytic sites vary since they are formed by interactions between the 

proteolytic subunit and the neighboring β-subunit.33 The active site specificity is as follows: the 

chymotrypsin-like site (CT-L; β5 subunit) preferentially cleaves are large hydrophobic amino acid 

residues, the trypsin-like site (T-L; β2 subunit) preferentially cleaves after basic amino acids, and 

the caspase-like (Casp-L; β1 subunit) preferentially cleaves after acidic amino residues.34,35 Each 

of these proteolytic sites contains an active threonine residue that binds substrate proteins, 

followed by subsequential hydrolytic cleavage of the peptide bond and degradation of the 

substrate.36 The combined proteolytic activities of these proteolytic sites with varying substrate 

specificities allows for the effective degradation of a wide range of proteins with varying amino 

acid composition. 
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Figure 1.1 Structural components of the ubiquitin proteasome system (UPS). (A) Low 
activity/latent 20S isoform of the proteasome with the three unique catalytic sites of the β-rings 
identified (chymotrypsin-like; CT-L (β5), trypsin-like; T-L (β2), and caspase-like; Casp-L (β1)). The 
20S proteasome is in a dynamic equilibrium with the fully assembled, active 26S isoform of the 
proteasome. Formation of the 26S proteasome requires an ATP-dependent docking of the 19S 
regulatory cap. (B) Docking of the 19S cap occurs through the binding of the Rpt1-6 tails at the 
base of the 19S cap into the intersubunit pockets on the α-ring of the 20S proteasome. (C) N-
termini tails of the α-subunits occlude access to the proteolytic core in the closed conformation 
of the 20S proteasome (left). The closed conformation is in equilibrium with an open gate 
conformation (right) in which the N-termini tails are displaced from their obstructive position 
over the proteolytic core. 

The two outer α-rings of the 20S core particle act as gate keepers to the inner proteolytic 

core.31,36,37 The amino termini (N-termini) tails of the α-subunits form a “gate” over the 13-Å 

central pore of the 20S core particle to occlude access to the proteolytic sites; this conformation 

is referred to as a closed gate conformation (Figure 1.1C, left).37 The N-termini tails contain a 

highly conserved tyrosine-aspartate-arginine (YDR) motif which form salt bridges with the 



7 
 

neighboring tails to block access to the central pore.32,37 The α3 N-termini tail has shown to be 

the critical anchor for stabilizing this closed gate conformation, as its deletion has shown to 

significantly destabilize the closed gate conformation allowing increased substrate access to the 

proteolytic core.37,38 The 20S core particle is found primarily in a closed gate conformation, 

however, it is in equilibrium with an open gate conformation in which the N-termini tails undergo 

conformational fluctuations being transiently displaced from their obstructive position over the 

pore (Figure 1.1C, right).39,40 

To induce gate opening of the 20S core particle a regulatory “cap” protein can associate 

with the 20S core particle to form various activated isoforms of the proteasome.32 The 26S 

proteasome is one of these activated isoforms that is formed when the 20S proteasome 

associates with one or two 19S regulatory caps (Figure 1.1A).41 The 19S cap binds to the 20S core 

particle using the C-termini tails of six ATPase subunits (Rpt1-6) at the base of the 19S cap.42 

These Rpt tails are inserted into the intersubunit pockets on the α-ring and bind using a conserved 

motif (Figure 1.1B). It is interesting to note, that while the combination of Rpt tails of the 19S cap 

bind to induce an open gate conformation, Rpt-5 is the only peptide tail that has shown to be 

able to induce an open gate conformation individually.32 Characterization of this motif has been 

extensively studied revealing a hydrophobic-tyrosine-any residue (HbYX) motif is used for 

binding.41 A recent study has further defined the sequence selectivity of this motif, identifying a 

tyrosine or phenylalanine-tyrosine (Y-F/Y) sequence as the conserved motif.43 Upon binding of 

the 19S cap using this motif, an ATP-dependent conformational change of the α-ring is induced 

and opens the gate to the proteolytic core.41,42 In addition to the 19S cap, the human 20S 

proteasome can be activated by two other families of protein cap activators, the 11S (i.e. 

PA28α,β,γ; also known as REGα,β,γ) and PA200.32 These two families of proteasome activator 

caps differ from the 19S cap, in that their binding does not require ATP and they are unable to 

aid in the unfolding of protein substrates.32 

1.2.2 Ubiquitin-Dependent Proteasomal Degradation 

The 26S proteasome is primarily responsible for the degradation of structured proteins 

through a ubiquitin-dependent degradation.26,27 When a protein has become damaged, 

misfolded, or redundant, the protein must be degraded to replenish amino acid stores in the 
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body and avoid the toxic accumulation of proteins. However, for recognition of a protein as a 

substrate of the 26S proteasome, the protein must be ubiquitinated. Ubiquitin is a small protein 

that undergoes a set of reactions to be conjugated to other ubiquitin molecules to form a poly-

ubiquitin chain. This poly-ubiquitin chain serves as a tag for 26S proteasome recognition, allowing 

the 26S proteasome to selectively identify and degrade these unneeded proteins.44  

The attachment of the poly-ubiquitin chain relies on a three-step process involving three 

different enzymes (E1, E2 and E3 ligases) as shown in Figure 1.2. The ubiquitination process 

begins with the activation of ubiquitin by an E1 ubiquitin activating enzyme through an ATP-

dependent process.45 In this reaction a cysteine active site residue of the E1 enzyme reacts with 

the C-terminal carboxyl group of the ubiquitin molecule to form a thioester bond. Once the 

ubiquitin molecule is bound to the E1 enzyme, the ubiquitin molecule is transferred to the 

cysteine active site of the E2 ubiquitin-conjugating enzyme forming a new thioester bond with 

the E2 enzyme.45 Lastly, an E3 ubiquitin ligase binds to both the E2-ubiquitin complex and the 

protein substrate to be ubiquitinated. The ubiquitin is then transferred to the substrate protein 

forming an amide bond between the C-terminal end of the ubiquitin molecule and a lysine reside, 

or on rare occasions other nucleophilic amino acid residues, on the substrate protein.45–47 To 

form a poly-ubiquitin chain, this set of reactions is repeated to add additional ubiquitin 

molecules. However, in these successive reactions the ubiquitin molecule is added to a Lysine-48 

(i.e. K48) of the previously conjugated ubiquitin molecule for proteins destined for degradation 

by the UPS.45,46 Typically, a poly-ubiquitin tag of four ubiquitin molecules is sufficient for 

recognition by the 26S proteasome.48 Ubiquitination of one of the other seven lysine residues of 

ubiquitin often designates other fates. For example, ubiquitin linkages on Lysine-63 (i.e. K63) 

often signals degradation through the autophagy pathway.46 
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Figure 1.2 Schematic of the ubiquitin-dependent degradation of a protein. A poly-ubiquitin chain 
is first attached to the target protein through a three-step process using the E1, E2 and E3 
enzymes. The ubiquitinated protein is then recognized as a protein substrate for the 26S 
proteasome by ubiquitin receptors on the 19S cap. Additional subunits on the 19S cap then 
deubiquitinate, unfold and translocate the protein into the proteolytic core for degradation. 

After the poly-ubiquitin chain has been added, ubiquitin receptors on the 19S cap (i.e. 

Rpn1, Rpn10, and Rpn13) of the proteasome bind the ubiquitinylated protein substrate.32,44 

Through an ATP-dependent process, the protein substrate is then unfolded and translocated into 

the proteolytic core of the 20S core particle. As the protein is translocated, the Rpn11 subunit, 

which is a deubiquitinase (DUB) enzyme, removes the poly-ubiquitin chain from the substrate 

protein to allow it to be recycled and used in another degradation event.32,49 Once the substrate 
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protein reaches the proteolytic sites of the core, the peptide bonds of the substrate protein are 

hydrolytically cleaved producing small peptide fragments to be recycled by the cell. 

1.2.3 20S Proteasome-Mediated Ubiquitin-Independent Degradation 

In the absence of 19S caps, the 20S proteasome lacks the ability to recognize poly-

ubiquitin chains or unfold protein substrates for degradation. As a result, the 20S proteasome is 

unable to degrade structured proteins no longer needed by the cell. However, the 20S 

proteasome is known to be a critical regulator of cellular IDP levels. The degradation of IDPs does 

not require protein unfolding and occurs in a ubiquitin-independent manner through the 20S 

proteasome.26,28–30 Although, it is important to note that IDPs can also be ubiquitinated and 

degraded in a ubiquitin-dependent manner through the 26S proteasome.45  

Additionally, without binding of the 19S cap to induce gate opening, the 20S proteasome 

is primarily found in a closed gate conformation. In this closed gate conformation, the N-termini 

tails of the α-subunits block access to the proteolytic core preventing substrate entry.37 However, 

the 20S proteasome is known to be in equilibrium with an open gate conformation in which the 

N-termini tails undergo conformational fluctuations that result in displacement of the N-termini 

tails and gained access to the core.39,40 However, because this equilibrium favors a closed 

conformation, the 20S proteasome has often been considered a latent isoform of the 

proteasome. Despite the low basal activity of the 20S proteasome, the intermittent presence of 

open gate 20S proteasomes is sufficient to maintain low levels of IDPs to preserve proteostasis 

in a healthy cell. Furthermore, direct interactions of IDP substrates with the α3 subunit of the 20S 

proteasome’s α-ring has shown to induce a conformational change resulting in gate-opening and 

substrate degradation.50 In combination, the ubiquitin-dependent and ubiquitin-independent 

degradation pathways work harmoniously to maintain healthy levels of two different pools of 

proteins to preserve cellular proteostasis.   

1.3 Dysregulation of IDPs and Imbalanced Proteostasis in Disease 

As previously discussed, cellular IDP levels are tightly regulated to control their 

abundance. This regulation occurs at the transcriptional and translational level, as well as through 

interactions with binding partners to gain stability and protection from protein 

degradation.19,24,25 The IDPs which are no longer needed are then degraded by the 20S 
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proteasome to prevent their accumulation. While the low basal activity of the 20S proteasome is 

sufficient to maintain proteostasis and low IDP levels in a healthy cell, the dysregulation and 

accumulation of IDPs has been associated with the progression of numerous diseases.51–54 This 

accumulation of IDPs has shown to occur through a variety of mechanisms including, 

dysregulation of the UPS, mutations, gene amplification, or other cellular dysregulations.55  

Under typical circumstances crosstalk between the systems of the proteostasis network 

allow it to adapt in response to a number of stressors, such as mutations and oxidative stress, to 

preserve proteostasis.6,7 However, with age, the efficiency of the proteostasis network declines 

and has been identified as a major contributor to age-related cellular dysfunction and 

degenerative diseases.2,8,9 Once efficiency has been compromised, damaged, misfolded, and 

redundant proteins can accumulate causing an imbalance in proteostasis.  

1.3.1 Imbalanced Proteostasis in Neurodegenerative Diseases 

Disruption of proteostasis and the accumulation of IDPs has been implicated in the 

progression of a number of neurodegenerative diseases including Parkinson’s disease (i.e. α-

synuclein), Alzheimer’s disease (i.e. tau and amyloid-β), Huntington’s disease (i.e. polyQ), and 

amyotrophic lateral sclerosis (ALS).51–54 In these diseases, the accumulation of aggregation-prone 

proteins has shown to impair the function of components of the proteostasis network resulting 

in the toxic accumulation of protein aggregates.32,56 In context of the work to be discussed in this 

dissertation, the role of IDP accumulation in the progression of ALS will be discussed in greater 

detail.  

ALS is a fatal neurodegenerative disease characterized by muscle atrophy and the 

progressive loss in the ability to initiate and control muscle movement, leading to paralysis and 

ultimately death. Studies have shown that five distinct proteins with high levels of disorder are 

major drivers of disease progression. These proteins include the superoxide dismutase 1 (SOD1) 

enzyme, a TAR-DNA binding protein-43 (TDP-43), an RNA-binding protein FUS, actin-binding 

profilin-1 (PFN1), a cofilin-binding protein C9orf72, and a family of dipeptide repeat (DPR) 

proteins generated as a result of its intronic hexanucleotide expansions.57  

The SOD1 protein is predicted to be almost 45 percent disordered using Predictor of 

Natural Disordered Regions (PONDR) algorithms. Mutations of the SOD1 gene have been found 
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in approximately 20 percent of familial ALS cases.57 Of the more than 170 SOD1 mutants 

identified, the mutations result in a varied conformation which exposes a short region of its N-

terminal, with many increasing the disorder of SOD1.57 This exposed region has shown to cause 

endoplasmic reticulum (ER) stress and is aggregation-prone due to the exposure of hydrophobic 

regions.58,59 This increased aggregation propensity of IDPs has shown to result in the 

accumulation of protein aggregates that cause significant cellular toxicity. Mutants of TDP-43, 

FUS and PFN1 have similar origins in which a point mutation results in an altered protein 

conformation, affecting its interaction with various cellular components, causing nefarious 

signaling.57  

In the previously discussed cases, a point mutation within the coding region of the SOD1, 

TDP-43, FUS and PFN1 genes resulted in a structural modification to the endogenous protein in 

which the gene encodes, producing a mutant protein with altered behavior and interactome of 

proteins. This is a common mechanism by which mutant IDPs associated with disease pathology 

are produced. Contrary to these cases, the dipeptide repeat (DPR) proteins that arise from a 

mutation in the C9ORF72 gene have a more obscure origin. The DPRs are generated from a 

hexanucleotide repeat expansion (HRE) of sequence 5’ GGGGCC 3’ located in a non-coding intron 

flanked by exons 1a and 1b in the C9ORF72 gene.60,61 The HREs are transcribed into long stretches 

of mRNA which adopt a stable hairpin secondary structure, allowing for the initiation of repeat-

associated non-ATG (RAN) translation.62,63 Through this unconventional RAN translation the 

sense and antisense mRNA strands undergo translation in the absence of a start codon producing, 

depending on the reading frame, five unique DPR proteins; poly-GA, poly-GP, poly-GR, poly-PR, 

and poly-PA.62,64–67 In other words, the DPR proteins are synthesized based on a portion of the 

RNA sequence that is not typically used to produce a protein. Therefore, the DPR proteins are 

not an endogenous protein that has been mutated, but a completely new protein species 

introduced into the cell. This new species of proteins are known to be highly disordered, 

aggregation-prone, and highly toxic to neurons.56,68 

The mechanism of disease progression is convoluted for these diseases, but the decline 

in the proteostasis network and dysregulation of the ubiquitin-proteasome system (UPS) has 

been identified as a major contributing factor.69–72 Evidence suggests that the accumulation of 
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aggregation-prone IDPs results in the formation of soluble oligomeric IDP aggregates that can 

allosterically inhibit the 26S and 20S proteasomes.73 This impairment of 20S proteasome function 

decreases IDP degradation resulting in a self-reinforcing feedback loop leading to further 

accumulation of toxic aggregates, and ultimately the death of neurons.73  This cascade associated 

with disease progression is depicted in Figure 1.3.  

 

Figure 1.3 Schematic illustrating the cascade of disease progression that has been outlined 
implicating impairment of 20S proteasome function by the accumulation of IDP aggregates as a 
driver of neurodegenerative diseases. 

While evidence suggests an allosteric mechanism of proteasome impairment, the 

mechanism by which IDP aggregates inhibit the proteasome has yet to be fully elucidated. 

Recently, a mechanistic model was proposed suggesting that IDP oligomers bind to the outer 

sides of the 20S core particle resulting in a conformational change.73 It is proposed that this 

conformational change allosterically stabilizes the closed gate conformation of the 20S 

proteasome, restricting access of substrates to the proteolytic chamber for degradation.73 

Another recent study suggests that poly-GA DPR proteins entangle proteasomes into large 

ribbon-like aggregates, trapping them in a state of stalled degradation.74 In the work discussed 

in Chapter 2, my efforts to elucidate the mechanism by which the poly-GR and poly-PR DPR 

proteins impair proteasome function will be discussed.  

1.3.2 Imbalanced Proteostasis in Cancer 

Decline in proteostasis and the accumulation of IDPs has also been implicated in the 

progression of a number of cancers.75,76 Extensive alterations in protein expression drive 

malignant transformation of cancer cells.77 As cells transform to cancer cells, there are significant 

upregulations of many proteins, such as those that regulate cell survival and proliferation, cell 

migration, and metastasis.77 This altered proteostasis and abnormally high levels of certain 

proteins found in cancer cells places a high burden on the UPS and other proteostasis 
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machinery.78 This is to ensure limited resources in the cell, such as amino acids for protein 

synthesis, are maintained while maintaining cancer cell growth and survival.  

In context of this work, the dysregulation of the transcription factor, c-MYC, and its role 

in oncogenesis will be discussed. Due to the strong growth-promoting and cell proliferative 

activities of c-MYC it is typically tightly regulated by the cell.16 Degradation of c-MYC protein 

through ubiquitin-dependent degradation by the UPS has shown to be the most prominent 

mechanism by which proper c-MYC protein levels are maintained.79,80 However, its ubiquitin-

dependent degradation has shown to rely on a number of post-translational modifications to 

render it more susceptible to degradation by the UPS. For example, phosphorylation of certain 

amino acid residues has shown to be required for E3 ligase recognition of c-MYC and subsequent 

attachment of the poly-ubiquitin chain.79,81 Nonetheless, in a healthy cell this nuanced process 

allows proper c-MYC protein levels to be maintained in order to prevent uncontrolled cell 

proliferation as well as other c-MYC-mediated functions.  

Dysregulation of c-MYC protein levels have shown to result from gene mutations of the 

MYC gene, such as gene amplification.82 Additionally, factors that impact c-MYC protein stability 

can result in an increase in c-MYC protein levels. For example, mutations of E3 ligases known to 

be responsible for the ubiquitination of c-MYC protein have been found in a number of 

cancers.79,83 These mutations inactivate their ability to ubiquitinate c-MYC protein, thereby 

preventing its ubiquitin-dependent degradation by the 26S proteasome.83 Furthermore, 

alteration of cell signaling pathways are known to impact c-MYC protein stability through 

alteration of its post-translational modifications, such as its phosphorylation state for E3 ligase 

recognition.79,84,85 This dysregulation of c-MYC protein levels and its accumulation can induce its 

oncogenic transcriptional activity, resulting in the transcription of a number of genes that 

promote tumor growth and cancer cell proliferation.82,86 In fact, overexpression of c-MYC has 

been found in more than 70 percent of all human cancers, with a high prevalence in 

hematological cancers, such as acute lymphoblastic leukemia and multiple myeloma.87,88 
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1.4 Pharmacological Targeting of IDPs in Disease 

1.4.1 Drugging “Undruggable” Targets 

Due to the noxious activities induced by their accumulation, IDPs are a highly sought after 

drug target. However, due to their disorder and lack of typical drug binding pockets they have 

evaded pharmacological targeting and been termed “undruggable” targets. Recent strategies 

designed to indirectly target IDPs have begun to show some success toward drugging these 

targets, and a few of them will be discussed here. 

One of these approaches is through the use of small molecules or antibodies to prevent 

protein-protein interactions that result in toxic signaling. As previously discussed, the 

accumulation of amyloid-β aggregates has been implicated in the progression of Alzheimer’s 

disease.52 Recently, two monoclonal antibodies (i.e. Lecanemab and Aducanumab) have been 

FDA approved for the treatment of Alzheimer’s disease.89 The monoclonal antibodies target 

soluble protofibril aggregates of amyloid-β to reduce its further fibrilization, resulting in 

significant reduction of amyloid plaques.90 This reduction of aggregated amyloid plaques has 

shown to slow clinical decline in early Alzheimer's disease patients.90 Similar disruption of 

protein-protein interactions as a treatment from c-MYC driven cancers has been explored using 

small molecules.91–93 The small molecules aim to interrupt the c-MYC-MAX heterodimerization 

necessary for its transcriptional activation to reduce c-MYC-promoted gene transcription and its 

oncogenic signaling.92 

Antisense oligonucleotides (ASOs) are also being explored for the treatment of diseases 

associated with toxic protein accumulation, however, instead of targeting the protein, the mRNA 

sequence that encodes the protein is targeted using this strategy.94,95 ASOs are small single-

stranded DNA oligomers that bind a target mRNA sequence.95 Depending on the design of the 

ASO, gene expression is modulated through several distinct mechanisms. For example, some 

ASOs work through degrading the target mRNA. Once the RNA-DNA complex forms, it recruits 

the enzyme RNase H to cleave the target mRNA.95 By degrading the gene target, the gene will 

not be translated into a protein, and over time levels of the protein product is reduced. Another 

strategy uses an ASO to target the mRNA sequence around the start codon to block binding of 

ribosomal subunits to suppress translation of the target mRNA.95 Excitingly, a number of ASO 
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therapies for ALS are currently under investigation with ASOs that target SOD1, C9orf72, and FUS 

genes in clinical trials.94 In 2023, the FDA approved the ASO Tofersen for the treatment of SOD1-

associated ALS cases. ASOs have also been explored to reduce MYC translation, with promising 

studies showing ASO treatment decreases MYC mRNA and protein levels, reducing cancer cell 

proliferation.96 

Lastly, targeted protein degradation utilizing proteolysis-targeting chimera (PROTAC) 

molecules are under investigation for reducing IDP levels. PROTACs are a class of 

heterobifunctional small molecules that consist of two ligands joined by a linker.97 One ligand 

binds a protein to target for degradation, and the other ligand binds an E3 ubiquitin ligase. The 

simultaneous binding of the target protein and E3 ligase induces the ubiquitination of the target 

protein and its subsequent ubiquitin-dependent degradation by the UPS.97 Development of a 

PROTAC to target toxic TDP-43 aggregates implicated in the progression of certain forms of ALS 

is being studied to assess its therapeutic potential. In a recent study, a PROTAC targeting TDP-43 

aggregates has shown to effectively induce their ubiquitination and degradation by the UPS.98 

This translated to a decrease in TDP-43 oligomers in a cellular model and reduced their associated 

toxicity.98 This targeted protein degradation strategy has been employed against c-MYC in an 

attempt to reduce its anticancer effects. In a recent study, a PROTAC was designed to bind the c-

MYC-MAX heterodimer to enhance its degradation, which resulted in inhibition of cancer cell 

proliferation.99 

These possible therapeutic strategies offer great hope for the treatment of these 

devastating diseases. However, additional work is required to further explore these approaches 

as most are still under development and not yet approved for clinical use. Nonetheless, these 

studies have validated the idea of targeting IDPs to reduce their accumulation as a potential 

treatment for these proteotoxic diseases. In the work described in this dissertation, our efforts 

to develop a unique therapeutic approach to reduce IDP accumulation through a novel 

mechanism, and its potential use for the treatment of IDP-driven diseases will be discussed.  
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1.5 Small Molecule Activation of the 20S Proteasome 

1.5.1 Pharmacological Regulation of IDPs Through Enhanced Degradation 

Due to the highly disordered nature of IDPs, they have been identified as 20S proteasome 

substrates. Therefore, to pharmacologically regulate these “undruggable” proteins we 

hypothesize an alternative approach through enhancement of their 20S proteasome-mediated 

degradation. Small molecule activation of the 20S proteasome is an emerging strategy able to 

prevent the accumulation of IDPs and the toxicity associated with IDP accumulation.100–107 While 

the 20S proteasome is typically found in a low activity, closed gate conformation, small molecule 

20S activators increase the rate of proteolytic activity of the 20S proteasome. This increase in 

activity has shown to result in enhanced 20S proteasome-mediated degradation of IDPs, thereby 

preventing their accumulation and associated toxicities.100,108 

Exploration of the mechanism by which small molecule 20S activators work have been 

investigated using the Tepe lab’s first identified 20S activator, TCH-165.100 The small molecule 

TCH-165 has shown to potently enhance the rate of proteolytic activity of the 20S proteasome 

with an effective concentration to obtain a two-fold rate enhancement of 20S activity, EC200, of 

1.3 µM.100 This increased rate of proteolytic activity has shown to enhance the 20S proteasome-

mediated degradation of a number of IDPs associated with disease both in purified protein assays 

and in cell culture (e.g. α-synuclein, tau441, c-Fos), and is well tolerated in vivo.100,108 Utilizing 

atomic force microscopy it was shown that TCH-165 induces an open gate conformation of the 

20S proteasome (Figure 1.4B),100 suggesting that enhanced proteolytic activity is the result of the 

induction of an open gate conformation.  
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Figure 1.4 Previously published mechanistic data for 20S proteasome activator, TCH-165. (A) 
Structure of TCH-165. (B) Atomic force microscopy images show TCH-165 induces an open gate 
conformation of the 20S proteasome, significantly increasing the number of open gate 20S 
proteasomes. (C) TCH-165 is predicted to bind in the α1/2 intersubunit pocket of the 20S 
proteasome (top-view; PDB ID: 4R3O). (D) The Rpt-3 tail (2 µM) reduces the ability of TCH-165 (1 
µM) to enhance proteolysis of a protein substrate. Figure is adapted from Njomen et al.100 

The induction of this open gate conformation is analogous to how the endogenous 

protein regulatory caps, such as the 19S, activate the 20S proteasome. To bind to the 20S 

proteasome, the 19S cap binds into the intersubunit pockets between the α-subunits using an 

HbYX tail motif.41 Upon docking of the 19S cap, an ATP-dependent conformational change occurs 

opening the gate to the proteolytic core and allowing for increased substrate access to the 

proteolytic sites.41,42 While the binding site of TCH-165 and other small molecule 20S proteasome 

activators has yet to be elucidated, molecular docking studies have predicted that TCH-165 binds 

in the α1/2 intersubunit pocket of the α-ring of the 20S proteasome (Figure 1.4C).100 Therefore, 

it is hypothesized that the small molecules mimic binding of the 19S cap to induce an open gate 

conformation of the 20S proteasome and enhance proteolytic activity.  
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Additional support for this docking model was obtained through a competition 

experiment between TCH-165 and the Rpt-3 tail of the 19S cap that is known to dock into the 

α1/2 intersubunit pocket (Figure 1.4D). Results of this experiment showed that treatment of 

purified 20S proteasome with TCH-165 resulted in almost a 200 percent increase in 20S 

proteasome activity compared to the vehicle control, while treatment with Rpt-3 had no effect 

on activity.100 However, treatment of 20S proteasome with both TCH-165 and Rpt-3, significantly 

reduced the ability of TCH-165 to enhance 20S proteasome activity. These results suggest that 

TCH-165 and Rpt-3 of the 19S cap compete for binding. However, whether this is through 

competitive or non-competitive binding cannot be determined from this assay. While a number 

of studies support the idea that TCH-165 binds into the α1/2 intersubunit pocket of the α-ring, 

the binding site of a small molecule 20S proteasome activator has yet to be elucidated. Efforts to 

solve a ligand-bound 20S proteasome structure using cryogenic electron microscopy (cryo-EM) 

will be discussed in Chapter 2. Furthermore, continued exploration of this therapeutic strategy is 

underway to identify additional 20S proteasome activator scaffolds, identify novel therapeutic 

applications, and further investigate the mechanism of this exciting strategy. In all, this 

therapeutic strategy shows great promise for the treatment of diseases in which IDP 

accumulation is implicated in its pathogenesis.  

1.5.2 20S Proteasome Activation as a Novel Therapeutic Strategy for the Treatment of 

Neurodegenerative Diseases and Cancers 

The work in this dissertation will assess the therapeutic potential of this strategy for the 

treatment of neurodegenerative diseases (Part One) and cancers (Part Two). As the goal is to 

rescue cells from death in neurodegenerative diseases and kill cells in cancer treatment, this 

seems quite counterintuitive. However, if you consider the implications of reducing the amount 

of a specific IDP in each disease, thereby decreasing its function, it suggests the strategy may be 

efficacious for the treatment of both diseases. 

While the mechanism of perturbed proteostasis differs between neurodegenerative 

diseases and cancers, each class of disease has shown to critically burden the proteostasis 

network. In the case of neurodegenerative diseases, the accumulation of aggregation-prone IDPs 

results in the formation of soluble oligomeric IDP aggregates that impair UPS function. This 
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impairment of proteasome function decreases IDP degradation resulting in a self-reinforcing 

feedback loop leading to further accumulation of toxic aggregates, and ultimately the death of 

neurons.73 In cancer, the accumulation of IDPs, such as transcription factors, induce its oncogenic 

transcriptional activity, resulting in the transcription of a number of genes that promote tumor 

growth and cancer cell proliferation.82,86 While the IDPs that accumulate in cancer have not 

shown to aggregate or inhibit the proteasome through a direct binding interaction, as observed 

in neurodegenerative diseases, imbalanced proteostasis is still observed. Instead, their 

accumulation induces aberrant transcriptional activity resulting in the production of abnormally 

high levels of proteins that regulate cell survival and proliferation, cell migration, and 

metastasis.77 This altered protein abundance in the cell places a high burden on the UPS and 

other proteostasis machinery. 

Since IDP accumulation is at the heart of disease pathogenesis for both classes of disease, 

I hypothesize that enhanced degradation of these noxious IDPs through small molecule activation 

of the 20S proteasome may offer a novel therapeutic treatment for neurodegenerative diseases 

and cancers. By enhancing the 20S proteasome-mediated degradation of IDPs associated with 

the progression of neurodegenerative diseases, like the DPR proteins, I anticipate their decreased 

accumulation will reduce or prevent their ability to impair UPS function and alleviate the 

associated toxicities. Through enhanced 20S proteasome-mediated degradation of IDPs 

associated with the progression of cancer, like c-MYC, I hypothesize its reduced accumulation 

could prevent its promotion of cancer cell proliferation and tumor growth. 

1.6 Conclusion 

Disruption of proteostasis and the accumulation of IDPs has been implicated in the 

progression of a number of neurodegenerative diseases and cancers. The restoration of 

proteostasis to regain normal cellular functions is imperative to intercept the progression of 

these diseases. Small molecule activation of the 20S proteasome is an emerging strategy able to 

prevent the accumulation of IDPs and the toxicity associated with IDP accumulation.100–107 

Therefore, this approach offers great promise for restoring proteostasis in proteotoxic diseases, 

and suggests it has great potential as a novel therapeutic strategy. This dissertation focuses on 

further exploration of this therapeutic strategy and work done to identify additional 20S 
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proteasome activators, investigate the therapeutic mechanism, and identify novel therapeutic 

applications.  

In Chapter 2, I will discuss my work to identify novel therapeutic applications of this 

strategy, as well as my investigations into the binding site of 20S proteasome activators. In 

Chapter 3, my identification of a new 20S proteasome activator scaffold and the design, synthesis 

and biological activity of novel analogues synthesized will be discussed. Exploration of this 

scaffold also led to insightful studies into the mechanism of small molecule 20S proteasome 

activation that will be discussed in this chapter. In Chapters 4 and 5, the potential of modulating 

20S proteasome activity as a novel therapeutic strategy for cancers will be assessed. Specifically, 

in Chapter 5, the ability of TCH-165 to reduce cellular c-MYC protein levels and reduce oncogenic 

signaling events caused by its overexpression and accumulation will be examined. 
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CHAPTER TWO 

Exploring the Potential of Small Molecule Activation of the 20S Proteasome as a  
Novel Therapeutic for the Treatment of Amyotrophic Lateral Sclerosis 
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2.1 Introduction 

2.1.1 Background 

ALS and FTD are neurodegenerative diseases that exist on a clinical spectrum displaying 

both shared and unique features.1 ALS is characterized by the progressive degeneration of upper 

and lower motor neurons leading to weakness of limb and bulbar muscles.2 FTD is characterized 

by the progressive degeneration of neurons within the cerebral frontal and anterior temporal 

lobes leading to progressive deterioration in behavior, language, and personality.1 A HRE of 

sequence 5’ GGGGCC 3’ in an intron flanked by exons 1a and 1b in the C9ORF72 gene is the most 

common cause of familial ALS and FTD.3,4 Mutations in the C9ORF72 gene (“C9 mutations”) are 

responsible for 30-60 percent of familial ALS cases and approximately 12 percent of familial FTD 

cases.3–5 While the HRE is found in healthy individuals with up to 8 repeats, the number of repeats 

found in ALS or FTD patients is increased to a few hundred or even thousands.6 The molecular 

pathophysiology driven by the C9 mutation is complex and generally believed to involve three 

processes: (1) loss of function of the normal C9 protein, (2) an RNA mediated toxic gain-of-

function, presumably due to sequestration of RNA binding proteins to an imperfect RNA hairpin 

structure, and (3) the generation of DPR proteins by repeat-associated non-ATG (RAN) 

translation.7–11 Through this unconventional RAN translation, the sense and antisense HRE 

bearing mRNA strands undergo translation in the absence of a start codon producing, depending 

on the reading frame, five unique DPR proteins: poly-GA, poly-GP, poly-GR, poly-PR, and poly-

PA.10,12–15 Arginine containing DPR proteins (e.g., GRx and PRx, where x indicates the number of 

repeats) have been shown to be toxic in a variety of model systems.16–20 

Intrinsically disordered proteins (IDPs) make up a class of proteins that lack a defined 

tertiary structure, allowing for multiple low affinity binding events.21,22 DPR proteins were 

hypothesized to be intrinsically disordered due to an enrichment of disorder-promoting amino 

acids (G, A, P and R).23 Additionally, their disorder was anticipated due to their composition of 

tandem repeats of two amino acids, with the idea that the amount of disorder decreases with 

disruption of the consecutive repeats.23 Circular dichroism spectroscopy24,25 interrogations of 

poly-arginine DPR proteins reveal a random coil or turn secondary structure, consistent with the 

idea that they are IDPs. Additional studies have shown that DPR proteins can undergo liquid-
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liquid phase separation (LLPS), a process known to be mediated by intrinsically disordered, low 

complexity sequence domains (LCDs),25–27 The LCDs and tendency of the arginine-rich DPR 

proteins to undergo LLPS also results in a large interactome of proteins, including a number of 

RNA-binding proteins and other proteins with LCDs.28  Substantial evidence supports the notion 

that alterations in the behavior of LLPS condensates underlies the pathogenesis of ALS and 

FTD.28,29 

The ubiquitin-proteasome system (UPS) is the main degradation pathway for IDPs.30–33 

The UPS is made up of the active 26S proteasome isoform which is primarily responsible for the 

degradation of ubiquitinylated substrates.33 However, a less active/latent isoform, the 20S 

proteasome, can target IDPs directly for degradation independent of ubiquitination.30,34 The low 

basal activity of the 20S proteasome is sufficient to maintain low levels of IDPs in healthy cells, 

however, dysregulation of the UPS by mutations,35 gene amplification,36 or other cellular 

dysregulations37 can lead to the accumulation and subsequent aggregation of IDPs. Furthermore, 

soluble oligomeric IDPs can allosterically inhibit the 20S proteasome, resulting in a self-

reinforcing feedback loop leading to further accumulation of toxic aggregates.38 It has been 

shown that DPR proteins may follow this trend, as recent work shows that poly-PR DPR proteins 

directly inhibit the 26S proteasome, resulting in a broad buildup of ubiquitinylated protein 

substrates.16 

To protect against the accumulation of these disordered DPR proteins and avoid 

dysregulation of the UPS, I hypothesized that the enhancement of the proteolytic activity of the 

20S proteasome could promote degradation of DPR proteins and prevent impairment of 

proteasome function. Small molecule activation of the 20S proteasome is an emerging strategy 

to prevent the accumulation of IDPs and the toxicity associated with IDP accumulation.39–46 TCH-

165 is a potent small molecule activator of the 20S proteasome that can enhance degradation of 

IDPs both in purified protein assays and in cell culture (e.g. α-synuclein, tau441, c-Fos), and is well 

tolerated in vivo.39,47 In this chapter, my work focuses on testing of the hypothesis that TCH-165 

could enhance the degradation of DPR proteins in both purified protein assays and in neurons, 

the latter alleviating their toxic effects on cortical neurons (schematic of hypothesis in Figure 2.1). 

Herein, evidence that TCH-165 enhances the degradation of DPR proteins and prevents 
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impairment of proteasome function in purified protein assays is provided. Furthermore, the 20S 

enhancer restores proteostasis and provides neuroprotection from DPR protein toxicity in 

cortical neuron culture. Later in the chapter, the mechanism by which the DPR proteins impair 

proteasome function and how TCH-165 protects against this impairment will be investigated. 

Lastly, the progress toward elucidating the binding site of a 20S proteasome activator using 

cryogenic electron microscopy (cryo-EM) will be discussed.  

 

Figure 2.1 Schematic of the hypothesis that small molecule 20S proteasome activators can 
enhance the 20S proteasome-mediated degradation of DPR proteins, thereby preventing the UPS 
impairment evoked by their accumulation. Ultimately, it is anticipated these effects would 
restore proteostasis in the cell and provide protection from DPR-induced neurotoxicity. 
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2.2 Results and Discussion 

The UPS is responsible for ubiquitin-dependent and ubiquitin-independent protein 

degradation.30,34 The 20S proteasome is a threonine protease that targets IDPs for degradation, 

and is comprised of four heptameric rings (α7β7β7α7), two β-rings containing three unique 

proteolytic sites, and two α-rings that act as gates allowing or restricting access to the proteolytic 

core.48 To degrade ubiquitinylated substrates, 19S regulatory caps bind to intersubunit pockets 

between the α-subunits forming the 26S proteasome, and results in a conformational change 

that opens the gate allowing for substrate entry into the proteolytic chamber.49,50 Without 

binding of the 19S regulatory cap, the 20S proteasome is typically found in a closed gate 

conformation, thus restricting access to the three catalytic sites and resulting in a low 

activity/latent isoform of the proteasome.30,34 The small molecule, TCH-165, induces an open 

gate conformation of the 20S proteasome in the absence of the 19S regulatory cap, resulting in 

increased 20S proteolytic activity and enhanced degradation of highly disordered proteins.39 

Since DPR proteins are believed to be highly disordered,24–27 we asked whether TCH-165 

enhancement of 20S proteasome activity could prevent the toxic accumulation and aggregation 

of DPR proteins. Herein we demonstrate that the 20S proteasome enhancer, TCH-165, prevents 

DPR protein accumulation, UPS impairment and DPR protein induced neurotoxicity.  

2.2.1 TCH-165 Enhances 20S-Mediated Degradation of Poly-GR and Poly-PR DPR Proteins 

To determine whether the DPR proteins are a substrate for the 20S proteasome and 

explore whether TCH-165 can enhance their degradation, a small poly-GR DPR protein probe 

conjugated to the fluorophore, 7-amino-4-methylcoumarin (AMC), Suc-GR-GR-GR-AMC (i.e. Suc-

GR3-AMC), was used. Proteolytic cleavage of the poly-GR DPR protein probe results in the release 

of AMC. Proteolytic activity and probe degradation was then quantified by measuring the free 

AMC released from the fluorogenic substrate as done with traditional proteasome substrate 

probes (i.e. Suc-LLVY-AMC).51 Activation of the 20S proteasome with 20S proteasome enhancer, 

TCH-165, resulted in an 8.3-fold enhancement in the rate of degradation of the DPR protein probe 

as compared to the vehicle (untreated 20S proteasome), with an effective concentration to 

obtain a two-fold rate enhancement, EC200, of 1.4 µM (Figure 2.2). The previously reported39 
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negative control of the imidazoline scaffold, TCH-23, was also included in the assay and was 

unable to enhance the rate of degradation of the poly-GR DPR protein probe. 

 

Figure 2.2 TCH-165 enhances degradation of fluorogenic poly-GR DPR protein probe. (A) Dose-
response curve of TCH-165 and TCH-23 (inactive control) for 20S proteasome-mediated 
proteolysis of fluorogenic poly-GR DPR protein probe (Suc-GR3-AMC) with 20S proteasome 
pretreated with TCH-165 or TCH-23. (B) Maximum fold enhancement over vehicle (untreated 20S 
proteasome) and the effective concentration to obtain a two-fold rate enhancement, EC200, 
values were calculated (n=3); error bars denote standard deviation. (C) Structures of TCH-165 
and previously published39 inactive control TCH-23 (unable to enhance 20S proteasome activity 
up to >80.0 μM).  

These data indicate that the poly-arginine DPR proteins are substrates for the 20S 

proteasome and that 20S activation can enhance their rate of degradation. Next, I aimed to 

determine whether TCH-165 could enhance the rate of degradation of poly-arginine DPR proteins 

of a more disease-relevant length. To explore this, a digestion of purified HA-tagged DPR proteins 

of 40 amino acid length was conducted (HA-GR20 or HA-PR20). In this assay, pretreated purified 

human 20S proteasome was incubated with the poly-GR or poly-PR DPR protein for 30 minutes 

or 8 hours, respectively. As shown in Figure 2.3, TCH-165 significantly enhances 20S proteasome-

mediated degradation of the HA-GR20 DPR protein in a dose dependent manner, with only 5 

percent HA-GR20 (95 percent reduction) remaining using 10 μM TCH-165 treatment compared to 

the basal degradation of the vehicle control (untreated 20S proteasome) following the 30-minute 

incubation. Conversely, inhibition of the 20S proteasome with bortezomib (BTZ) completely 

blocked the degradation of HA-GR20 (all replicates can be found in Figure 2.18 of the Appendix). 
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Similarly, only 37 percent HA-PR20 (63 percent reduction) remained following incubation of TCH-

165 (10 μM) with purified 20S proteasome for 8 hours compared to the basal degradation of the 

vehicle treated 20S proteasome control (Figure 2.3D; all replicates can be found in Figure 2.19 of 

the Appendix). I hypothesize that the greater amount of HA-PR20 remaining and the longer 

incubation time necessary to degrade the poly-PR substrate could be due to the rigidity the 

proline residues provide to the DPR protein, in contrast to the flexibility the glycine residues 

impart on the poly-GR DPR proteins. These data indicate that both the poly-arginine DPR proteins 

(HA-GR20 and HA-PR20) are substrates of the 20S proteasome and that 20S activation with TCH-

165 can effectively enhance HA-GR20 degradation by three-fold (using 3 M TCH-165) and HA-

PR20 degradation by two-fold (using 5 M TCH-165). 
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Figure 2.3 TCH-165 enhances 20S proteasome-mediated degradation of purified HA-GR20 and 
HA-PR20. (A) Representative western blot of HA-GR20 digestion (30 minutes) with the 20S 
proteasome following pretreatment with TCH-165 (1, 3, 5, 10 µM) or proteasome inhibitor 
bortezomib (BTZ, 10 µM). Immunoblot probed with anti-HA-tag and anti-GAPDH antibodies. (B) 
Quantification of HA-GR20 digestion western blots (n=4); one-way ANOVA (ns, not significant, *p 
≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). (C) Representative western blot of HA-PR20 
digestion (8 hours) with the 20S proteasome following pretreatment with TCH-165 (1, 3, 5, 10 
µM) or proteasome inhibitor bortezomib (BTZ, 10 µM). Immunoblot probed with anti-HA-tag and 
anti-GAPDH antibodies. (D) Quantification of HA-PR20 digestion western blots (n=4); one-way 
ANOVA (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 

2.2.2 TCH-165 Protects Against 20S Proteasome Impairment by Arginine-rich DPR Proteins 

A number of neurodegenerative diseases have been characterized by an accumulation of 

aggregation-prone IDPs, resulting in dysregulated proteasome function.52–54 This loss in 

proteostasis is a major contributing factor to the pathogenesis of neurodegeneration.55–58 

Although it has been shown that IDP aggregates directly inhibit both the 26S and 20S 

proteasomes, the mechanism by which IDP aggregates inhibit the proteasome has yet to be fully 

elucidated. Recently, a mechanistic model was proposed suggesting that IDP oligomers bind to 

the outer sides of the 20S core particle resulting in a conformational change that allosterically 
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stabilizes the closed gate conformation of the proteasome, restricting access of substrates to the 

proteolytic chamber for degradation.38 Another recent study suggests that poly-GA DPR proteins 

entangle proteasomes into large ribbon-like aggregates, trapping them in a state of stalled 

degradation.59 Since DPR proteins have shown to inhibit the UPS in cell culture,16,17,60 I aimed to 

explore whether these inhibitory effects result from direct interaction of the DPR proteins on the 

20S core particle, potentially through a similar mechanism to the model recently proposed.38 

Furthermore, if the DPR proteins also inhibit the proteasome by allosterically stabilizing the 

closed gate conformation, as proposed for other IDPs,38 small molecule 20S gate-regulators, like 

TCH-165, could potentially protect against proteasome impairment by the DPR proteins. 

I first investigated whether the DPR proteins directly impair function of the 20S 

proteasome by assaying the chymotryptic-like activity of the proteasome using a small substrate 

probe conjugated to the fluorophore, 7-amino-4-methylcoumarin, (Suc-LLVY-AMC). I asked 

whether the DPR proteins above (HA-GR20 or HA-PR20) impaired the proteolytic activity and if so, 

whether TCH-165 impacted this phenomenon. To explore this, purified human 20S proteasome 

was pretreated with varying concentrations of TCH-165, followed by incubation with DPR 

proteins HA-GR20 or HA-PR20. Proteolytic activity was then quantified by measuring the release 

of AMC from the fluorogenic substrate (Suc-LLVY-AMC).51 The results show that in the presence 

of both DPR proteins (HA-GR20 or HA-PR20), 20S proteasome function is impaired, with 20S 

proteasome activity reduced to 66 percent in the presence of HA-GR20 (Figure 2.4A) and 54 

percent in the presence of HA-PR20 (Figure 2.4B).  
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Figure 2.4 TCH-165 protects against 20S proteasome impairment by DPR proteins HA-GR20 and 
HA-PR20. (A) Dose-response of TCH-165 for 20S proteasome-mediated proteolysis of fluorogenic 
substrate probe Suc-LLVY-AMC with 20S proteasome pretreated with TCH-165, followed by 
incubation with HA-GR20. (B) Dose-response of TCH-165 for 20S proteasome-mediated 
proteolysis of fluorogenic substrate probe Suc-LLVY-AMC with 20S proteasome pretreated with 
TCH-165, followed by incubation with HA-PR20 (n=3); one-way ANOVA (ns, not significant, *p 
≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 

Remarkably, 20S activation with TCH-165 was able to protect against proteasome 

impairment evoked by the DPR proteins in a dose dependent manner (Figure 2.4). In the case of 

both DPR proteins, TCH-165 was able to significantly prevent 20S proteasome impairment at 

concentrations of ≥3 M for HA-GR20 and ≥10 M for HA-PR20. In agreement with the DPR protein 

digestion results, a higher concentration of TCH-165 was needed to protect against proteasome 

impairment by the poly-PR DPR proteins. This may be due to a greater amount of HA-PR20 

remaining following the incubation time, compared to the poly-GR DPR protein. The inactive 

control, TCH-23, was unable to protect against DPR protein impairment of 20S proteasome 

function evoked by the poly-PR DPR proteins (Figure 2.20B of the Appendix). In the case of the 
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poly-GR DPR proteins, a modest protection from 20S proteasome impairment was observed (23% 

increase in 20S proteasome activity; Figure 2.20A of the Appendix), but this protection is 

significantly lower compared to the ability of TCH-165 (63% increase in 20S proteasome activity) 

to prevent 20S proteasome impairment by the poly-GR DPR proteins. The inability of TCH-23 to 

enhance 20S proteolysis (Figure 2.2), but weakly protect against poly-GR induced 20S impairment 

(Fig. 2.20A of the Appendix), may be indicative of an interruption of efficient poly-GR-20S binding.  

I then asked whether TCH-165 could recover 20S proteasome activity when 20S 

proteasome was first treated with DPR proteins, followed by addition of the small molecule. 

Gratifyingly, TCH-165 was able to overcome 20S proteasome impairment by poly-GR DPR 

proteins, resulting in a 60 percent recovery of 20S proteasome function (Figure 2.5A). However, 

when 20S proteasome was treated with poly-PR DPR proteins, followed by TCH-165, no recovery 

of 20S proteasome function was observed during the time of the experiment (Figure 2.5B). This 

could be anticipated, as a higher dose of TCH-165 was needed to significantly prevent 20S 

proteasome impairment induced by the poly-PR DPR proteins when compared to the poly-GR 

DPR proteins. The varying effects of TCH-165 observed here may also result from differences in 

binding affinities of the DPR proteins to the 20S proteasome. Furthermore, addition of the 

inactive control, TCH-23, following incubation of the 20S proteasome with DPR proteins, resulted 

in no significant recovery of 20S proteasome function in the case of either DPR protein (Figures 

2.21A and 2.21B of the Appendix).  
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Figure 2.5 TCH-165 overcomes 20S proteasome impairment by HA-GR20. (A) Dose-response of 
TCH-165 for 20S proteasome-mediated proteolysis of fluorogenic substrate probe Suc-LLVY-AMC 
with 20S proteasome incubated with HA-GR20 followed by treatment with TCH-165. (B) Dose-
response of TCH-165 for 20S proteasome-mediated proteolysis of fluorogenic substrate probe 
Suc-LLVY-AMC with 20S proteasome incubated with HA-PR20 followed by treatment with TCH-
165. (n=3); one-way ANOVA (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 

These data support the idea that TCH-165 protects against and overcomes 20S 

proteasome impairment by stabilizing an open gate conformation of the 20S proteasome in the 

presence of the DPR proteins, allowing substrates to access the proteolytic core for degradation. 

However, the untreated proteosomes treated only with the DPR proteins, have been stabilized 

in a closed gate conformation, resulting in restricted access to the proteolytic core and lowered 

proteasome activity. These results, in combination with the fact that TCH-165 enhances the 

degradation of DPR proteins, suggest that by preventing the accumulation of DPR proteins, the 

proteasomes are protected from impairment of proteasome function by DPR proteins. 
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2.2.3 TCH-165 Prevents the Accumulation of DPR Proteins and Restores Proteostasis in Cortical 

Neuron Culture 

It has previously been shown that DPR proteins inhibit the UPS in cell culture.16,17,60 

Additional work has shown that increasing protein degradation through the use of a DUB 

inhibitor,16 HSP90 inhibitor,61 or activation of the proteasome through cAMP/protein kinase A-

dependent phosphorylation of proteasome subunit PSMD1162 counters the toxic effects of the 

DPR  proteins. This suggests impairment of UPS function contributes to DPR protein toxicity. With 

our finding that both the poly-GR and poly-PR DPR proteins inhibit the 20S proteasome directly, 

we asked if direct activation of the 20S proteasome with TCH-165 could prevent the accumulation 

of DPR proteins in cell culture and protect against proteasome impairment.  

To investigate this, our collaborators at Northwestern Medicine, Dr. Robert Kalb and Dr. 

Jelena Mojsilovic-Petrovic, expressed a GFP-tagged DPR protein (i.e. GFP-GR50, GFP-PR50, GFP-

GA50) in rat cortical neurons followed by subsequent treatment with TCH-165 (5 µM) for 48 hours. 

I then analyzed the DPR protein levels in the neuron lysate with an immunoblot probed with an 

anti-GFP antibody. Compared to the untreated control, TCH-165 reduced GFP-GR50 DPR protein 

levels with only 62 percent remaining compared to the untreated control neurons (Figure 2.6). 

TCH-165 also reduced the amount of another DPR protein not featured in this chapter, GFP-GA50, 

with only 62 percent remaining compared to the untreated control neurons. Due to solubility 

issues and the extreme aggregation propensity of the poly-GA DPR proteins, in vitro studies 

utilizing this protein require further optimization. As this manuscript was the first demonstration 

of utilizing a 20S proteasome activator toward DPR proteins, we decided to focus on exploring 

the cellular efficacy of TCH-165 toward DPR proteins in which we could obtain in vitro support 

for direct enhancement of DPR protein degradation and protection from proteasome 

impairment. Therefore, the poly-GA DPR proteins were not included in the remainder of the 

studies. However, further exploration of the efficacy of TCH-165 toward the poly-GA DPR 

proteins is warranted, as the poly-GA DPR proteins are known to be highly prevalent in ALS 

patients and highly prone to aggregation.17  
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Figure 2.6 TCH-165 reduces the accumulation of GFP-GR50 and GFP-GA50 in rat cortical neurons. 
Representative western blot and quantification of the amount of GFP-GR50 (A), GFP-PR50 (B), and 
GFP-GA50 (C) levels in rat cortical neurons following treatment with TCH-165 (5 µM) for 48 hours. 
Immunoblot probed with anti-GFP and anti-GAPDH antibodies. All data was collected in triplicate 
(n=3); one-way ANOVA (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001).  

While a small decrease in GFP-PR50 protein levels was observed with TCH-165 treatment 

in these initial neuron experiments, this decrease was not statistically significant (p=0.0649). 

Therefore, a time course study was designed with an increased TCH-165 concentration to 

examine multiple time points, to determine whether TCH-165 would be efficacious against GFP-

PR50 at any point throughout the 48-hour experiment. This ultimately led to more impactful 

studies than anticipated. Rather than selecting one of the time points of the experiment to 

demonstrate the efficacy of TCH-165 to reduce DPR protein levels at a single time point, these 

experiments demonstrated that TCH-165 is able to reduce protein accumulation over time. 

Furthermore, a method to evaluate cellular proteostasis in the neurons was incorporated into 

the experiment providing additional insight. 

In the time course experiment, rat cortical neurons were infected with an HSV-GFP-GR50 

or HSV-GFP-PR50 vector to induce expression of the DPR proteins. The neurons were 

subsequently treated with TCH-165 (10 µM) or vehicle control for 12, 24, and 48 hours. 
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Overexpression of GFP-GR50 resulted in the accumulation of GFP-GR50 (268 percent GFP-GR50 

accumulation at 48 hours following infection) and TCH-165 was able to reduce the accumulation 

of GFP-GR50 (Figure 2.7A and 2.7B; 154 percent accumulation 48 hours following infection). Next, 

we looked at the abundance of total ubiquitinylated protein levels as a general reporter of UPS 

function. If UPS function is impaired, proteostasis in the cell would be upset and a buildup of 

ubiquitinylated proteins would be evident. To ensure that expression of the DPR proteins 

resulted in UPS impairment in our system, a control experiment had been conducted prior to the 

current experiment. The results showed an increase in total ubiquitinylated proteins upon 

expression of GFP-GR50 compared to neurons expressing a control LacZ vector without DPR 

expression (Figure 2.22 of the Appendix). Therefore, in this time course experiment, the ability 

of TCH-165 to decrease this buildup of ubiquitinylated proteins was investigated. 

In the vehicle control treated neurons, we observed that the increase in GFP-GR50 

concentration over 48 hours corresponded with an increase in the amount of total 

ubiquitinylated proteins (Figure 2.7A and 2.7B; 219 percent accumulation 48 hours following 

infection). Remarkably, the reduced accumulation of GFP-GR50 in the TCH-165 treated neurons 

(Figure 2.7B, left graph) prevented this buildup of total ubiquitinylated proteins (Figure 2.7B, right 

graph; 99 percent 48 hours following infection); all replicates can be found in Figure 2.23 of the 

Appendix. These observations suggest that TCH-165 can protect against impairment of UPS 

function and restore overall proteostasis in the cell in the presence of the poly-GR DPR proteins. 
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Figure 2.7 TCH-165 reduces the accumulation of GFP-GR50 and prevents proteasome impairment 
in rat cortical neurons. (A) Representative western blot of the amount of GFP-GR50 and total 
ubiquitinylated protein levels in rat cortical neurons following treatment with TCH-165 (10 µM) 
over 48 hours. Immunoblot probed with anti-poly-GR, anti-total ubiquitin, and anti-GAPDH 
antibodies. (B) Quantification of GFP-GR50 and total ubiquitinylated (ubiq.) protein western blots 
(n=3); one-way ANOVA (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). (C) 
Representative western blot of the amount of GFP-PR50 and total ubiquitinylated protein levels 
in rat cortical neurons following treatment with TCH-165 (10 µM) over 48 hours. Immunoblot 
probed with anti-poly-PR, anti-total ubiquitin, and anti-GAPDH antibodies. (D) Quantification of 
GFP-PR50 and total ubiquitinylated (ubiq.) protein western blots (n=3); one-way ANOVA (ns, not 
significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 

As we observed with the cortical neurons expressing GFP-GR50, when cortical neurons 

were infected with the HSV-GFP-PR50 vector, an accumulation of GFP-PR50 occurred over the 

course of 48 hours in the vehicle control treated neurons (Figure 2.7C and 2.7D); all replicates 

shown in Figure 2.24 of the Appendix. Additionally, this accumulation of the poly-PR DPR proteins 

correlated with an increase in total ubiquitinylated protein levels (Figure 2.7D, right graph; 231 

percent 48 hours following infection), indicating UPS function is impaired and a loss of cellular 

proteostasis. Consistent with our in vitro data, treatment of the neurons with TCH-165 did not 
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reduce the accumulation of GFP-PR50 (Figure 2.7D, left graph) as we observed with the poly-GR 

substrate, within the time frame of the experiment. However, treatment with TCH-165 did 

prevent the buildup of total ubiquitinylated proteins (Figure 2.7D, right graph; 137 percent 48 

hours following infection), suggesting TCH-165 is able to provide protection from UPS impairment 

and preserve cellular proteostasis in the presence of GFP-PR50 without significant reduction in 

their accumulation. 

Our data suggests that TCH-165 is able to protect against impairment of proteasome 

function by DPR proteins. I propose the mechanism of this protection from 20S proteasome 

impairment in neurons is likely to occur through one of the following mechanisms: (1) activation 

of the 20S proteasome results in the degradation of DPR proteins, thereby preventing their 

accumulation and reducing their inhibitory effects on the 20S proteasome, (2) binding of TCH-

165 to the 20S proteasome stabilizes an open gate conformation of the 20S proteasome 

disallowing inhibitory DPR protein aggregates from binding, or (3) a combination of the two 

proposed mechanisms depending on the efficiency of 20S proteasome-mediated DPR protein 

degradation. This work provides support for all possible mechanisms, and our results suggest the 

mode of protection from UPS impairment by each DPR protein may depend on the structure of 

the DPR protein and their relative rates of degradation. With respect to the cellular studies, in 

the case of the poly-GR DPR proteins, we observed that a reduction in their amount correlated 

with protection from UPS impairment, suggesting the first mechanism as a main mechanism of 

protection. In the neuron studies exploring the poly-PR DPR proteins, we found that even when 

a reduction in their amount was not observed, protection of proteasome function was achieved, 

suggesting the second mechanism of protection as the main route. Despite the three possible 

mechanisms, the above results provide support for the use of small molecule 20S proteasome 

activation to overcome UPS impairment, allowing cellular proteostasis to be restored. 

2.2.5 TCH-165 Provides Neuroprotection to Cortical Neurons in the Presence of DPR Proteins 

Previous works have implicated UPS impairment in DPR protein toxicity.16,60 We aimed to 

explore whether the protection TCH-165 provides against proteasome impairment would 

provide protection from the cytotoxic effects of DPR proteins in neuron culture. To investigate 

this, Dr. Robert Kalb and Dr. Jelena Mojsilovic-Petrovic infected rat spinal cord neurons with an 
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HSV-GFP (control), HSV-GFP-GR50, or HSV-GFP-PR50 vector to induce expression of the DPR 

proteins and subsequently treated the neurons with TCH-165 (3 μM) or vehicle (DMSO) for five 

days. The results showed that expression of GFP-GR50 resulted in a significant decrease in motor 

neuron survival (53 percent survival) when compared to motor neurons expressing only GFP. 

However, treatment with TCH-165 resulted in a significant increase in survival (88 percent) in the 

presence of the poly-GR DPR proteins (Figure 2.8A), whereas treatment of control neurons not 

expressing a DPR protein with TCH-165 had no effect on motor neuron survival (data shown in 

Figure 2.25 of the Appendix). Similarly, expression of GFP-PR50 resulted in significant 

neurotoxicity, with a decrease in motor neuron survival to 43 percent when compared to motor 

neurons expressing only GFP. Again, treatment with TCH-165 resulted in a significant increase in 

motor neuron survival (83 percent) in the presence of the poly-PR DPR proteins (Figure 2.8B). 

Similar results were obtained in cortical neurons expressing GFP-GA50 (data shown in Figure 2.26 

of the Appendix). These data suggest that protection of UPS function by TCH-165 protects the 

neuron from DPR protein induced toxicity.  

 

Figure 2.8 TCH-165 provides neuroprotection in the presence of poly-GR and poly-PR DPR 
proteins in rat spinal cord neurons. (A) Quantification of motor neuron survival following 
treatment with control (GFP with DMSO), GFP-GR50 (with DMSO), or GFP-GR50 (with 3 μM TCH-
165); (n=4); one-way ANOVA (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; 
****p≤0.0001). (B) Quantification of motor neuron survival following treatment with control 
(GFP with DMSO), GFP-PR50 (with DMSO), or GFP-PR50 (with 3 μM TCH-165); (n=3); one-way 
ANOVA (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 
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2.2.4 Deciphering the Mechanism of 20S Proteasome Impairment by DPR Proteins 

As previously mentioned, a number of neurodegenerative diseases have been 

characterized by an accumulation of aggregation-prone IDPs and results in dysregulation of 

proteasome function.52–54 This loss in proteostasis is a major contributing factor to the 

pathogenesis of neurodegeneration.55–58 Although it has been shown that IDP aggregates directly 

inhibit both the 26S and 20S proteasomes, the mechanism by which IDP aggregates inhibit the 

proteasome has yet to be fully elucidated. Recently, a mechanistic model was proposed 

suggesting that IDP oligomers (i.e. amyloid-β and α-synuclein) allosterically inhibit the 20S 

proteasome by binding to the outer side of the 20S proteasome.38 In this model, it was proposed 

that IDP oligomers bind to the outer surface between the α-ring and β-ring, resulting in a 

conformational change that allosterically stabilizes the closed gate conformation of the 

proteasome and restricts access of substrates to the proteolytic core for degradation.38 There is 

evidence suggesting that the DPR proteins may interact differently. A recent study showed that 

poly-GA DPR proteins entangle proteasomes into large ribbon-like aggregates, trapping them in 

a state of stalled degradation.59 To begin deciphering the mechanism of 20S proteasome 

impairment by the arginine-rich DPR proteins, I aimed to identify where the DPR aggregates bind 

the 20S proteasome through use of negative staining and electron microscopy. These studies 

were done in collaboration with Dr. Sundharraman Subramanian and Dr. Kristin Parent at the 

RTSF Cryo-EM Core Facility at Michigan State University.  

Negative staining is a technique used in microscopy in which samples are applied to a 

small grid consisting of many small squares where the sample is retained. A variety of stains can 

then be used to enhance the contrast between the background of the grid and the protein 

sample. In the studies discussed in this chapter, a uranyl acetate stain is used as it strongly 

scatters electrons and effectively adsorbs to biological material. The stained grids are then 

visualized using an electron microscope which detects differences in electron density across the 

grid. It is important to note that high protein concentrations are typically required for this 

technique to ensure adequate protein particles are deposited on the grid for visualization. 
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Figure 2.9 General workflow used for negative stain electron microscopy experiments. 

For my initial negative stain experiment, the conditions used in the 20S proteasome 

impairment activity assay discussed above were replicated in an attempt to provide visual 

evidence for how the 20S proteasome is impaired. In this assay, purified 20S proteasome (70 nM) 

was pretreated with DMSO or TCH-165 (10 μM), followed by incubation with HA-PR20 DPR 

proteins (875 nM; 12.5 to 1 ratio of DPR:20S) for 30 minutes at 37 °C. The samples were then 

applied to continuous carbon support film Cu grids and stained with 1% uranyl acetate and 

visualized by electron microscopy. The results showed that in the absence of the HA-PR20 DPR 

proteins, the 20S proteasomes were found evenly dispersed on the sample grid (Figure 2.10A). 

However, in the presence of the HA-PR20 DPR proteins, the 20S proteasomes were predominantly 

found in large aggregates with few free proteasomes (Figure 2.10B). This recruitment of 20S 

proteasomes is consistent with reports that demonstrate poly-GA DPR proteins entangle 

proteasomes into large ribbon-like poly-GA aggregates.59 Remarkably, when the 20S 

proteasomes were pretreated with TCH-165 (10 μM), this recruitment of 20S proteasomes into 

large aggregates was largely prevented, with much smaller aggregates present and a high 

number of free 20S proteasomes on the grid (Figure 2.10C). Additionally, the HA-PR20 DPR 

proteins alone showed only very small spherical aggregates (Figure 2.10D). These results in 

combination with the activity assay results discussed above (Figure 2.4 and 2.5), suggest that 20S 

proteasome impairment by the arginine-rich DPR proteins may be the result of recruitment of 

20S proteasomes into large DPR protein aggregates.  
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Figure 2.10 Negative stain electron microscopy images. (A) Purified 20S proteasome only. (B) 
Purified 20S proteasome treated with vehicle (DMSO), followed by incubation with HA-PR20 DPR 
proteins. (C) Purified 20S proteasome pretreated with TCH-165 (10 μM), followed by incubation 
with HA-PR20 DPR proteins. (D) HA-PR20 DPR proteins only.  

To explore how the DPR-induced aggregation would change over time, additional time 

points were included in the next experiment. My hypothesis was that the vehicle (20S + HA-PR20) 

sample would either maintain or continue to aggregate into these large proteasome/DPR 

aggregates. However, I anticipated that the TCH-165 treated sample would become less 

aggregated over time either through enhanced DPR degradation or through an allosteric 

mechanism which prevents the DPR from binding the 20S proteasomes. While the results of the 

30-minute time point were reproducible (Figures 2.11E and 2.11I), the results of the extended 

time points did not support this hypothesis. After a 2-hour incubation with the HA-PR20 DPR 

protein, both the vehicle and TCH-165 treated proteasomes were predominantly found in large 

aggregates (Figures 2.11F and 2.11J). The same results were observed for the 4-hour and 8-hour 

samples, suggesting that the aggregate formation is irreversible within the time frame of this 

experiment.  

In all, the results suggest that treatment of the 20S proteasomes with TCH-165 slows the 

aggregation or interaction between the 20S proteasomes and DPR proteins, as evident by the 30-

minute time point. However, once the proteasomes have been recruited into these large DPR 

protein aggregates, TCH-165 is unable to liberate the proteasomes from the aggregates. These 

results are supported by the activity results discussed above (Figures 2.4 and 2.5). The activity 

results showed that TCH-165 was able to prevent 20S impairment by the poly-PR DPRs when the 

20S proteasome was first pretreated with TCH-165 prior to incubation with HA-PR20. However, 
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when 20S proteasome was incubated with HA-PR20 prior to treatment with TCH-165, the 20S 

activator was unable to overcome 20S proteasome impairment by the DPR proteins. 

 

Figure 2.11 Negative stain electron microscopy images. (A-D) Representative images of purified 
20S proteasome only with DMSO at various time points. (E-H) Representative images of purified 
20S proteasome treated with DMSO, followed by HA-PR20 DPR proteins at various time points. (I-
L) Representative images of purified 20S proteasome pretreated with TCH-165 (10 μM), followed 
by HA-PR20 DPR proteins at various time points. (M-P) Representative images of purified HA-PR20 
DPR proteins only with DMSO at various time points. 

While there were clear trends in these negative stain experiments, further optimization 

of the assay conditions was conducted in an effort to obtain more dramatic differences between 

the vehicle (20S + HA-PR20) and TCH-165 treated samples. Although differences between the 
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vehicle and TCH-165 samples were quite evident in the 30-minute time point, each of the samples 

contained some aggregates and some free proteasomes. Since the negative stain experiment is 

not a quantitative assay, it is important that any trends are ubiquitous across the entire sample 

grid. To optimize the negative stain assay conditions, the proteasome activity assay previously 

discussed was used as it is more cost effective. This was done to ensure assay conditions were 

ideal to see very large, dramatic differences in 20S proteasome activity between the vehicle and 

TCH-165 treated samples. If 20S proteasome impairment by the DPR proteins is a result of 20S 

proteasomes being recruited into large DPR protein aggregates, then decreases in 20S 

proteasome activity in the activity assay should indicate large aggregate formation. 

To begin optimizing, I hypothesized that increasing the amount of HA-PR20 and a longer 

incubation time of the 20S proteasome and DPR protein could be utilized. This was largely based 

on the results obtained in the purified HA-PR20 degradation assay in which a DPR:20S ratio of 

250:1 and an 8-hour incubation of the 20S proteasome and DPR protein was used. The results of 

this experiment showed that following the 8-hour incubation with HA-PR20 DPR proteins, TCH-

165 treated proteasomes resulted in significant degradation of HA-PR20, with only 37 percent 

remaining compared to untreated control proteasomes. It is anticipated that with this much of 

the DPR protein degraded, the DPR’s ability to impair the proteasome should be dramatically 

reduced under these conditions. However, the untreated control proteasome having significantly 

more DPR protein left undegraded, should result in greater 20S proteasome impairment. 

To determine how the increased DPR:20S ratio and longer incubation time would affect 

proteasome activity, the DPR:20S ratio was increased to 125:1 and three incubation times were 

tested. Although almost complete proteasome inhibition was observed in the vehicle samples at 

each of the three incubation times, TCH-165 was unable to prevent proteasome impairment 

under these conditions (Figure 2.12A). This result was unexpected, as at 8 hours in the in vitro 

HA-PR20 digestion assay, only a small amount of HA-PR20 remained which could impair the 

proteasome. To determine the cause of the discrepancy in the results of the two assays, the 

experimental conditions were compared. It was determined that the presence or absence of 

sodium chloride in the buffer is a possible culprit. In the above in vitro activity assays and negative 

stain experiments discussed thus far, a 38 mM Tris-HCl (pH 7.8) buffer was used. However, in the 
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digestion assays of both the HA-GR20 and HA-PR20, a 38 mM Tris-HCl, 100 mM NaCl (pH 7.8) buffer 

was used. Since sodium chloride has shown to lower the activity of the proteasome in in vitro 

fluorogenic peptide degradation assays, I had designed the activity assay without sodium chloride 

in the buffer to ensure proteasome activity was robust enough to observe inhibition evoked by 

the DPR proteins. However, the results in Figure 2.12 suggest that sodium chloride may affect 

DPR-induced proteasome impairment. 

 

Figure 2.12 TCH-165 provides protection against 20S proteasome impairment by HA-PR20 in the 
presence of sodium chloride at high DPR to 20S proteasome ratio. 20S proteasome pretreated 
with DMSO or TCH-165, followed by incubation with HA-PR20 (125 nM; 125:1 DPR to 20S ratio) in 
38 mM Tris-HCl buffer (A) or 38 mM Tris-HCl with 100 mM NaCl buffer (B). Proteolytic activity 
was measured by the degradation of fluorogenic substrate probe Suc-LLVY-AMC. 

To test the hypothesis of whether sodium chloride affects DPR protein-induced 

proteasome impairment, 100 mM sodium chloride was added to the buffer and the above assay 

was repeated. As in the previous experiment, 20S proteasome was pretreated with DMSO or 

drug for 15 minutes, followed by incubation with HA-PR20. Comparison of the 4-hour and 8-hour 

time points in the two experiments in Figure 2.12, shows that addition of sodium chloride into 

the buffer had a significant effect on DPR-induced proteasome impairment. The vehicle (20S + 

HA-PR20) sample without sodium chloride in the buffer was almost completely inhibited at the 4, 

6 and 8-hour time points. However, in the experiment with sodium chloride present in the buffer, 
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the vehicle sample was only inhibited by 25 percent at the 4-hour time point and by 58 percent 

at the 8-hour time point. Furthermore, while TCH-165 was unable to prevent the DPR-induced 

proteasome impairment in the absence of sodium chloride in the buffer using this high DPR:20S 

ratio, TCH-165 effectively prevented 20S impairment at both the 4 and 8-hour time points with 

sodium chloride present in the buffer.  

While the mechanism by which sodium chloride effects DPR-induced proteasome 

impairment cannot be concluded from this assay, it is possible that the sodium chloride affects 

either the rate, strength, or the morphology of any protein-protein interactions that induce 

proteasome impairment (i.e. aggregation of HA-PR20 itself, or PR20-20S interactions). 

Furthermore, the absence or presence of sodium chloride seems to impact the ability of TCH-165 

to prevent DPR-induced 20S proteasome impairment. The decreased ability of TCH-165 to 

prevent 20S impairment in absence of sodium chloride may be due to multiple reasons. For 

instance, sodium chloride may be necessary for TCH-165 to activate the 20S proteasome 

effectively, or sodium chloride may be necessary for TCH-165 to interrupt the protein-protein 

interaction between the 20S proteasome and DPR proteins. 

The addition of sodium chloride to the assay buffer resulted in the more efficient 

prevention of DPR-induced 20S impairment by TCH-165 when the DPR:20S ratio was high (125:1), 

resulting in large differences in 20S proteasome activity between the vehicle (20S + HA-PR20) and 

TCH-165 treated samples (≥5 µM). However, it is important to note that the activity assays used 

to optimize the negative stain experiment were conducted using only 1 nM 20S proteasome, 

conversely to the 70 nM used in the negative stain experiments. Therefore, the last step before 

returning to the electron microscopy imaging was to confirm similar activity results were 

observed using the higher protein concentrations necessary for imaging. 

In the evaluation of the impact of higher protein concentrations on proteasomal 

impairment, various DPR:20S ratios were tested using 70 nM 20S proteasome (Figure 2.13). 

While concentration dependent inhibition was observed with increasing concentration of HA-

PR20, the large differences between the vehicle and TCH-165 treated samples shown in previous 

activity assays (using 1 nM 20S proteasome) was not observed. I hypothesized that the skewed 

drug:20S ratio at the high proteasome concentrations required for the electron microscopy 
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studies led to the minor differences observed between the activities of the vehicle and TCH-165 

treated samples. For the activity assays in which 1 nM 20S proteasome was treated with 10 μM 

TCH-165 to significantly prevent proteasome impairment, the drug:20S ratio equates to 10,000:1. 

However with the 70 nM concentration of 20S proteasome used for the microscopy studies, this 

ratio is significantly reduced to 143:1 using the same 10 μM dose. The change in drug:20S ratio 

may explain why differences were not observed between the vehicle and TCH-165 treated 

samples using this low TCH-165 dose in the experiment in Figure 2.13. Furthermore, it may 

provide insight as to why more dramatic differences between the vehicle and TCH-165 treated 

samples were not observed in the previous negative stain experiments.  

 

Figure 2.13 High 20S proteasome concentration used for microscopy studies diminishes the 
ability of a low dose of TCH-165 to provide protection against 20S proteasome impairment by 
HA-PR20. 20S proteasome (70 nM) was pretreated with DMSO or TCH-165 (10 µM), followed by 
incubation with HA-PR20 (875, 1750, 3500, or 7000 nM) in 38 mM Tris-HCl with 100 mM NaCl 
buffer. 20S proteasome activity was measured using the degradation of fluorogenic substrate 
probe Suc-LLVY-AMC. 

The above findings show that TCH-165 has a greater effect toward preventing DPR-

induced proteasome impairment with sodium chloride present in the buffer. Additionally, I 

hypothesize that a higher drug:20S ratio is required for increased differences between the vehicle 

and TCH-165 treated samples. Therefore, another negative stain experiment was planned using 

the conditions listed in Figure 2.14A. To increase the drug:20S ratio in this experiment, the 

concentration of 20S proteasome was decreased from 70 nM to 40 nM, and TCH-165 was 

increased to 200 µM. This allowed for a 5,000:1 drug to proteasome ratio to be achieved, which 

has shown to allow for large differences in 20S activity between vehicle and TCH-165 treated 
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samples. In addition, the DMSO concentration was increased to 2% since drug solubility was a 

concern at this high concentration. Although, if solubility issues did occur, following application 

of the samples to the grid the grids are washed three times with water, therefore, any insoluble 

TCH-165 should be removed from the grid during that step. 

Prior to imaging the samples prepared for the negative stain experiment, I conducted an 

activity assay using a small aliquot of the samples to ensure that the new negative stain 

conditions used in this experiment resulted in differences in 20S proteasome activity. As 

anticipated, treatment of 20S proteasome alone with TCH-165 resulted in almost a 300 percent 

increase in 20S proteasome activity compared to 20S proteasome treated with DMSO (Figure 

2.14B). Furthermore, incubation of 20S proteasome incubated with DMSO, followed by 

incubation with HA-PR20 resulted in proteasome impairment, with only 15 percent proteasome 

activity remaining compared to the 20S proteasome only sample. Gratifyingly, treatment with 

TCH-165 preserved this proteasome impairment with 104 percent 20S proteasome activity 

remaining in the presence of HA-PR20. Therefore, it seemed that the negative stain conditions 

had been optimized to see the desired degree of difference between the samples. However, 

when the samples were imaged by electron microscopy, this was not observed.  

As before, in the 20S proteasome only sample, the 20S proteasomes were found evenly 

dispersed across the grid (Figure 2.14C1). However, the high concentration of TCH-165 used here 

was observed to have major solubility issues. While the wash step was predicted to remove any 

insoluble TCH-165, the drug appeared to precipitate small clusters of the proteins which were 

not completely washed away (Figure 2.14C2). Since the experiment aims to investigate protein-

protein interactions, any component of the experiment that also affects aggregation cannot be 

included. Lastly, incubation of the 20S proteasome with HA-PR20 and DMSO in the vehicle treated 

sample did not result in the large aggregates observed in previous negative stain experiments 

(Figure 2.14C3). The lack of large aggregates was unexpected as the activity results of this exact 

sample showed only 15 percent proteasome activity remaining compared to the 20S proteasome 

only sample. This discrepancy could be due to a few reasons, including the formation of such 

large aggregates that they are precipitated out prior to grid preparation, or the large aggregates 

do not remain on the grid during the wash step. Another possibility is that addition of sodium 
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chloride to the buffer modifies the manner in which the HA-PR20 DPR proteins impair 20S 

proteasome function. Perhaps in the presence of sodium chloride, binding of HA-PR20 is much 

more localized to individual proteasomes, as has been suggested for α-synuclein and amyloid-

β.38 While this observation is not useful in the case of the negative stain experiments, these 

conditions could be useful for attempting to obtain a cryo-EM structure of an individual 20S 

proteasome bound to an HA-PR20 aggregate. Structure reconstruction of large amorphous 

aggregates of DPRs and multiple 20S proteasomes would be extremely difficult to solve, however, 

localized binding of a small DPR protein aggregate to an individual 20S proteasome may be more 

easily reconstructed to determine the DPR protein binding site.  
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Figure 2.14 Experiment results using the new negative stain conditions. (A) Table of previous and 
new negative stain conditions. (B) 20S proteasome pretreated with DMSO or TCH-165, followed 
by incubation with HA-PR20 (125 nM; 125:1 DPR to 20S ratio) in 38 mM Tris-HCl with 100 mM 
NaCl buffer. Proteolytic activity was measured by the degradation of fluorogenic substrate probe 
Suc-LLVY-AMC. (C) Negative stain electron microscopy images (1) Image of purified 20S 
proteasome only treated with DMSO (2) Image of purified 20S proteasome only treated with 
TCH-165 (200 μM) (3) Image of purified 20S proteasome treated with DMSO, followed by 
incubation with HA-PR20 DPR proteins. 
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2.2.5 Future Work 

While the newly “optimized” conditions for the negative stain experiment did not 

produce successful images, they did provide a lot of insight into how to move forward with 

further mechanistic studies using the negative stain technique. In the case of the earlier 

experiments when sodium chloride was not included in the buffer, following a 30-minute 

incubation the vehicle (20S + HA-PR20) sample was found to be in a largely aggregated state, 

whereas the TCH-165 treated proteasomes were found predominately in a free state. Conversely, 

when sodium chloride was included in the buffer, the vehicle was found to be almost entirely 

inhibited, yet in a free state.  

The opposing findings raise the question of which buffer provides the most physiological 

and disease-relevant results. Since the poly-PR DPR proteins are highly positively charged, a 

recent study discussing the effect of various salts on the aggregation of charged peptides in water 

may provide insight.63 In this work, the authors studied the effects of sodium, potassium and 

magnesium salts on the aggregation of a highly charged protein. The results showed that 

compared to the aggregation of the protein in water, the size and morphology of the protein 

aggregates varied greatly upon addition of the different ions.63 With this in mind, I am inclined to 

say that the negative staining results using the buffer without sodium chloride may be the more 

physiologically relevant results. Although the body contains many sodium ions, it also contains 

potassium, magnesium, and many other ions that could also affect the aggregation of the poly-

PR DPR proteins. Therefore, the removal of all from the buffer may be best for these in vitro 

experiments, since we aim to visualize the effect of HA-PR20 on aggregation of the proteasome 

and not any erroneous aggregation effects due to salts in the buffer. 

While the mechanism of 20S proteasome impairment by poly-PR DPR proteins remains 

undetermined, I hypothesize that the initial negative staining results (Figures 2.10 and 2.11) may 

provide the most accurate representation of the proteasome impairment observed in the rat 

cortical neurons. With respect to the cellular studies, in the case of the poly-GR DPR proteins, we 

observed that a reduction in their amount correlated with protection from UPS impairment, 

suggesting the enhanced proteasomal clearance provides the protection. However, in the neuron 

studies exploring the poly-PR DPR proteins, we found that even when a reduction in their amount 
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was not observed, protection of proteasome function was achieved, suggesting an allosteric 

mechanism of protection. As the incubation time for both the cellular PR50 experiment and the 

early negative stain experiment was rather short to allow for enhanced degradation of the poly-

PR DPR proteins, any protection observed by TCH-165 treatment in these experiments is likely 

the result of an allosteric mechanism.  

To further explore whether this allosteric mechanism involves the prevention of 

proteasome recruitment into large DPR protein aggregates, as observed in the initial negative 

stain experiments, I propose the following modifications to the experimental conditions should 

be explored. One possible modification could be to conduct the experiment using a higher 

drug:20S ratio without sodium chloride in the buffer. However, the altered drug:20S ratio should 

be achieved by reducing the 20S proteasome concentration, not through increase of the drug 

concentration, to avoid drug solubility issues. In the initial experiment, 70 nM 20S proteasome 

was used to ensure adequate proteasome particles would be present on the sample grid. 

However, through the optimization discussed, the proteasome concentration was reduced to 40 

nM and resulted in an adequate amount of proteasome particles on the grid. Preliminary results 

suggest a proteasome concentration as low as 20 nM may be used in the experiment. Another 

possible modification could be a slight increase of the DPR:20S ratio, as a higher DPR:20S ratio 

was never visualized by electron microscopy without sodium chloride in the buffer. Furthermore, 

additional 20S proteasome activators with increased solubility should be explored.  

Despite the unelucidated mechanism of how the DPR proteins impair the 20S 

proteasome, the above results provide overwhelming evidence that activation of the 20S 

proteasome by TCH-165 provides protection from proteasome impairment. This ultimately led 

to protection from DPR-induced neurotoxicity and suggests small molecule 20S proteasome 

activation is an exciting avenue to explore toward developing a novel therapeutic for the 

treatment of ALS. 

2.2.6 Investigating the Binding Site of Small Molecule 20S Proteasome Activators with Cryo-EM 

Utilization of the structural biology techniques discussed in the previous section led to 

another exciting project with the goal of determining the binding site of a 20S proteasome 

activator. Mechanistic evidence has shown that TCH-165 induces an open gate conformation of 
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the 20S proteasome, resulting in enhanced 20S proteolytic activity.39 While molecular docking 

studies predict that TCH-165 and other small molecules bind into the intersubunit pockets on the 

α-ring to induce this open gate conformation, the binding site of the ligands remain to be 

elucidated.39,41,42 Discovery of the ligand binding site would have vast impacts on the further 

development of 20S proteasome activation as a therapeutic strategy, significantly increasing the 

sophistication of small molecule design and advancing SAR studies of 20S activator scaffolds. 

Furthermore, if the ligand binding site is determined to be the intersubunit pockets of the α-ring 

as predicted, the molecular docking model currently being used to predict ligand binding sites 

and ligand-receptor interactions would be validated. Further discussion of the molecular docking 

studies being conducted in the Tepe lab will be discussed in Chapter 3. 

To determine the binding site of a 20S proteasome activator, we propose cryogenic 

electron microcopy (cryo-EM) can be utilized. While no structures of a 20S proteasome with a 

small molecule 20S activator bound have been solved, structures have been reported with bound 

proteasome inhibitors.64–66 Furthermore, structures of 20S proteasomes bound to their 

endogenous protein activator caps have been solved.67–69 A recent structure has taken this a step 

further, replacing the typical tails found on one of these endogenous protein activator caps with 

a synthetic peptide analogue.70 These latter studies have revealed conformational changes 

associated with gate opening resulting from activation by the endogenous protein activator 

caps.70 In the Tepe lab, we aimed to determine the binding site of a 20S proteasome activator 

and determine the conformational changes associated with small molecule 20S proteasome 

activation. The cryo-EM studies discussed in this chapter were conducted in collaboration with 

Dr. Sundharraman Subramanian and Dr. Kristin Parent at the RTSF Cryo-EM Core Facility at 

Michigan State University. In the following studies, my focus was on the design of the 

experiments and method development, while Dr. Subramanian’s focus was the data acquisition 

and data processing. 

Cryogenic electron microscopy (cryo-EM) is a structural biology technique used to 

determine the structure of biological molecules and has been used to determine the structure of 

many proteins, viruses, and other cellular components. The technique involves the flash-freezing 

of solutions of proteins or other biological molecules, which are subsequently bombarded with a 
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beam of electrons to produce microscope images of individual molecules in a variety of 2D 

orientations. The obtained images are then averaged to reconstruct the 3D structure of the 

biomolecule, providing important insight into protein functions, how proteins malfunction in 

disease, and how proteins can be targeted with drugs.  

As one would expect, the cryo-EM workflow consists of multiple steps that must be 

optimized in order to obtain a high-resolution 3D structure of a protein. A high-resolution 

structure (≤ 3 Å) is one in which every atom in the electron density map is resolved to recognition. 

While a low-resolution structure (>3 Å) only shows the basic contours of protein chains and 

individual atoms cannot be concretely identified. Therefore, a high-resolution structure is the 

goal of the work in this chapter, as this would allow for the resolution of individual amino acids 

to determine key binding interactions between the 20S proteasome and small molecule activator 

ligand. While optimization of the individual parameters will be discussed in detail later in the 

chapter, the general workflow used for cryo-EM studies is as follows (Figure 2.15).  

 

Figure 2.15 General workflow of cryogenic electron microcopy (cryo-EM) experiments. 

The EM grids are made of a conductive material, such as copper, and consist of hundreds 

of small holes in which the sample will be frozen. Prior to sample application, the grids are 

typically treated with a low-energy glow discharge plasma under reduced pressure in 

atmospheric air. The ions generated during this process remove any residual organic 

contaminants and reduce the hydrophobicity of the grids.71 The increased hydrophilicity of the 

grids aids in spreading of aqueous solutions on the grid. The sample is then applied to the grid 

and immediately blotted with filter paper using a semi-automated apparatus (i.e. Vitrobot Mark 

IV) to create a thin film of protein/buffer on the grid. The grid is then plunged into liquid ethane 



65 
 

by the Vitrobot to form a vitreous layer of ice, freezing the protein sample in an amorphous state 

within the holes of the grid.71 The vitrification allows for such rapid freezing of the sample that it 

prevents the formation of ice crystals that significantly reduce the quality of ice and images 

collected. The blotting time is often a vital step that must be optimized, as it controls the ice 

thickness on the grids. If the ice is too thick, electrons may undergo multiple scattering events 

reducing image quality and decreasing phase contrast of the images.72 Since particles are picked 

during image collection by phase contrast, decreased phase contrast results in a fewer number 

of particles picked and reduced resolution of the final structure. However, if the ice is too thin, 

the sample will not remain frozen within the holes of the grid. Once the grids have been prepared, 

they are then screened for quality. During this screen the ice thickness is examined, the grids are 

inspected for the presence of ice crystals, and the number of protein particles within the grid 

squares is assessed. When a high-quality grid is selected, image collection begins and often occurs 

over the course of multiple days. During image collection, the software picks particles which are 

sorted into multiple 2D classes based on orientation of the particles.73 Following image collection, 

classes of 2D orientations are selected to be averaged for 3D reconstruction of the protein to 

determine its structure.73 

2.2.7 Challenges of Solving a Cryo-EM Structure of the 20S Proteasome 

While structures of the proteasome have been solved using cryo-EM, a large majority of 

the structures solved are of archaeal 20S proteasomes, such as the Thermoplasma acidophilum 

20S proteasome (T20S proteasome).74 In fact, archaeal 20S proteasomes have been extensively 

studied with great success due to the lower complexity of their structure in comparison to 

eukaryotic 20S proteasomes. The human 20S proteasome is comprised of hetero-heptameric 

rings of seven different α-subunits and seven β-subunits, resulting in C2 symmetry.75 However, 

the T20S proteasome is comprised of homo-heptameric rings of just one α-subunit and one β-

subunit, resulting in a higher order D7 symmetry.74,75 The greater symmetry of the T20S 

proteasome allows for a seven-fold increase in internal averaging of the T20S subunits compared 

to that of the human 20S proteasome.75 With an increase in internal averaging, fewer 2D images 

are required for 3D structure reconstruction. It is worth noting here that I expressed and purified 

T20S proteasome with the hopes of using it in my own cryo-EM studies. However, I found that 
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our 20S proteasome activators were unable to effectively enhance activity of the T20S 

proteasome, suggesting that they may not efficiently bind to the T20S proteasome (data shown 

in Figure 2.27 of the Appendix). 

Due to the lack of symmetry in the human 20S proteasome, a greater number of 2D 

images with high counts of proteasome particles per image need to be collected for 3D 

reconstruction. However, a higher number of particles often requires the use of increased protein 

concentrations, which may be disadvantageous in our studies. As discussed with the negative 

stain experiments above, a high protein concentration skewed the drug:20S ratio. While a 

concentration of drug that allows for 20S proteasome activation is not necessarily required to 

see a bound ligand, surely use of a concentration that did modulate 20S proteasome activity 

would ensure that the ligand was bound, and an open gate conformation is likely induced. 

However, with high proteasome concentrations needed for cryo-EM, our 20S proteasome 

activators would likely be insoluble at the concentrations needed to activate this high 

concentration of proteasome (as observed in the negative stain experiments previously 

discussed). Therefore, I hypothesized that keeping the protein concentration low would likely be 

advantageous for our studies. 

Another reason the human 20S proteasome has become a notoriously challenging protein 

structure to solve with cryo-EM, is due to a preferred orientation issue on the grid. As previously 

stated, prior to application of the sample to the grid, the grids are glow discharged. Glow 

discharging of the grids occurs in an apparatus under partial vacuum in atmospheric air to apply 

a negative charge to the grid. The process renders the surface of the grid hydrophilic and allows 

more of the aqueous sample to be retained. However, in the case of the human 20S proteasome, 

this traditional glow discharge process is known to cause a preferred orientation of 20S 

proteasome particles on the grid. It has been shown that under these conditions, the outer 

surface of the α-ring of the 20S proteasome preferentially interacts with the grid, resulting in a 

strong preferred top-view orientation of 20S proteasomes on the grid.75,76 This high prevalence 

of top-view proteasomes can be seen in the 20S proteasome only samples of the negative stain 

experiments discussed in this chapter. This preferred orientation is extremely unfavorable for 

cryo-EM studies, as it is essential that the orientation of protein particles on the grid are in highly 
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randomized orientations. The randomized orientation allows for 2D images to be captured from 

all angles of individual particles, so that the full 3D structure of the proteasome may be resolved 

without any “blind spots.” For example, if only top-view (α-ring) orientations of the proteasome 

were captured in the 2D images, only the 3D structure of the α-ring would be able to be 

reconstructed successfully. Therefore, unless the preferred orientation issue can be solved, a 

higher protein concentration will likely need to be used, as this would increase the probability of 

obtaining 2D images of side-view and other non-top-view orientations of the particles. However, 

again, unfortunately increasing protein concentration would further decrease the drug:20S ratio 

and possibly reduce chances of obtaining a high number of ligand-bound 20S proteasomes.  

To overcome these known challenges regarding the use of the human 20S proteasome as 

a cryo-EM substrate, the proteasome concentration, glow discharge process, and grid 

preparation parameters (i.e. grid type, blot time) required substantial optimization before a high-

resolution structure of the 20S proteasome could be obtained. It was essential that a method to 

obtain a high-resolution 20S proteasome structure be developed before a ligand was introduced, 

because if the resolution of the proteasome structure is low, any bound ligand would be 

undetectable. The optimization studies conducted to develop this method will be discussed 

herein. 

 2.2.8 Goals for Obtaining a High-Resolution Structure of the 20S Proteasome 

Prior to my time in the Tepe lab, an initial attempt was conducted to obtain a cryo-EM 

structure of TCH-165 bound to the 20S proteasome. This initial study was conducted with a 20S 

proteasome concentration of 2.5 mg/mL in an attempt to ensure enough proteasome particles 

would be present on the grid. Additionally, the hope was that this high protein concentration 

would also allow for a sufficient collection of non-top-view 2D images for reconstruction. The 

drug was then added to a final concentration of 200 μM. While this concentration pushed the 

solubility limits of TCH-165, any insoluble TCH-165 particulate matter could later be filtered out 

prior to grid preparation. However, following analysis of the data, the resolution of the resulting 

structure was determined to be between 7-8 Å. Analysis of the 2D images showed a strong 

preferred orientation issue, with almost all top-view orientations of the 20S proteasome. Due to 

the low resolution of the structure, it could not be determined whether the small molecule 20S 
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activator was bound. While further image collection can often be performed to increase the 

resolution, the data set here was not high enough quality to warrant further image collection. 

With the known challenges associated with utilizing the 20S proteasome in cryo-EM 

studies, and the issues experienced in the Tepe lab’s initial cryo-EM experiment, it was clear that 

the cryo-EM method must be optimized to obtain a high-resolution control 20S proteasome 

structure prior to addition of a ligand. While addition of the ligand may require additional 

optimization later on, ensuring our cryo-EM method was optimized first was vital. Then, if no 

ligand was observed in a high-resolution structure of the 20S proteasome, the reason could be 

better pinpointed to indicate an issue with ligand binding, such as a low population of ligand-

bound proteasomes. 

To develop a method for obtaining a high-resolution structure of the 20S proteasome, I 

outlined the following goals. The first goal is that a high number of proteasome particles must be 

present within the 2D images. Typically, 2D images of upwards of 40,000-50,000 individual 

particles must be averaged to reconstruct a good resolution structure. However, to accomplish 

this goal, another method rather than increased protein concentration was desirable to allow for 

a suitable drug:20S ratio. The second goal was to obtain a highly randomized orientation of 

individual proteasome particles on the grid by overcoming the proteasome’s preferred 

orientation issue. Once a method for obtaining a high resolution 20S proteasome structure was 

determined, the third goal was to incorporate a ligand to achieve a high number of ligand-bound 

proteasomes. As 3D structures are reconstructed through averaging of the 2D images, if only a 

small number of proteasomes were bound to the ligand, the electron density of the ligand would 

be averaged out in the final 3D structure due to a greater number of unbound proteasomes being 

present within the sample. Therefore, in a quest to solve a structure of a ligand-bound 20S 

proteasome the aforementioned parameters of the cryo-EM sample preparation and workflow 

were optimized to achieve these three goals. 

2.2.9 Cryo-EM Method Development – Control 20S Proteasome Structure  

While an experiment to obtain a high-resolution control 20S proteasome structure was 

needed for cryo-EM method development, it would also be used as a non-activated 20S 

proteasome control (DMSO treatment) for comparison against a small molecule activated 20S 
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proteasome. While our main goal is to determine the binding site of a 20S proteasome activator 

and determine individual amino acids in which the ligand interacts with, we also aimed to 

elucidate any conformational changes observed upon treatment with a 20S activator. Since 

atomic force microscopy studies have shown that TCH-165 induces an open gate conformation 

of the 20S proteasome,39 we aimed to explore this further and analyze individual subunits of the 

proteasome that may be responsible for this induction of the open gate conformation. To do this, 

an unbound, control 20S proteasome structure was needed to compare with a ligand-bound 20S 

proteasome.  

The previous attempt conducted in our lab was performed using the buffer in which the 

20S proteasome comes supplied by RnD Systems, as this buffer does not contain glycerol. 

Glycerol is typically included in proteasome storage buffers as it is a cryoprotectant to ensure 

protein stability during freeze/thaw cycles. However, it should not be included in the cryo-EM 

experiments as it is known to negatively impact cryo-EM grid freezing and result in poor ice 

quality. However, it is important to note that our in vitro 20S proteasome activity assays to 

evaluate a small molecule’s ability to enhance 20S proteasome activity are conducted in a 38 mM 

Tris-HCl, 100 mM NaCl buffer of pH 7.8. Hence, all of our activity assay results and indirect 

evidence of 20S proteasome binding by the 20S activators were obtained using the Tris buffer. 

Therefore, the remainder of the cryo-EM experiments discussed in this chapter were conducted 

using this activity assay buffer. This would allow for direct correlations to be made between any 

conformational changes observed in a cryo-EM structure and enhancement of 20S proteasome 

activity by the ligands.  

I next aimed to find a technique that could be employed to remedy the proteasome’s 

preferred orientation issue. It has been shown in a couple of studies that coating the grid with a 

solution of 0.1% poly L-lysine hydrobromide following the traditional glow discharge step places 

a positive charge on the grid and produces a much more random orientation of proteasome 

particles on the grid.77,78 A similar method uses a modified glow discharge protocol in which glow 

discharge occurs in the presence of pentylamine.70,75 I hypothesized the poly L-lysine coating may 

also aid in a higher retainment of proteasome particles on the grid, as studies using similar 

methods to apply a positive charge to the EM grids have been able to achieve high-resolution 
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structures with lower proteasome concentrations.70 Since I aimed to use the lowest proteasome 

concentration possible to achieve a good drug:20S ratio, in this control study I used a proteasome 

concentration of 0.5 mg/mL. This concentration would allow for a suitable drug:20S ratio to be 

achieved in later experiments when a 20S activator ligand was incorporated. With these 

parameters selected (Figure 2.16A), the 20S proteasome control sample was prepared by 

incubating purified human 20S proteasome (0.5 mg/mL) with 2% DMSO at 37 °C for 30 minutes. 

For this experiment, two types of EM grids were tested: a R1.2/1.3 Quantifoil grid with no 

support, and a R1.2/1.3 UT Quantifoil grid with an ultra-thin film carbon support. The grids were 

then prepared using the previously reported protocol for the poly L-lysine grid coating.78 In this 

procedure, an EM grid is glow discharged in the traditional manner to apply a negative charge to 

the grid. Next, a 0.1% poly L-lysine hydrobromide solution (5 μL) is placed on the EM grid and 

adsorbed for 90 seconds, washed twice with 5 μL drops of water, and then allowed to dry 

completely. The sample was then applied to the grid and blotted with a Vitrobot Mark IV for 3.0 

or 3.5 seconds to investigate which blot time gave a desirable ice thickness. The grids prepared 

were then screened to determine which of the grid preparation parameters provided the highest 

quality grid. Upon screening, a good mix of top-view and side-view proteasome particles was 

observed, validating the poly L-lysine coating technique had been successful in overcoming the 

proteasome’s preferred orientation issue using our protocol. Additionally, there was a slightly 

higher number of proteasomes on the grid than previous experiments we had conducted without 

the poly L-lysine coating, suggesting the coating may have helped retain additional particles. 

Ultimately, a sample prepared on the R1.2/1.3 Quantifoil grid with a blot time of 3.5 seconds was 

selected for image collection, as it had the highest quality ice and a sufficient number of 

proteasome particles present. 

Following one day of image collection, a preliminary analysis of the data prompted us to 

halt image collection. From one day of imaging, 1100 images were collected with a total of 8,000 

particles in the collection of 2D images. While this number of particles was somewhat improved 

from our earlier cryo-EM experiments, ultimately, we aimed to reach at least 40,000-50,000 total 

particles to obtain a high-resolution structure. If each image continued to average 8 proteasome 

particles, image collection would likely have to continue for several days to achieve an acceptable 
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resolution. Therefore, we decided to process the data as is, as the poly L-lysine coating had at 

least been successful in providing a random orientation of proteasome particles.  

To determine what effect the more randomized orientation of particles would have on 

our structure resolution, the data was processed by Dr. Sundharraman Subramanian at the RTSF 

Cryo-EM Core Facility at Michigan State University using CryoSPARC software. The general 

procedure for data processing is outlined here. During image collection setup, an appropriate 

phase contrast threshold is set to pick particles from the ice. After the particles are selected, they 

are extracted from the micrographs and any particles with a similar orientation are placed into a 

particle stack forming a 2D class of particles (Figure 2.16B). The quality of the 2D classes is then 

assessed. At this stage of analysis, poorly resolved 2D classes are typically eliminated from further 

downstream 3D analysis. The highly resolved 2D classes are then used as the input for 3D 

classification to produce an electron density map, and ultimately reconstruct the 3D structure.  

To estimate the resolution of the reconstructed structure, the Fourier shell correlation 

(FSC) is calculated. To calculate the FSC, the dataset is divided randomly into two halves and each 

half is processed independently to produce two half maps.79 The half maps are then correlated 

against each other to provide the FSC value. As is typical, in our experiments the resolution at 

which the FSC curve crosses a threshold of 0.143 (blue line of Figure 2.16C) is used to report the 

resolution of the cryo-EM reconstructions.79 As shown in Figure 2.16C, the FSC plot of the 

electron density maps estimated a 6.03 Å structure with C2 symmetry applied (Figure 2.16D). 

While this resolution is not below the 3.0 Å goal, for one day of imaging a 6.0 Å structure is quite 

promising. As in the early cryo-EM experiment with TCH-165, a 7.0-8.0 Å structure was obtained 

after three days of imaging. While there were still fewer particles per image than desired, the 

random orientation of particles provided by the poly L-lysine grid coating seemed to have quite 

a positive effect on the structure resolution. Therefore, the next step was to find a method to 

further increase proteasome particles present on the grid. 
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Figure 2.16 Control 20S proteasome cryo-EM experiment. (A) Experimental parameters and 
summary of dataset. (B) Representative 2D class averages selected for 3D reconstruction. (C) FSC 
plots of the electron density maps result in 6.03 Å structure. (D) Reconstructed 6.03 Å structure 
of the 20S proteasome with C2 symmetry applied. 

To increase protein particles on the grid, a literature search revealed a technique that has 

been used to increase the number of particles on the grid without increasing protein 

concentration of the sample. As done in our previous experiment, typically the protein sample is 

applied to the EM grid, and then a Vitrobot is used to blot the grid for a selected time to achieve 

appropriate ice thickness. However, in this new technique, the sample is applied to the grid and 

manually blotted to near dryness with Whatman filter paper. Then, the sample application and 

manual blotting process is repeated twice more to increase protein concentration on the grid. 

Following the third blot, the grid is plunged into liquid ethane by the Vitrobot. This technique was 

utilized in our next experiment which is outlined below. 
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2.2.10 Cryo-EM Experiment with 20S Proteasome Treated with 20S Activator Ligand 

In the next experiment, I decided to incorporate a 20S proteasome activator ligand. Since 

the resolution of the structure was 6.03 Å after only one day of imaging, I anticipated the 

resolution could be improved with additional image collection in the next experiment. Even at 

the 6.03 Å resolution, the protein side chains were resolved quite well when comparing with 

published structures of the 20S proteasome. As the cryo-EM experiment with TCH-165 resulted 

in drug solubility issues, I chose the 20S proteasome activator, SS-4-15 (Figure 2.17A), due to its 

comparable potency (i.e. EC200 = 1.2 ± 0.6 µM) and increased solubility. A concentration of 200 

μM SS-4-15 was selected for use in the experiment, as it provided a drug:20S ratio of about 300:1 

and had good solubility. Furthermore, this drug:20S ratio has shown to effectively enhance 20S 

proteasome activity, albeit the activity assay was conducted at a concentration of 1 nM 20S, 

instead of 670 nM (0.5 mg/mL). 

To prepare the cryo-EM sample, 20S proteasome (0.5 mg/mL) was incubated with SS-4-

15 (200 μM) at 37 °C for 30 minutes. For grid preparation, grids were again prepared using two 

grid types: a R1.2/1.3 Quantifoil grid with no support, and a R1.2/1.3 UT Quantifoil grid with an 

ultra-thin film carbon support, and four different blot times were tested (i.e. 2.5, 3.0, 3.5, and 4.0 

seconds). Although these parameters were already tested in the previous control experiment, 

incorporation of the small molecule ligand could have a substantial impact on how the sample 

freezes and the ice quality. Contrary to the control experiment, the triple sample application/blot 

technique was used in which the sample was applied and manually blotted three times, with the 

final blot performed using a Vitrobot Mark IV, followed by plunging into liquid ethane to freeze 

the grid. 

Following approximately 2.5 days of image collection, 2000 images were collected with a 

total of 35,000 particles in this collection of images, which was quite close to our goal of 40,000-

50,000 particles. Utilizing the triple sample application/blot technique, the number of particles 

per image increased from about 8 particles per image to approximately 20 proteasome particles 

per image. The data was again processed by Dr. Sundharraman Subramanian using CryoSPARC 

software. The same data processing procedure described in the previous experiment was used. 

Particle picking provided the 2D class averages shown in Figure 2.17B. However, analysis of the 
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quality of these 2D classes resulted in a very interesting observation. By examining the various 

2D class averages, it was estimated that approximately 50 percent of the proteasomes had been 

denatured or “fallen apart.” As shown in Figure 2.17B, there were approximately 1,600 particles 

of a side-view with several β-subunits removed from the proteasome’s structure (column 2, row 

2 of 2D averages), compared to the approximately 3,600-3,900 particles of side-view classes of 

fully assembled proteasomes. Additionally, 2D classes of individual α-rings and/or β-rings were 

quite prevalent among the collected images. As evidence of the proteasome being denatured 

was not observed in the control experiment, it suggests the denatured proteasomes are induced 

by addition of the 20S activator, as the same concentration of DMSO and mechanical handling of 

the sample was used for both experiments. I hypothesized that the high drug concentration used 

in this experiment may be responsible for this denaturation. 

For further downstream 3D analysis, the poorly resolved 2D classes of denatured 20S 

proteasomes were eliminated. The highly resolved 2D classes were then used for 3D classification 

to produce electron density maps and reconstruction of the structure (Figure 2.17B). To estimate 

the resolution of the reconstructed structure, the Fourier shell correlation (FSC) was calculated. 

As in the previous experiment, the resolution at which the FSC crosses a threshold of 0.143 (blue 

line of Figure 2.17C) was used to report the resolution of the cryo-EM reconstruction. As shown 

in Figure 2.17C, the FSC plot of the electron density maps estimated a 3.26 Å structure with the 

application of C2 symmetry (Figure 2.17D).  

To examine the structure for the bound ligand, our reconstructed structure was aligned 

with a published 20S proteasome structure (PDB ID: 4R3O)64 to look for any changes in electron 

density between the two structures (the overlayed structures are shown in Figure 2.17D). As the 

published structure has no bound ligands, any additional electron densities in our structure may 

indicate a bound 20S proteasome activator. However, following the comparison of the two 

structures, no added electron densities were detected in our reconstructed structure. Since our 

structure was very well resolved, additional electron density from a ligand should be detectable, 

therefore it was concluded that no ligand was bound in our structure. 
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Figure 2.17 Cryo-EM experiment with 20S activator treated 20S Proteasome. (A) Experimental 
parameters and summary of dataset. (B) Representative 2D class averages and those selected for 
3D reconstruction. (C) FSC plots of the electron density maps resulted in a 3.26 Å structure with 
C2 symmetry applied. (D) Reconstructed 3.26 Å structure of the 20S proteasome with C2 
symmetry applied (purple; left image) aligned with published 20S proteasome structure (PDB ID: 
4R3O; gray). Zoomed in view of two overlayed structures to show level of detail resolved in our 
reconstructed structure (right image). 

Due to the small size of the ligand, 447 Daltons in comparison to the 750,000 Dalton 

proteasome, it may be difficult to locate such a small additional electron density. Therefore, we 

also analyzed our structure to ascertain whether any conformational changes associated with 

gate opening had occurred as an additional way to check for ligand binding. This was done by 

aligning the β-rings of our structure to that of a 20S proteasome in a closed gate conformation 

(PDB ID: 4R3O)64 since it has been reported that the β-subunits remain mostly unchanged during 

gate opening.67,68 Comparison of our structure and the closed gate 20S structure revealed very 
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similar, overlapping electron densities of the N-termini tails which occlude the central pore in a 

closed gate conformation. We also aligned our structure with a recently published open gated 

proteasome. The structure of this open gate proteasome, revealed that during gate opening, the 

N-termini tails of the α-subunits which occlude the gate of the central pore in a closed gate α-

ring were displaced from the central pore, and the diameter of the pore increased in width by 

3.8 Å compared to a closed gate α-ring.70 The electron densities of the displaced N-termini tails 

of this open gate proteasome did not align with the densities of the N-termini tails in our 

structure. Therefore, with these two comparisons, we concluded that our reconstructed 

structure is in a closed gate conformation further supporting the conclusion that no 20S activator 

ligand was bound in our structure. 

After reflecting upon the data, I propose a couple of possible explanations as to why a 20S 

activator ligand was not observed. The dataset collected resulted in a very curious observation 

that almost 50 percent of the proteasome particles found in the 2D class averages were 

denatured in the 20S activator treated sample. As this denaturation was not observed in the 

control 20S proteasome experiment, this effect was likely induced by drug treatment, as no 

differences in mechanical handling during sample preparation was conducted. I hypothesized 

that the high concentration of 20S activator used in this study may have resulted in this 

denaturation. This could be due to a high number of bound ligands resulting in non-specific 

binding, or perhaps the high concentration of drug had caused the drug to aggregate which upon 

binding to the 20S proteasome denatured the protein. Therefore, we hypothesized it is possible 

that the denatured proteasomes might have once belonged to a population of ligand-bound 20S 

proteasome particles. However, at some point during sample or grid preparation, the 

proteasomes were disassembled. While we attempted to analyze the denatured 2D classes for 

evidence of ligand bound to any of the proteasome pieces, due to their reduced prevalence, the 

disassembled pieces were not as highly resolved as the fully assembled 2D classes. Ultimately, 

the resolution of these denatured proteasome pieces was too low to identify whether the ligand 

was bound in these structures. 

Another possible explanation for the ligand not being detected in the structure may be 

due to a low population of ligand-bound 20S proteasomes in comparison to unbound 20S 
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proteasomes. Since the 3D structure is reconstructed through averaging of the various 2D classes, 

if only a small population of the 20S proteasomes have a ligand bound, it is possible that the 

electron density of the ligand is averaged out in the final 3D structure. This is because the 

software is unable to sort unbound 20S proteasomes and ligand-bound 20S proteasomes into 

separate 2D classes, due to the small size of the ligand in comparison to the proteasome. 

However, there are methods that could be implemented into future cryo-EM studies to allow for 

unbound proteasomes to be sorted from ligand-bound proteasomes. Further avenues to explore 

in an attempt to address these issues will be discussed in the future work section below. 

2.2.11 Future Work 

While further work is required to obtain a ligand-bound 20S proteasome structure, the 

method we developed and discussed in this chapter has shown to result in the reconstruction of 

high-resolution 20S proteasome structures in several of our studies. Once a suitable ligand is 

discovered, the hope is that the ligand can be easily incorporated and used in this method to 

solve the structure. Work is ongoing in pursuit of solving a ligand-bound 20S proteasome 

structure by concurrent exploration of the following strategies.  

One of the avenues currently being explored is the incorporation of a technique that 

allows for sorting unbound 20S proteasomes from ligand-bound 20S proteasomes. Immunogold 

labeling with Au nanoparticles has been widely used in electron microscopy studies to label a 

sample component.80,81 In negative stain studies, proteins have been labeled using an Au 

nanoparticle-tagged antibody specific to the protein of interest.80 Due to the high electron 

density of the Au nanoparticle, the electron density is easily detectable and appears as a dark 

spot on the protein in the micrographs. Additional studies have conjugated Au nanoparticles 

directly to the protein for visualization by electron microscopy.82 Application of this strategy to 

our work could be used to conjugate an Au nanoparticle to a 20S proteasome activator. Following 

incubation with the 20S proteasome, this would allow for particles with the Au nanoparticle-

tagged ligand bound to be sorted from the proteasome particles lacking this obvious added 

density from the Au nanoparticle. This would allow the 2D class of unbound 20S proteasomes to 

be eliminated prior to 3D reconstruction to avoid averaging out electron density of the ligand in 

the final 3D structure. 
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Another strategy currently being explored is the use of covalent ligands. While attempts 

to design a covalent 20S proteasome activator have yet to be successful, this is a promising 

avenue to explore since the off rate of the drug would be eliminated using this approach. In an 

adjacent study, a photo affinity labeling approach is being explored in collaboration with Dare 

George. For this approach, a diazirine was incorporated in the structure of a 20S proteasome 

activator ligand. To prepare the sample, the 20S proteasome is incubated with the ligand to allow 

for binding to the 20S activator’s typical binding site, then UV light is used to covalently attach 

the ligand in place. This strategy is currently being explored in combination with the previous Au 

nanoparticle strategy. In this study, an alkyne and the diazirine will both be added onto the 20S 

proteasome activator ligand. Following photo affinity labeling, the alkyne can undergo a click 

reaction with an Au nanoparticle conjugated to an azide. This will allow for covalent attachment 

of the ligand to the 20S proteasome, and also allow for better sorting of the unbound and ligand-

bound 20S proteasome populations. 

Exploration of these strategies to ensure ligand binding and allow for the sorting of ligand-

bound 20S proteasomes from unbound proteasomes provide very exciting avenues to explore. 

Despite whether these strategies directly lead to solving the structure of a ligand-bound 20S 

proteasome, the knowledge gained from these approaches will be invaluable, as they could 

provide insight into why we have been unable to detect a bound ligand in our structures. With 

this information, the method to solve a 20S proteasome structure can be further fine-tuned. 

2.3 Conclusion 

The 20S proteasome activator TCH-165 has shown to potently enhance proteolytic 

activity of the 20S proteasome. Mechanistic studies have provided evidence that this enhanced 

proteolytic activity is due to induction of an open gate conformation. In this chapter, progress 

toward solving a cryo-EM structure of a 20S proteasome bound to a small molecule 20S activator 

was discussed. While further work is required to solve a structure of a ligand-bound 20S 

proteasome, a method to obtain a high-resolution 20S proteasome structure has been 

successfully developed. Once a suitable ligand is designed, the method outlined in this chapter 

can be used to solve a structure to identify the ligand binding site and elucidate the 

conformational changes associated with gate opening. 
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Furthermore, 20S proteasome activation by TCH-165 was shown to enhance the 

degradation of DPR proteins and reduce the accumulation of poly-GR DPR proteins in cortical 

neuron culture. Additionally, TCH-165 provided protection from proteasome impairment by both 

poly-GR and poly-PR DPR proteins in purified protein assays and in neurons, allowing global 

proteostasis to be restored. Finally, these benefits from 20S proteasome activation provided 

protection from the cytotoxic effects of accumulating DPR proteins in neurons. Preliminary 

investigation into the mechanism by which DPR proteins impair 20S proteasome function, 

revealed UPS impairment may result from recruitment of 20S proteasomes into large DPR protein 

aggregates. Remarkably, treatment with TCH-165 was able to prevent this recruitment of 20S 

proteasomes in these initial studies. In all, the work in this chapter suggests that small molecule 

activation of the 20S proteasome may offer a potential novel therapeutic strategy for the 

treatment of ALS. 

2.4 Experimental 

2.4.1 Materials and Reagents 

Human 20S proteasome and fluorogenic substrate N-succinyl-Leu-Leu-Val-Tyr-7-amido-4-

methylcou-marin (Suc-LLVY-AMC) were obtained from R&D Systems, Inc. (Minneapolis, MN). 

Fluorogenic poly-GR DPR protein substrate (Suc-GR3-AMC), HA-GR20, and HA-PR20 DPR proteins 

were synthesized by GenScript (Piscataway, NJ). The precast sodium dodecyl sulfate gels, PVDF 

membrane and blocking grade milk were purchased from Bio-Rad (Hercules, CA). Radiance Plus 

Western ECL reagent was purchased from Azure Biosystems, Inc. (Dublin, CA). Bicinchoninic acid 

(BCA) assay kit was from ThermoFisher Scientific. Rabbit monoclonal anti-HA-tag, anti-mouse 

HRP-linked, and anti-rabbit HRP-linked antibodies were purchased from Cell Signaling 

Technology (Danvers, MA). The mouse monoclonal anti-total ubiquitin and anti-GAPDH HRP-

linked antibodies were purchased from Novus Biologicals (Littleton, CO). The rabbit polyclonal 

anti-poly-PR antibody was purchased from Sigma-Aldrich. 

2.4.2 Methods 

20S proteasome-mediated degradation of fluorogenic poly-GR DPR protein substrate. Purified 

20S proteasome (final concentration of 1 nM) in assay buffer (38 mM Tris-HCl, 100 mM NaCl, pH 

7.8) was added to a black, clear-bottom 96-well plate and incubated with various concentrations 
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of drug (1.25-80 µM) at 37 °C for 15 minutes. Fluorogenic poly-GR DPR protein substrate (Suc-

GR3-AMC) was added to each well to a final concentration of 20 µM. Fluorescence was measured 

at 37 °C taking kinetic readings every 5 minutes at 380/460 nm for 1 hour. 

20S proteasome-mediated degradation of DPR protein. Purified 20S proteasome (final 

concentration of 2 nM) in assay buffer (38 mM Tris-HCl, 100 mM NaCl, pH 7.8) was incubated 

with varying concentrations of drug (final concentrations ranging from 1-10 µM; 2% DMSO) and 

incubated at 37 °C for 15 minutes. Purified HA-GR20 or HA-PR20 were added to a final 

concentration of 0.5 μM and the samples were incubated at 37 °C for 30 minutes and 8 hours, 

respectively. Following incubation, the samples were boiled at 95 °C with 5X SDS loading buffer, 

resolved on a 4-20% Tris/glycine gel and transferred to a PVDF membrane that was probed with 

anti-HA-tag (Cell Signaling; cat# 3724S) or anti-GAPDH-HRP (Novus; cat# NBP2-27103H) 

antibodies. After washing and application of appropriate secondary antibodies the blots were 

developed with ECL Western reagent (Radiance Plus, Azure Biosystems; cat# AC2103) and imaged 

with a chemiluminescent Western blot imager (Azure Biosystems 300Q). Band intensities were 

acquired using Biorad Image Lab analysis software. Statistical analyses were performed with 

GraphPad Prism 8.1; One-way ANOVA with a post hoc Sidak test was used for multiple 

comparisons of group means (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; 

****p≤0.0001). 

Preventing 20S proteasome impairment by DPR protein. Purified 20S proteasome (final 

concentration of 1 nM) in assay buffer (38 mM Tris-HCl, pH 7.8) was incubated with various 

concentrations of drug (1, 3, and 10 µM) at 37 °C for 15 minutes (0.25% final DMSO 

concentration). Lyophilized HA-GR20 or HA-PR20 powder was dissolved in DMSO to a final 

concentration of 1 mM and aliquots were stored at -80 °C until just before use. Dipeptide repeat 

protein (HA-GR20 or HA-PR20) was added to a final concentration of 37.5 nM and incubated for 5 

minutes on ice or at 37 °C, respectively. After incubation, 100 L of the reaction mixture was 

added to three wells of a black, clear-bottom 96-well plate. Fluorogenic proteasome substrate 

Suc-LLVY-AMC was added to each well to a final concentration of 40 µM. Fluorescence was 

measured at 37 °C taking kinetic readings every 5 minutes at 380/460 nm for 1 hour. Statistical 

analyses were performed with GraphPad Prism 8.1; One-way ANOVA with a post hoc Sidak test 



81 
 

was used for multiple comparisons of group means (ns, not significant, *p≤0.05; **p≤0.01; 

***p≤0.001; ****p≤0.0001). 

Overcoming 20S proteasome impairment by DPR protein. Lyophilized HA-GR20 or HA-PR20 

powder was dissolved in DMSO to a final concentration of 1 mM and aliquots were stored at -80 

°C until just before use. Purified 20S proteasome (final concentration of 1 nM) in assay buffer (38 

mM Tris-HCl, pH 7.8) was incubated with DPR protein (HA-GR20 or HA-PR20) (final concentration 

of 37.5 nM) for 5 minutes on ice or at 37 °C, respectively. Various concentrations of drug (1, 3, 

and 10 µM) were added and incubated at room temperature for 15 minutes (0.25% final DMSO 

concentration). After incubation, 100 L of the reaction mixture was added to three wells of a 

black, clear-bottom 96-well plate. Fluorogenic proteasome substrate Suc-LLVY-AMC was added 

to each well to a final concentration of 40 µM. Fluorescence was measured at 37 °C taking kinetic 

readings every 5 minutes at 380/460 nm for 1 hour. Statistical analyses were performed with 

GraphPad Prism 8.1; Brown-Forsythe and Welch ANOVA with a post hoc Dunnett’s T3 test was 

used for multiple comparisons of group means (ns, not significant, *p≤0.05; **p≤0.01; 

***p≤0.001; ****p≤0.0001). 

Restoring proteostasis in the presence of DPR proteins in rat cortical neurons. Days in vitro 

cortical neurons cultures were scraped from culture dishes, pelleted in a microcentrifuge tube, 

and resuspended in chilled lysis buffer (10 mM Tris, 0.5 mM DTT, 5 mM Mg2ATP, 5 mM MgCl2, 

pH 7.8). Pellets were vortexed for 15 seconds and left on ice for 30 minutes. The lysate was 

clarified by centrifugation at 6000 x g (4 °C) for 20 minutes. Total protein of the lysate was 

quantified by bicinchoninic acid assay (BCA assay, ThermoFisher Scientific), normalized to 2 

mg/mL total protein, and boiled with 5X SDS loading buffer at 95 °C. Lysates (40 µg) were resolved 

on a 4-20% Tris/glycine gel and transferred to a PVDF membrane. The membrane was probed 

with anti-poly-GR (Cleveland lab), anti-poly-PR (Sigma-Aldrich; cat# ABN1354), anti-total 

ubiquitin (Novus; cat# NB300-130), and anti-GAPDH-HRP (Novus; cat# NBP2-27103H) antibodies. 

After washing and application of appropriate secondary antibodies the blots were developed 

with ECL Western reagent (Radiance Plus, Azure Biosystems; cat# AC2103) and imaged with a 

chemiluminescent Western blot imager (Azure Biosystems 300Q). Band intensities were acquired 

using Biorad Image Lab analysis software. Statistical analyses were performed with GraphPad 
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Prism 8.1; One-way ANOVA with a post hoc Sidak test was used for multiple comparisons of group 

means (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 

Pure neuronal cultures.83  

Neuroprotection in the presence of DPR proteins.83 

Sample preparation for 20S proteasome impairment negative stain experiments (initial 

conditions). Purified 20S proteasome (70 nM) in assay buffer (50 mM Tris; pH 7.8) was pretreated 

with 1% DMSO or TCH-165 (final concentration of 10 μM) for 15 minutes at 37 °C. The HA-PR20 

DPR proteins were then added to a final concentration of 875 nM (12.5:1 ratio of DPR:20S) and 

incubated for 30 mins, 2 hours, 4 hours or 8 hours at 37 °C. 

Sample preparation for 20S proteasome impairment negative stain experiments (later 

conditions). Purified 20S proteasome (40 nM) in assay buffer (50 mM Tris, 100 mM NaCl; pH 7.8) 

was pretreated with 2% DMSO or TCH-165 (final concentration of 200 μM) for 15 minutes at 37 

°C. The HA-PR20 DPR proteins were then added to a final concentration of 5,000 nM (125:1 ratio 

of DPR:20S) and incubated for 8 hours at 37 °C. 

Negative stain electron microscopy sample preparation. Continuous carbon support film grids 

(Cu 400 mesh carbon coated Formvar grids; Ted Pella) were glow discharged (PELCO easiGlow, 

15 mA) for 45 seconds. The sample (4 μL) was applied to the grid for 45 seconds and then washed 

three times with water by quickly floating the grid on a water droplet. The sample was then 

quickly floated on a droplet of 1% aqueous uranyl acetate, followed by floating of the grid on the 

stain for 12 seconds. The grids were allowed to fully dry and then imaged at the RTSF Cryo-EM 

Core facility at Michigan State University using a Talos Arctica microscope operated at 200 keV. 

Micrographs were collected at a nominal magnification of 92000 (1.12 Å/px) with an exposure 

time of 0.50 seconds and an objective lens defocus setting of 5 μm underfocus. 

Cryo-electron microscopy sample/grid preparation. Purified 20S proteasome (0.5 mg/mL) in 

buffer (38 mM Tris, NaCl, pH 7.8) was incubated with DMSO or 20S activator (200 uM) at 37 °C 

for 30 minutes. Following incubation, the sample was placed on ice. R1.2/1.3 or R1.2/1.3 UT 

Quantifoil grids were glow discharged for 45 seconds in a PELCO easiGlow glow discharging unit 

(15 mA) in atmospheric air. Next, 5 μL of a 0.1% poly L-lysine hydrobromide solution was placed 

onto the hydrophilized grids and absorbed for 90 seconds, washed twice with 5 μL drops of water, 
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and allowed to dry completely. The protein sample (4 μL) was then applied to the grids, and the 

grids were manually blotted to near dryness with Whatman filter paper inside the Vitrobot Mark 

IV chamber (4 °C, 95% humidity). The sample application and blotting process was then repeated 

two more times, with the final blot being performed by the Vitrobot Mark IV (with a blot time of 

3.5 seconds). The grid was then plunged into liquid ethane and stored under liquid nitrogen. 

Cryo-electron microscopy data collection. Cryo-EM data were collected at the RTSF Cryo-EM 

Core facility at Michigan State University using a Talos Arctica microscope operated at 200 keV. 

The micrographs were collected at a nominal magnification of 120,000X with a dose rate of 39.57 

e-/Å2. Data processing was carried out using CryoSPARC software by Dr. Sundharraman 

Subramanian. The overall resolution was estimated based on the gold-standard Fourier shell 

correlation (FSC0.143). 
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APPENDIX 

2.1 In vitro Degradation of HA-GR20
 

 

Figure 2.18 20S proteasome-mediated degradation of HA-GR20. Immunoblots (n=4) of HA-GR20 
digestion by purified 20S proteasome pretreated with DMSO, TCH-165 (1, 3, 5, 10 µM), or 
proteasome inhibitor, bortezomib, BTZ (10 µM) for 30 minutes. 
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2.2 In vitro Degradation of HA-PR20
 

 

Figure 2.19 20S proteasome-mediated degradation of HA-PR20. Immunoblots (n=4) of HA-PR20 
digestion by purified 20S proteasome pretreated with DMSO, TCH-165 (1, 3, 5, 10 µM), or 
proteasome inhibitor, bortezomib, BTZ (10 µM) for 8 hours. 
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2.3 Preventing 20S Proteasome Impairment with TCH-23 

 

 

Figure 2.20 Preventing 20S proteasome impairment by HA-GR20 and HA-PR20 with TCH-23. (A) 
Dose-response of TCH-23 for 20S proteasome-mediated proteolysis of fluorogenic substrate Suc-
LLVY-AMC with 20S proteasome pretreated with TCH-23, followed by incubation with HA-GR20. 
(B) Dose-response of TCH-23 for 20S proteasome-mediated proteolysis of fluorogenic substrate 
Suc-LLVY-AMC with 20S proteasome pretreated with TCH-23, followed by incubation with HA-
PR20 (n=3); one-way ANOVA (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 
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2.4 Overcoming 20S Proteasome Impairment with TCH-23 

 

 

Figure 2.21 Overcoming 20S proteasome impairment by HA-GR20 and HA-PR20 with TCH-23. (A) 
Dose-response of TCH-23 for 20S proteasome-mediated proteolysis of fluorogenic substrate Suc-
LLVY-AMC with 20S proteasome pretreated with TCH-23, followed by incubation with HA-GR20. 
(B) Dose-response of TCH-23 for 20S proteasome-mediated proteolysis of fluorogenic substrate 
Suc-LLVY-AMC with 20S proteasome pretreated with TCH-23, followed by incubation with HA-
PR20 (n=3); one-way ANOVA (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 
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2.5 UPS Impairment by GFP-GR50 in Rat Cortical Neurons 

 

Figure 2.22 UPS function is impaired by GFP-GR50 in rat cortical neurons. (A) Representative 
western blot of the amount of total ubiquitinylated proteins present in rat cortical neurons 
following expression of GFP-GR50 for 48 hours. Immunoblot probed with anti-poly-GR, anti-total 
ubiquitin, and anti-GAPDH antibodies. (B) Quantification of total ubiquitinylated protein western 
blots (n=3); student’s t test (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 
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2.6 Neuronal GFP-GR50 Time Course Assay 

 

 

 

 

Figure 2.23 Restoring proteostasis in the presence of GFP-GR50. Immunoblots (n=3) of cortical 
neuron lysate expressing GFP-GR50 DPR protein following treatment with DMSO or TCH-165 (10 
µM) for 12, 24, and 48 hours. The red box indicates the quantified region of the blots. 
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2.7 Neuronal GFP-PR50 Time Course Assay 

 

 

 

 

Figure 2.24 Restoring proteostasis in the presence of GFP-PR50. Immunoblots (n=3) of cortical 
neuron lysate expressing GFP-PR50 DPR protein following treatment with DMSO or TCH-165 (10 
µM) for 12, 24, and 48 hours. The red box indicates the quantified region of the blots. 
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2.8 Motor Neuron Survival Data for Control Rat Cortical Neurons Treated with TCH-165 

 

 

 

Figure 2.25 Cytotoxicity data for control neurons treated with TCH-165. Data shows no change in 
motor neuron survival when control rat spinal cord neurons were infected with a LacZ control 
vector or treated with TCH-165 (3 μM). 
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2.9 Motor Neuron Survival in the Presence of GFP-GA50 

 

 

Figure 2.26 TCH-165 provides neuroprotection in the presence of poly-GA DPR proteins in rat 
spinal cord neurons. (A) Quantification of motor neuron survival following treatment with control 
(GFP with DMSO), GFP-GA50 (with DMSO), or GFP-GA50 (with 3 μM TCH-165); (n=4); one-way 
ANOVA (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 
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2.10 T20S Proteasome Activity Assay 

 

 

Figure 2.27 Purified T20S proteasome (2 nM) was incubated with DMSO or drug (3.125-100 µM) 
in assay buffer (38 mM Tris-HCl, 100 mM NaCl; pH 7.8) for 15 minutes at 37 °C. Proteolytic activity 
was measured by the degradation of fluorogenic substrate probe Suc-LLVY-AMC. 
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CHAPTER THREE 

Discovery of a Novel Class of Small Molecule 20S Proteasome Activators Allows for the 

Exploration of Selective Targeting of Intrinsically Disordered Proteins 
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3.1 Introduction 

3.1.1 Background 

The degree of protein structure lies on a wide continuum ranging from proteins with a 

highly ordered quaternary structure to proteins lacking a defined tertiary structure; the latter are 

referred to as intrinsically disordered proteins (IDPs).1 IDPs are important for many cell signaling 

processes,2 however, accumulation has shown to elicit toxic signaling events.3,4 A number of 

neurodegenerative diseases including amyotrophic lateral sclerosis (ALS), Parkinson’s disease 

and Alzheimer’s disease have been characterized by an accumulation of aggregation-prone 

IDPs.5–8 This accumulation has shown to result in an imbalance in cellular proteostasis and the 

progressive death of neurons, leading to further disease progression.9–11 Dysregulation of the 

ubiquitin-proteasome system (UPS) has been implicated as one of the major contributors to this 

loss of proteostasis.10,12–15  

The UPS is made up of the active 26S proteasome which is primarily responsible for the 

degradation of ubiquitinylated substrates,16,17 and a less active/latent isoform, the 20S 

proteasome, which can only target IDPs for degradation.16,18–20 The 20S core particle is comprised 

of four heptameric rings (α7β7β7α7), with two inner β-rings containing three unique proteolytic 

sites responsible for chymotrypsin-like (CT-L), trypsin-like (T-L), and caspase-like (Casp-L) activity, 

and two outer α-rings that act as gate keepers to the inner proteolytic core.21–23 The 19S 

regulatory caps then bind into intersubunit pockets between the α-subunits, forming the 26S 

proteasome. Upon docking of the 19S caps, an ATP-dependent conformational change occurs 

opening the gate to the proteolytic core.24,25 Without binding of the 19S regulatory cap, the 20S 

proteasome is often found in a closed gate, latent/low activity conformation, yet capable of 

maintaining low IDP levels.16,17 The low basal activity of the 20S proteasome is sufficient to 

maintain proper IDP levels in a healthy cell, however, accumulation of IDPs can occur through 

dysregulation of the UPS, mutations, gene amplification, or other cellular dysregulations.26 

Furthermore, the accumulation of these aggregation-prone IDPs has shown to lead to  the 

formation of IDP aggregates, which were recently proposed to impair 20S proteasome-mediated 

proteolysis, resulting in the additional accumulation of toxic IDP aggregates.27 To combat the 
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toxic accumulation of IDPs, a new strategy aimed to enhance 20S proteasome activity through 

small molecule activation has emerged.  

Recent advances to understand the mechanism through which activation of the 20S 

proteasome occurs have shown that some small molecules enhance activity of the 20S 

proteasome through induction of an active, open gate conformation.28 This has shown to be true 

in the case of the Tepe lab’s first identified 20S proteasome activator, TCH-165. Through the use 

of atomic force microscopy, TCH-165 was shown to induce an open gate conformation of the 20S 

proteasome in the absence of the 19S regulatory cap, this ultimately allowing for more efficient 

substrate entry into the proteolytic core resulting in the increased rate of IDP degradation.28 

While TCH-165 has shown to be effective toward a number of IDP targets associated with 

disease,28–30 there is a need to identify additional 20S proteasome activator scaffolds to further 

validate this strategy as a potential therapeutic approach. 

 Since small molecule activation of the 20S proteasome is such a new approach, known 

examples of small molecules capable of enhancing 20S proteasome activity are scarce. The 

earliest identified examples included detergents, such as sodium dodecyl sulfate (SDS), lipids, 

fatty acids and a few natural products.31–36 It has been shown that SDS enhances 20S proteolytic 

activity at low concentrations (0.02-0.08%) in in vitro assays. The mechanism by which SDS 

induces 20S proteasome activation has not been fully elucidated, but it is believed that SDS 

induces gate opening through partial denaturation of the 20S proteasome. While SDS-induced 

20S proteasome activation is not therapeutically relevant, it remains a useful tool for in vitro 

enzyme activity assays to assess the ability of small molecules to inhibit the proteasome.31,32 The 

natural products betulinic acid, ursolic acid and oleuropein have also shown to enhance 20S 

proteolytic activity in in vitro activity assays, however, none of these compounds were able to 

enhance the degradation of misfolded proteins in vitro or in cells.36–38 In general, these molecules 

do not possess drug-like properties and suffer from a lack of translational activity in 

physiologically and disease-relevant conditions. As a result, they are not considered to be bona 

fide 20S proteasome activators. 

 In the search to identify 20S proteasome activators with increased drug-like properties, 

small molecules which adhere to Lipinski’s Rule of Five are under exploration.39 Lipinski’s Rule of 
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Five is a set of guidelines that were formed based on the observation that the majority of small 

molecule drugs share similar chemical and physical properties. Lipinski suggests that a small 

molecule drug typically has a molecular weight (MW) less than 500 g/mol, an octanol-water 

partition coefficient (cLog P) no greater than 5, and no more than 5 hydrogen bond donors and 

10 hydrogen bond acceptors.39 These properties have shown to result in small molecules that are 

able to cross biological membranes to reach the desired target receptors. To obtain more drug-

like 20S proteasome activators, several high-throughput screens (HTS) of libraries of FDA-

approved drugs have been conducted in an effort to repurpose existing pharmacological drugs 

for use as 20S proteasome activators.37,40 Drug repurposing is a strategic approach that has been 

explored to accelerate the drug discovery process by identifying a new therapeutic use for an 

existing drug. This approach has attracted great interest due to the fact that a majority of FDA-

approved drugs adhere to Lipinski’s rules and have already demonstrated cell and membrane 

permeability, as well as efficacy toward a biological target.  

In 2016, utilizing this strategy of drug repurposing, Trader and Kodadek reported a HTS of 

the NIH Clinical Collection which is comprised of 726 small molecules.37 From this screen, two 

new 20S proteasome activators, MK-886 and AM-404, were identified and demonstrated efficacy 

toward the enhancement of proteasome-mediated turnover of a misfolded protein in cells.37 At 

this same time, following the discovery of TCH-165 as a 20S proteasome activator and gaining an 

interest in this new field, the Tepe lab conducted their own HTS of the NIH Clinical Collection and 

Prestwick libraries.40 From this screen, several new 20S proteasome activators were identified 

including the neuroleptic agents fluspirilene41 and chlorpromazine,40 as well as additional 

phenothiazine scaffolds (Figure 3.1). Further follow-up structure-activity relationship (SAR) 

studies on the phenothiazine scaffold have been conducted to synthesize analogues with 

increased potency for enhancement of 20S proteolytic activity.40,42 As chlorpromazine is a 

repurposed drug, it was necessary to eliminate the scaffold’s endogenous neuroleptic activity to 

avoid toxic off-target effects when utilizing the compound as a 20S proteasome activator. This 

was accomplished through removal of the dopamine D2 receptor binding moiety of the ligand, 

which prevented binding to the D2 receptor thereby eliminating endogenous neuroleptic activity. 

An SAR study was also conducted using the newly identified fluspirilene scaffold, resulting in the 
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identification of novel analogues which prevented the accumulation and oligomerization of α-

synuclein, an IDP implicated in the progression of Parkinson’s disease.41 

With great importance to the work outlined in this chapter, the antihistamine drug, 

astemizole, was also identified as a novel 20S proteasome activator in the screen (Figure 3.1). In 

order to increase its selectivity for activation of the 20S proteasome over its endogenous 

antihistamine targets, the compound was synthetically modified to abrogate its endogenous 

antihistamine activity. Herein, the design, synthesis and biological activity of novel analogues 

based on this benzimidazole scaffold will be discussed. Furthermore, exploration of this scaffold 

led to insightful studies into the mechanism of small molecule 20S proteasome activation. 

 

Figure 3.1 Structures of 20S proteasome activators identified in the 2017 HTS of the NIH Clinical 
Collection and Prestwick libraries conducted by the Tepe lab.40 
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3.2 Results and Discussion 

3.2.1 Astemizole Enhances the Rate of Proteolytic Activity of the 20S Proteasome 

To confirm the results of the high-throughput screen and validate astemizole as a true hit, 

the ability of astemizole to enhance proteolytic activity of the 20S proteasome was evaluated 

using a fluorogenic peptide degradation assay which utilizes short peptide substrates conjugated 

to the fluorophore 7-amino-4-methylcoumarin (AMC). The three fluorogenic substrate probes 

(Suc-LLVY-AMC, Boc-LRR-AMC, and Z-LLE-AMC) were used to test for activation of 20S 

proteasome activity for the combined three proteolytic sites of the 20S proteasome, the 

chymotrypsin-like (CT-L), trypsin-like (T-L), and caspase-like (Casp-L) sites, respectively. To 

explore the ability of astemizole to enhance 20S proteasome activity, purified human 20S 

proteasome was pretreated with varying concentrations of astemizole, followed by addition of 

the three fluorogenic substrate probes. Proteolytic cleavage of the peptide results in the release 

of AMC; this fluorescence was measured over time to quantify 20S proteolytic activity. A dose-

response curve (Figure 3.2B) was generated demonstrating a dose-dependent increase in the 

rate of 20S proteasome activity upon treatment with astemizole. From this experiment, it was 

concluded that astemizole enhances the rate of 20S proteolytic activity with an effective 

concentration required to increase 20S proteasome activity by 200% (i.e. EC200) of 4.0 µM (Figure 

3.2C), with a maximum fold enhancement of 7.5-fold over the vehicle at the highest 

concentration tested (i.e. 750%).  

 

Figure 3.2 Astemizole enhances the rate of 20S-mediated degradation of peptide substrates of 
the 20S proteasome. (A) Structure of astemizole. (B)  Dose-response curve of astemizole for 20S-
mediated proteolysis of fluorogenic substrates Suc-LLVY-AMC, Boc-LRR-AMC, and Z-LLE-AMC 
specific to the 3 proteolytic sites CT-L, T-L, and Casp-L, respectively. (C) EC200 and maximum fold 
activation values for astemizole (n=3); error bars denote standard deviation. 
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3.2.2 Predicting the Binding Site of Astemizole Through Molecular Docking 
The endogenous 20S proteasome activator, 19S cap, binds into the intersubunit pockets 

between the α-subunits using an HbYX tail motif.24 Upon docking of the 19S cap, an ATP-

dependent conformational change occurs opening the gate to the proteolytic core and allowing 

for increased substrate access to the proteolytic sites.24,25 As previously discussed, small molecule 

20S proteasome activator, TCH-165, has also shown to induce an open gate conformation of the 

20S proteasome resulting in an enhanced rate of proteolytic activity.28 While the binding site of 

TCH-165 and other small molecule 20S proteasome activators has yet to be elucidated, molecular 

docking studies have predicted that TCH-165 binds in the α1/2 intersubunit pocket of the α-ring 

of the 20S proteasome.28 Another 20S proteasome activator identified in the HTS, fluspirilene, is 

predicted to bind in a different intersubunit pocket, the α2/3 intersubunit pocket.41 Therefore, it 

is hypothesized that the small molecules mimic binding of the 19S cap to induce an open gate 

conformation of the 20S proteasome and enhance proteolytic activity.  

Since astemizole was validated as a novel 20S proteasome activator, I conducted 

molecular docking studies to predict its binding site and determine if the predicted binding site 

of this new scaffold would support the above hypothesis. The molecular docking studies were 

performed using Autodock Vina™ and supported through computational resources and services 

provided by the Institute for Cyber-Enabled Research at Michigan State University. Unbiased 

docking studies were performed by docking against the entirety of the human 20S proteasome 

(PDB ID: 4R3O)43 to determine if ligands preferentially docked in any location. The studies 

predicted the top nine favored binding modes of the ligand, which were analyzed using PyMOL 

and BIOVIA Discovery Studio 2020 to determine the predicted ligand-receptor interactions. Upon 

analysis of the top nine binding modes of astemizole for the 20S proteasome, astemizole was 

found to preferentially bind to the α2/3 intersubunit pocket of the 20S proteasome (Figure 3.3A), 

the same intersubunit pocket in which fluspirilene is predicted to bind.41 A more detailed analysis 

of the predicted ligand-receptor interactions within the α2/3 intersubunit pocket revealed some 

shared ligand-receptor interactions with those predicted for fluspirilene, such as the interactions 

with the PHE60 and PHE61 amino acid residues.41 Additional unique interactions such as pi-anion 

interactions with GLU63 and a hydrogen bond with SER62 were also predicted to contribute to 



109 
 

ligand binding of astemizole (Figure 3.3B). It is important to note that while additional ligand-

receptor interactions were predicted for astemizole and the analogues discussed in this chapter, 

weaker interactions such as van der Waals interactions were excluded from the 2D ligand-

receptor interaction diagrams and discussion for the sake of clarity. 

 

Figure 3.3 Molecular docking predicts astemizole binding site. (A) Astemizole is predicted to bind 
in the α2/3 intersubunit pocket of the 20S proteasome (top-view; PDB ID: 4R3O). (B) Select 
predicted ligand-receptor interactions between amino acid residues of the α2/3 intersubunit 
pocket and astemizole. 

3.2.3 Goals for the Molecular Docking-Guided Design of Analogues 

The docking model for the astemizole scaffold was then used to guide the design and 

synthesis of a series of analogues utilizing the benzimidazole core of the scaffold. The analogues 

were designed with the following three goals in mind; (1) eliminate endogenous antihistamine 

activity of the scaffold, (2) maintain drug-like properties, such as a low MW and cLog P, and (3) 

maintain or enhance the ability to activate the 20S proteasome. Once an analogue was designed, 

molecular docking studies were conducted to predict whether the compound would bind into 

the α2/3 intersubunit pocket and if so, which amino acids within the pocket was the ligand 

predicted to interact with. Once synthesized, analogues were tested for their ability to enhance 

activity of the 20S proteasome. This allowed for analysis of which structural motifs of the scaffold 

were necessary for binding to the 20S proteasome to give the scaffold its ability to enhance 20S 

proteolytic activity. 

The first analogues designed focused on elimination of the endogenous antihistamine 

activity of the scaffold, which I hypothesized could be accomplished through the removal of the 

H1 histamine receptor binding site. Analysis of the H1 receptor binding pocket in complex with a 
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number of H1 receptor-antagonists has identified a salt bridge formed between an aspartate 

residue of the receptor and the tertiary amine moiety of the ligand as the main stabilizing 

interaction for ligand-receptor binding.44–47 Therefore, it was hypothesized that removing the 

tertiary amine moiety would interrupt formation of the stabilizing salt bridge and abrogate 

endogenous antihistamine activity. Furthermore, with removal of the tertiary amine moiety, the 

aryl methoxy “tail” portion of the scaffold was also removed. This further decreased the 

molecular weight of the analogues, helping to satisfy the analogue design goal of maintaining 

drug-like properties.  

 

Figure 3.4 Astemizole scaffold with modification points outlined. Removal of the tertiary amine 
moiety is hypothesized to eliminate endogenous antihistamine activity of the scaffold. Analogues 
discussed in this chapter were synthesized and tested for biological activity to determine how 
substitutions of the core, core-tail linker, and aryl methoxy tail portion of the scaffold impacted 
biological activity. 

3.2.4 Synthesis and Biological Testing of Analogues 

With this strategy in mind, a series of analogues were synthesized including only a small 

core portion of astemizole’s structure and removing the tertiary amine moiety responsible for 

binding to the H1 receptor. Synthesis of compound 3-1 began with the benzylation of 2-chloro-

1H-benzimidazole with 4-fluorobenzyl bromide to afford 3-1i, followed by a neat thermal 

coupling reaction with cyclohexylamine (Figure 3.5).  
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Figure 3.5 Synthesis of Compounds 3-1 through 3-5. 

The analogue was then tested for its ability to enhance 20S proteolytic activity using the 

fluorogenic peptide degradation assay. The results showed compound 3-1 was only able to 

activate the 20S proteasome 4.1-fold over the vehicle with an EC200 value of 28.0 μM (Figure 3.6). 

This suggested that the piperidine ring and/or the pi system of the aryl methoxy “tail” may be 

essential for interaction with the 20S proteasome. To explore the necessity of the piperidine ring, 

compound 3-2 was synthesized. Synthesis began with a thermal coupling reaction of the 

benzimidazole 3-1i with ethyl 4-aminopiperidinecarboxylate to ensure selective coupling of the 

primary amine to give compound 3-2i, followed by deprotection48 of the carbamate with 48% 

HBr to afford compound 3-2. Upon biological testing, compound 3-2 was unable to enhance 20S 

proteolytic activity and was deemed inactive with an EC200 value greater than 80.0 μM (Figure 
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3.6). These results further suggested that the pi system of the aryl methoxy “tail” is necessary for 

ligand binding to the 20S proteasome. 

 

Figure 3.6 Astemizole analogues synthesized and evaluation of their biological activity. (A) 
Structures of synthesized analogues with molecular weight (MW) and predicted octanol-water 
partition coefficient (cLog P) for each structure denoted. (B) Dose-response curve of compounds 
3-1 through 3-6 for 20S proteasome-mediated proteolysis of fluorogenic substrates Suc-LLVY-
AMC, Boc-LRR-AMC and Z-LLE-AMC. The maximum fold increase and EC200 values for all 
analogues are denoted (n=3); error bars denote standard deviation. 
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To further explore this, the molecular docking of the two analogues was analyzed to 

evaluate how modification of the scaffold may have affected the predicted ligand-receptor 

binding interactions. If significant differences between the predicted ligand-receptor binding 

interactions of the analogues and astemizole are observed, this may help explain their losses in 

potency and aid in validation of the docking model. While both compounds 3-1 and 3-2 were 

predicted to bind in the α2/3 intersubunit pocket, there were differences in their predicted 

ligand-receptor interactions that may help explain their decreases in activity. Similarly to 

astemizole, compound 3-1 is predicted to have pi-anion interactions with GLU63, a hydrogen 

bond with SER62, and a pi-sigma interaction with PHE60. However, compound 3-1 was not 

predicted to form the pi-pi T-shaped interaction with PHE61, which could result in the loss in 

potency observed by this analogue in comparison to astemizole (Figure 3.7B). Compound 3-2 lost 

this same interaction with PHE61, but also lost the pi-sigma interaction with PHE60 (Figure 3.7C). 

The loss of these interactions could have a vast impact on the orientation of the ligand within the 

binding pocket and may explain its inability to enhance 20S activity compared to compound 3-1 

and astemizole. While the docking model is strictly predictive, the activity and predicted ligand-

receptor interactions correlated with one another, supporting the docking model. 
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Figure 3.7 Molecular docking predicts analogue binding sites. Select predicted ligand-receptor 
interactions between amino acids of the α2/3 intersubunit pocket and astemizole (A), compound 
3-1 (B) and compound 3-2 (C). Docking studies were performed using the human 20S proteasome 
(PDB ID: 4R3O) as the macromolecule. 

To further explore the necessity of the aryl methoxy moiety of the scaffold, compounds 

3-3, 3-4, 3-5 and 3-6 were synthesized varying the position of the aryl ring to determine how 

altering the position of the pi-system would affect the molecule’s ability to enhance 20S 

proteolytic activity. Compounds 3-3, 3-4 and 3-5 were synthesized using a thermal coupling 

reaction of the benzimidazole core 3-1i and a primary amine through either a neat reaction or 

through use of a high boiling solvent (Figure 3.5). Compound 3-6 was synthesized through a 

cyclization of o-phenylenediamine and an aromatic aldehyde under non-oxidative conditions to 

afford the benzylated 2-arylbenzimidazole in one step (Scheme 3.1).49 Compounds 3-3 through 

3-6 were then tested for their ability to enhance activity of the 20S proteasome but were deemed 

inactive in comparison to astemizole. At the highest concentration tested, the analogues were 

only able to enhance activity of the 20S proteasome between 1.7 to 3.9-fold over the vehicle with 

EC200 values ranging from 20.2 μM to greater than 80.0 μM (Figure 3.6).  
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Scheme 3.1: Synthesis of Compound 3-6. 

 

The molecular docking results of these compounds were then examined to explore 

whether losses of predicted ligand-receptor interactions in comparison to those predicted for 

astemizole may be responsibe for the decreases in activity. While incorporation of the aryl ring 

of the aniline is predicted to pick up a pi-pi interaction with PHE60 in the docking results of 

compounds 3-3 through 3-6, the compounds are generally oriented slighly different within the 

binding pocket. This resulted in a decrease in the frequency of predicted interactions with SER62 

and GLU63 as predicted for the earlier compounds, and the incorporation of novel ligand-

receptor interactions with other amino acids within the pocket. For compound 3-3, a pi-pi 

interaction is predicted to occur with PHE60, as well as a pi-cation interaction with ARG91. 

Compound 3-4 is also predicted to form a pi-pi interaction with PHE60, as well as a pi-cation 

interaction and hydrogen bond with GLU63. However, these compounds were inactive in the 

activity assay, suggesting that these predicted interactions alone do not effectively induce an 

active conformation of the 20S proteasome.  

The molecular docking results of compound 3-5 predicted a hydrogen bond with GLU63, 

pi-pi interactions with PHE60 and TYR66, and an additional pi-sigma interaction with THR80. 

Compound 3-6 is predicted to also form pi-pi interactions with PHE60 and PHE61, as well as a pi-

cation interaction with ARG91 and a hydrogen bond with ILE65. Since compounds 3-5 and 3-6 

showed increased biological activity in comparison to compounds 3-3 and 3-4, it is hypothesized 

that the increased number or types of ligand-receptor interactions predicted for compounds 3-5 

and 3-6 may induce a more favorable conformational change of the 20S proteasome. This could 

then result in more efficient substrate access to the proteolytic core and may explain the increase 

in activity compared to the former compounds. In all, incorpration of the aryl ring of the aniline 

is predicted to result in an additional pi-pi interaction in the case of each of these analogues, 
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however, likely due to their small size, the orientation of the compounds within the binding 

pocket is quite variable. Therefore, with the docking predictions and activity results, I 

hypothesized that the original length and position of the aryl methoxy tail portion of the scaffold 

was necessary to ensure the compound was in the proper orientation within the binding pocket 

to give the molecule its activity. 

3.2.5 Synthesis and Biological Testing of Acyl Astemizole 

The activity data for compounds 3-1 through 3-6 demonstrated that major structural 

modifications, such as removal of the aryl methoxy tail, resulted in significant decreases in the 

molecules’ ability to enhance 20S proteasome activity. This suggested that an extended scaffold 

was necessary to form additional ligand-receptor interactions to have a potency for 20S 

proteasome activity on par with astemizole. To test this hypothesis, an acylated version of 

astemizole was synthesized. Compound 3-7 (referred to in this chapter as acyl astemizole) was 

synthesized by coupling compound 3-2 with 4-methoxyphenylacetyl chloride (Figure 3.8A). For 

the synthesis of this compound, the tertiary amine primarily responsible for stabilizing the 

interaction with the H1 histamine receptor binding site was acylated. This was done to remove 

the basicity of the nitrogen, thereby preventing formation of the stabilizing salt bridge interaction 

and eliminating the antihistamine activity of the compound. Similar ligand modification has 

shown previous success in removal of endogenous activity in the design of analogues of another 

repurposed 20S proteasome activator scaffold previously published by the Tepe lab.40 Along with 

acyl astemizole, additional analogues with this acylated tail and various heterocyclic core and 

core-tail linkers were designed and synthesized in collaboration with Kyra Dvorak. At this point 

in the project, Kyra focused on synthesis of the analogues, while I focused on further exploration 

of the biological activities of the molecules. In these studies, we aimed to explore if the smaller 

structural modifications found in analogues 3-7 through 3-12 could be incorporated without 

decreasing the molecule’s ability to enhance activity of the 20S proteasome. 
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Following synthesis, the ability of acyl astemizole to enhance activity of the 20S 

proteasome was evaluated. A dose-response curve was generated showing an increase in 20S 

proteasome activity with increasing dose of acyl astemizole. From this experiment, we can 

conclude that acyl astemizole is able to enhance 20S proteolytic activity 8.3-fold (i.e. 830%) over 

the vehicle with an EC200 value of 4.6 µM (Figure 3.8B). The potency of this compound was similar 

to astemizole’s, therefore the docking of acyl astemizole was analyzed to explore whether the 

two compounds shared similar ligand-receptor interactions, perhaps those that had been lost 

with previous analogues. As shown in Figure 3.8C, acyl astemizole is predicted to form a pi-anion 

interaction and hydrogen bond with GLU63, similar to how astemizole is predicted to interact 

with this amino acid residue. Additionally, the pi-sigma interaction with PHE60 and the pi-pi T-

shaped interaction with PHE61 were predicted to form, as well as a new pi-cation interaction 

with ARG91. These docking results in combination with the activity data suggest that 

reestablishing the interactions with PHE60 and PHE61, potentially in combination with the newly 

formed interaction with ARG91, resulted in an increase in potency similar to that of astemizole. 
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Figure 3.8 Acyl astemizole enhances 20S proteasome-mediated degradation of peptide 
substrates of the 20S proteasome. (A) Synthesis of acyl astemizole. (B) Dose-response curve of 
acyl astemizole and astemizole for 20S proteasome-mediated proteolysis of fluorogenic 
substrates Suc-LLVY-AMC, Boc-LRR-AMC, and Z-LLE-AMC with calculated EC200 values. (C) Select 
predicted ligand-receptor interactions between amino acids of the α2/3 intersubunit pocket and 
acyl astemizole. Docking studies were performed using the human 20S proteasome (PDB ID: 
4R3O) as the macromolecule. 

Compounds 3-8 through 3-12 (synthesized by Kyra Dvorak; Figure 3.9A) were also tested 

for their ability to enhance 20S proteolytic activity to probe other structural modifications that 

could be incorporated without losing activity. To further explore whether the aryl ring of the 

benzimidazole was contributing to important binding interactions, the aryl ring was removed to 

afford the imidazoline 3-8. The compound’s ability to degrade the fluorogenic substrate probes 

was then tested. The results showed almost a two-fold loss in potency (i.e. EC200) compared to 

acyl astemizole (Figure 3.9B). We then designed analogue 3-9 to determine how reincorporation 

of the aryl ring to the imidazoline scaffold at a rotatable position would affect the activity. The 

activity assay results showed a large decrease in the maximum fold increase compared to acyl 

astemizole, but almost a two-fold increase in potency, emphasizing the importance of this aryl 
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ring of the core in the binding pocket (Figure 3.9B). Analysis of the molecular docking results 

supported the activity data. Compound 3-8 was predicted to form a pi-cation interaction and 

hydrogen bond with ARG91, a hydrogen bond with TYR66, and a pi-pi interaction with PHE60. 

Whereas the more active imidazoline 3-9, in addition to those same ligand-receptor interactions, 

is also predicted to form a pi-pi interaction with PHE61 and a hydrogen bond with GLU63. The 

predicted ligand-receptor interactions for compound 3-9, as well as the EC200 values, are quite 

comparable with acyl astemizole and further support the docking model. 

 

Figure 3.9 Analogues with extended scaffold enhance 20S-mediated degradation of peptide 
substrates of the 20S proteasome. (A) Structure of analogues synthesized by Kyra Dvorak. (B) 
Dose-response curve of analogues for 20S proteasome-mediated proteolysis of fluorogenic 
substrates Suc-LLVY-AMC, Boc-LRR-AMC, and Z-LLE-AMC with calculated max fold increase and 
EC200 values. All data was collected in triplicate (n=3); error bars denote standard deviation.  

We then explored whether the amine core-tail linker could be modified without losing 

activity. The coupling of the acyl astemizole tail to afford 2-amino-benzimidazoles was a difficult 

transformation to facilitate, requiring harsh thermal coupling conditions to synthesize many of 

the analogues. Therefore, we aimed to explore whether the incorporation of a sulfur atom at the 
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2-position of the benzimidazole instead of an amine would maintain biological activity and allow 

for ease of synthesis. Compound 3-10 was synthesized and its ability to enhance 20S proteasome 

activity was tested (Figure 3.9). Although the maximum fold increase in activity over the vehicle 

was decreased, the EC200 value was comparable to that of acyl astemizole. Analysis of the 

molecular docking results revealed very similar predicted ligand-receptor binding interactions 

between compound 3-10 and acyl astemizole. Compound 3-10 is predicted to form a pi-cation 

interaction and hydrogen bond with GLU63, a hydrogen bond with SER62, and pi-pi interactions 

with PHE61, TYR154 and PHE60. Furthermore, PHE60 is predicted to form a pi-sulfur interaction 

with the sulfur atom at the 2-position of the benzimidazole. In combination, the predicted 

docking interactions and activity data suggest that replacement of the amine with a sulfur atom 

is a feasible option for future analogue development.  

Lastly, to explore the necessity of the fluorobenzyl group on the benzimidazole core. Acyl 

astemizole was debenzylated to afford compound 3-11 (Figure 3.9A), which upon activity testing 

was shown to be unable to enhance 20S proteasome activity. Interestingly, exchange of the 2-

amino-benzimidazole core for the 2-sulfur-benzothiazole core (compound 3-12), resulted in an 

analogue with moderate activity (EC200 = 8.1 µM; Figure 3.9B). As exchange of the amine core-tail 

linker for the sulfur core-tail linker had no significant effect on the EC200 values when comparing 

the EC200 values of acyl astemizole and compound 3-10, the data suggests that incorporation of 

the benzothiazole core may be responsible for the increase in activity of 3-12 in comparison to 

compound 3-11. The molecular docking results provide some support for this activity data. 

Compound 3-11 was predicted to form a pi-sigma interaction with GLU63, and hydrogen bonds 

with SER62 and TYR154. However, the more active analogue 3-12 is predicted to form hydrogen 

bonds with TYR66 and ARG91 and a pi-pi interaction with PHE60. In addition, PHE61 is predicted 

to form a pi-sulfur interaction with the sulfur atom of the benzothiazole core, which may help 

explain the increase in activity between the two analogues. While further analogue development 

is needed to test this hypothesis, incorporation of the benzothiazole core into future analogues 

is an exciting avenue to explore further. 

In all, several analogues with the extended scaffold (Compounds 3-7 through 3-12) 

showed comparable activities to the parent compound astemizole. Furthermore, even with the 
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extended scaffold, select structural modifications led to losses in activity, suggesting the scaffold 

is sensitive to further structure-activity relationship (SAR) studies. While analogue development 

is ongoing, my next goal in the project was to conduct more in-depth biological studies to further 

explore the utility of this scaffold as a 20S proteasome activator. For these studies, astemizole 

and acyl astemizole were used as model compounds for the scaffold. 

3.2.6 Further Exploration of the Efficacy of the Astemizole Scaffold Toward Various IDP Targets 

With the synthesis of acyl astemizole I had accomplished my three main goals of analogue 

design by removing endogenous antihistamine activity, maintaining drug-like properties (i.e. low 

molecular weight and cLog P), and maintaining the ability to enhance 20S proteolytic activity. 

Therefore, using astemizole and acyl astemizole, my next goal of the project was to conduct more 

in-depth biological studies to explore the efficacy of these newly identified 20S proteasome 

activators. In the first of these studies, I assessed the ability of astemizole and acyl astemizole to 

enhance the 20S proteasome-mediated degradation of a disease relevant IDP in vitro. The IDP α-

synuclein was used in these experiments as it has been implicated in the progression of 

Parkinson’s disease.50 Similar to the disease progression cascade outlined for ALS in the previous 

chapter, the accumulation and aggregation of α-synuclein has shown to impair proteasome 

function, causing an imbalance in proteostasis and resulting in neurotoxicity.51,52 As α-synuclein 

is a known proteasome substrate, it is hypothesized that enhancing its 20S proteasome-mediated 

degradation through small molecule activation of the 20S proteasome could prevent its 

accumulation, thereby decreasing its toxic effects.  

In this experiment, purified human 20S proteasome was pretreated with varying 

concentrations of the 20S proteasome activator, followed by a 2-hour incubation with α-

synuclein. Following the two-hour incubation, the digestion products were separated by protein 

gel electrophoresis and visualized through silver staining of the gel to quantify the amount of α-

synuclein remaining (Figure 3.10; all replicates are shown in Figures 3.19 and 3.20 of the 

Appendix). Astemizole was only able to significantly enhance the 20S proteasome-mediated 

degradation of α-synuclein at the highest concentration tested (10 µM), with 51 percent α-

synuclein remaining relative to the vehicle. Acyl astemizole was able to enhance the 20S 

proteasome-mediated degradation in a much more dose-dependent manner. As shown in Figure 
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3.10, treatment with acyl astemizole resulted in significant enhancement of 20S proteasome-

mediated degradation at both the 5 and 10 μM doses, with 43 and 23 percent α-synuclein 

remaining compared to the vehicle, respectively. 

 

Figure 3.10 Astemizole and acyl astemizole enhance 20S proteasome-mediated degradation of 
α-synuclein in vitro. (A) Representative silver stain of α-synuclein digestion with the 20S 
proteasome pretreated with astemizole, acyl astemizole, or proteasome inhibitor bortezomib 
(BTZ, 5 µM). (B) Quantification of α-synuclein digestion silver stains (n=3); one-way ANOVA (ns, 
not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 

To determine whether astemizole and acyl astemizole were effective toward another 

disease-relevant IDP, their efficacy toward tau was evaluated. The accumulation of 

hyperphosphorylated tau has been implicated in the progression of Alzheimer’s disease and has 

shown to result in the formation of tau oligomers which impair proteasome function, resulting in 

neuron death.53,54 However, a recent study has shown that indirect methods to increase 

proteasome function through activation of the cAMP-protein kinase A (PKA) signaling pathway 

attenuated tau-induced proteasome dysfunction and protected against tau-induced toxicity.54 I 

hypothesized direct enhancement of 20S proteasome activity could produce similar effects by 

enhancing 20S proteasome-mediated degradation of tau. Therefore, I next aimed to determine 

if astemizole and acyl astemizole were able to enhance the 20S proteasome-mediated 

degradation of tau.  
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In this experiment, purified human 20S proteasome was pretreated with 20S proteasome 

activator, followed by a 1-hour incubation with tau. Following the incubation, the digestion 

products were separated by protein gel electrophoresis and visualized using an immunoblot to 

quantify the amount of tau remaining (Figures 3.11A and 3.11C). Preliminary results show 

astemizole and acyl astemizole effectively enhanced the 20S proteasome-mediated degradation 

of tau at the 20 µM dose compared to the untreated control, with 44 and 32 percent tau 

remaining, respectively. The positive control TCH-165 (10 µM) also enhanced the degradation of 

tau, with only 65 percent tau remaining compared to the vehicle. Conversely, inhibition of the 

20S proteasome with bortezomib (BTZ) completely blocked the degradation of tau. 

 

Figure 3.11 Acyl astemizole enhances 20S proteasome-mediated degradation of tau. (A) 
Immunoblot of in vitro tau digestion (1 h) with purified 20S proteasome pretreated with 20S 
proteasome activator (10 µM or 20 µM), or proteasome inhibitor bortezomib (BTZ, 5 µM). 
Immunoblot probed with anti-tau and anti-GAPDH antibodies. (C) Quantification of in vitro tau 
digestion immunoblot (n=1). (B) Representative immunoblot of the amount of EGFP-Tau in PC12 
cells following an 18-hour treatment with vehicle (DMSO), 20S proteasome activator (10 µM), or 
BTZ (50 nM). Immunoblot probed with anti-tau and anti-GAPDH antibodies. (D) Quantification of 
cellular EGFP-Tau immunoblots (n=2); error bars denote standard deviation. 
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Since astemizole and acyl astemizole had shown to enhance 20S proteasome-mediated 

degradation of tau in vitro, I next aimed to explore if this effect would translate in a cellular 

degradation model of tau. In this experiment, PC12 cells were transiently transfected with a 

plasmid to express an EGFP-tagged tau conjugate protein (pRK5-EGFP-Tau; Addgene plasmid 

#46904). Following a 48-hour transfection, the transfected cells were treated with vehicle 

(DMSO), 20S proteasome activator (10 µM), or BTZ (50 nM) for 18 hours. The cells were then 

harvested, lysed, and probed for the amount of tau using an immunoblot (Figures 3.11B and 

3.11D; all replicates can be found in Figure 3.21 of the Appendix). These preliminary experiments 

show that astemizole did not reduce cellular tau protein levels. However, acyl astemizole was 

able to reduce the amount of tau to 64 percent (36 percent reduction) compared to the vehicle 

control, similar to the positive control TCH-165. The proteasome inhibitor, BTZ, prevented the 

reduction of tau, suggesting that proteasomal degradation is responsible for the decrease in tau 

protein levels observed in the assay. While the reason astemizole was unable to reduce tau 

protein levels in cells cannot be determined from this assay, a number of reasons are possible, 

including solubility issues in the cell culture media or non-specific binding at the high 

concentration used. A study conducted to evaluate the cytotoxicity of these compounds in cells 

provided some support for the non-specific binding of astemizole, demonstrating that astemizole 

has toxic off-target effects at concentrations above 2.5 μM, whereas acyl astemizole did not 

cause any toxicity until approximately 20 μM (data shown in Figure 3.22 of the Appendix). 

3.2.7 Exploring the Efficacy of the Astemizole Scaffold Toward Poly-GR DPR Proteins 

To explore the efficacy of astemizole and acyl astemizole toward another IDP target, I 

aimed to investigate whether the compounds could enhance the degradation of the poly-GR DPR 

proteins as I have previously shown with 20S proteasome activator, TCH-165.29 In this 

experiment, the ability of the compounds to enhance 20S proteasome-mediated degradation of 

the fluorogenic poly-GR DPR protein (Suc-GRGRGR-AMC) was evaluated. As discussed in the 

previous chapter, proteolytic cleavage of the DPR protein substrate results in release of the AMC 

fluorophore. The fluorescence is then quantified to measure the amount of the DPR probe 

degraded. As shown in Figure 3.12, acyl astemizole was able to effectively enhance degradation 

of the poly-GR DPR protein probe with a concentration of 8.9 μM necessary to double the rate 
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of degradation. This effective concentration correlated well with the 4.6 µM potency of acyl 

astemizole to enhance 20S proteolytic activity. While the compound was less effective toward 

the poly-GR DPR proteins than the positive control, TCH-165, this was anticipated due to TCH-

165 being almost four times more potent for enhancement of 20S proteolytic activity. However, 

surprisingly, while acyl astemizole and astemizole have nearly identical potencies for enhancing 

20S proteolytic activity, astemizole was only able to enhance degradation of the poly-GR DPR 

protein at very high concentrations. Although astemizole’s potency for enhancing 20S proteolytic 

activity is 4.0 µM, a concentration of 29.8 µM was required to double the rate of the poly-GR DPR 

protein degradation.  

 

Figure 3.12 20S proteasome activators enhance degradation of poly-GR DPR proteins to a varying 
degree. (A) Effective concentration to obtain a two-fold rate enhancement, EC200 value, for 
degradation of the poly-GR DPR probe was calculated and compared to the concentration of drug 
required for a two-fold rate enhancement of 20S proteasome activity (i.e. potency). (B) Dose-
response curve of 20S proteasome activators for 20S-mediated proteolysis of fluorogenic poly-
GR DPR probe (Suc-GR3-AMC) with 20S proteasome pretreated with TCH-165, acyl astemizole, or 
astemizole. All data was collected in triplicate (n=3); error bars denote standard deviation. 

All previous mechanistic evidence at the time had suggested that 20S proteasome 

activators enhance 20S proteasome activity through induction of an open gate conformation of 

the 20S proteasome.55 Therefore, one would anticipate that if astemizole and acyl astemizole 

both induce an open gate conformation with similar potency, both compounds should be able to 

effectively and equally enhance the degradation of the poly-GR DPR proteins. However, this was 

not observed, suggesting that induction of an open gate conformation of the 20S proteasome is 

not the only requirement for enhancing 20S proteasome-mediated degradation. To begin to 
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explain these perplexing results, I set out to further explore the mechanism of small molecule 

activation of the 20S proteasome to elucidate any undiscovered mechanistic components.  

3.2.8 Poly-GR DPR Proteins Offer Novel Route to Explore the Therapeutic Mechanism 

As previously discussed, the proteasome degrades proteins through the use of three 

unique proteolytic sites (β5, β2, and β1) responsible for chymotrypsin-like (CT-L), trypsin-like (T-

L), and caspase-like (Casp-L) proteolytic activity, respectively22 (Figure 3.13). Each of these 

proteolytic sites is responsible for cleaving, or hydrolyzing, the peptide bond following a different 

class of amino acids, due to the shape and environment of the substrate binding pocket within 

the active site. The CT-L proteolytic site is known to cleave after large hydrophobic amino acid 

residues (i.e. tyrosine and phenylalanine), the Casp-L site cleaves after acidic amino acid residues 

(i.e. aspartic acid and glutamic acid), and the T-L site cleaves after basic amino acid residues (i.e. 

arginine and lysine).22 When all of these proteolytic activities are combined, the proteasome is 

capable of cleaving after all three classes of amino acids and is able to effectively degrade a wide 

range of proteins with varying amino acid composition. However, since the poly-arginine DPR 

proteins are composed of only arginine, a basic amino acid, and one other amino acid (i.e. glycine 

or proline), an interesting question is raised. Are all three of the proteolytic sites of the 20S 

proteasome necessary to effectively degrade the poly-arginine DPR proteins, or is proteolytic 

activity of only the T-L site sufficient to allow for their degradation? If T-L site proteolytic activity 

on its own is sufficient for the degradation of the poly-arginine DPR proteins, I hypothesized that 

this could explain the differences in the ability of astemizole and acyl astemizole to enhance 

degradation of the poly-arginine DPR proteins. 

 



127 
 

 

Figure 3.13 (A) The 20S proteasome degrades disordered proteins through use of three unique 
proteolytic sites (β5, β2, and β1) responsible for chymotrypsin-like (CT-L), trypsin-like (T-L), and 
caspase-like (Casp-L) proteolytic activity, respectively. Both β-rings contain each of the three 
sites. (B) Schematic illustrating the hypothesis that poly-arginine DPRs can be effectively 
degraded by selective enhancement of T-L site proteolytic activity. 

To investigate whether astemizole and acyl astemizole activate the T-L proteolytic site of 

the 20S proteasome differently, the compound’s ability to enhance the degradation of a 

fluorogenic peptide substrate specific for the T-L site (Boc-LRR-AMC) was measured (note: the 

compound’s ability to enhance the degradation of fluorogenic probes specific for the CT-L and 

Casp-L sites individually can be found in Figures 3.23, 3.24 and 3.25 of the Appendix). The results 

of the T-L site activity assay demonstrated that acyl astemizole enhanced the rate of T-L site 

proteolytic activity with a potency, or EC200 value, of 9.1 µM (Figure 3.14B). However, astemizole 

was less effective in enhancing the rate of T-L site proteolytic activity, with an EC200 value of 20.1 

µM (Figure 3.14C). Since TCH-165 had shown to be the most effective toward the DPR proteins, 

it was also included in this experiment, resulting in an EC200 of 2.0 µM for enhancement of T-L 

site proteolytic activity (Figure 3.14A). Remarkably, the potencies of each compound for 

enhancement of T-L site activity correlated very well with each compound’s ability to enhance 

degradation of the poly-GR DPR proteins. This data suggests that the compound’s ability to 

enhance activity of the T-L site is what determines its ability to enhance degradation of the poly-

arginine DPR proteins. Furthermore, it provides a possible explanation for astemizole’s 

ineffectiveness toward the poly-GR DPR proteins. 
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Figure 3.14 The ability of 20S proteasome activator to enhance activity of the T-L site determines 
its effectiveness toward enhancing DPR degradation. Dose-response curve of TCH-165 (A), acyl 
astemizole (B) and astemizole (C) for 20S-mediated proteolysis of fluorogenic substrate Boc-LRR-
AMC (T-L site); Suc-LLVY-AMC, Boc-LRR-AMC and Z-LLE-AMC (3 sites); or Suc-GR3-AMC (poly-GR 
DPR degradation). All data was collected in triplicate (n=3); error bars denote standard deviation. 

 

 

 



129 
 

3.2.9 Enhancing Activity of Select Proteolytic Sites of the 20S Proteasome 

As the next step of the project, I aimed to explore whether activation of a 20S proteasome 

with only T-L site proteolytic activity would result in effective degradation of the poly-arginine 

DPR proteins. However, in order to accomplish this, several experimental design limitations had 

to be overcome. One limitation was that a 20S proteasome activator that enhances only the T-L 

site selectively is not known. Secondly, traditional methods to physically remove the T-L site from 

the proteasome using a knockout in a cellular system would surely prevent the proteasome from 

assembling into a fully functioning 20S proteasome. Therefore, I designed a novel method that 

allowed for selective enhancement of only T-L site activity upon treatment with a range of 20S 

proteasome activators. This was accomplished through the use of proteasome inhibitors 

selective for each of the three proteolytic sites. The inhibitors were used to mimic physical 

removal of the proteolytic site by fully inhibiting proteolytic activity of the site. To conduct these 

experiments, I proposed the workflow shown in Figure 3.15 could be used to enhance activity of 

select proteolytic sites, specifically the T-L site in this example. In step one, 20S proteasome 

would be treated with a covalent proteasome inhibitor selective for the CT-L and Casp-L sites to 

completely inhibit their activities. In step two, the proteasome with only the T-L site left 

functional would then be treated with a 20S proteasome activator, which theoretically should 

allow for activation of the T-L site selectively. 

 

Figure 3.15 Proposed workflow for achieving selective activation of specific proteolytic sites. 
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To validate this proposed workflow, a number of proof-of-concept studies were 

conducted to experimentally support that the method would result in enhancement of select 

proteolytic activities. To test my hypothesis that poly-arginine DPR proteins can be effectively 

degraded by enhancing activity of only the T-L site of the 20S proteasome, the workflow above 

needed to be optimized to produce two different “modified” proteasomes. I hypothesized a 20S 

proteasome with only T-L site proteolytic activity would allow for the effective degradation of 

the poly-arginine DPR proteins (Figure 3.16A), while a 20S proteasome with only CT-L and Casp-

L site activity would result in no degradation of the DPR proteins (Figure 3.16B).  

To begin developing the method to produce a 20S proteasome with only T-L site 

proteolytic activity, an experiment to determine an inhibitor concentration to selectively inhibit 

the CT-L and Casp-L sites was conducted. The covalent proteasome inhibitor, bortezomib (BTZ), 

is known to be selective for inhibition of the CT-L and Casp-L sites at low concentrations, 

therefore a titration of the drug was performed to determine a proper dose. Using three 

fluorogenic peptide probes specific to each of the three proteolytic sites, the proteolytic activity 

was evaluated for each of the three sites following treatment with BTZ. The data was used to 

generate a dose-response curve and showed a decrease in 20S proteasome activity for each of 

the proteolytic sites with increasing dose of the inhibitor (Figure 3.16C). Gratifyingly, while lower 

concentrations of BTZ did inhibit the CT-L and Casp-L sites, the T-L site was not inhibited until 

higher concentrations of the inhibitor. Ultimately, a BTZ dose of 1.25 μM was chosen as the 

concentration of inhibitor to be used prior to treatment with a 20S proteasome activator. This 

was due to the fact that at this concentration selective inhibition of the CT-L and Casp-L sites was 

achieved, while the T-L site remained fully functional.  
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Figure 3.16 Proof-of-concept studies show selective activation of specific proteolytic sites is 
possible. (A) Depiction of a “modified” proteasome with only T-L site activity; red “X” over a 
proteolytic site denotes the site is inhibited.  (B) Depiction of a “modified” proteasome with only 
CT-L/Casp-L site activities. (C) Dose-response curve of bortezomib (BTZ) for 20S-mediated 
proteolysis of fluorogenic substrates Suc-LLVY-AMC, Boc-LRR-AMC, and Z-LLE-AMC specific to the 
3 proteolytic sites CT-L, T-L, and Casp-L, respectively. (D) Dose-response curve of 4-(2-
aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) for 20S-mediated proteolysis of the 
three fluorogenic substrates above. (E) Dose-response curve of TCH-165 for the 20S-mediated 
proteolysis of the three unique fluorogenic substrates with the CT-L and Casp-L sites inhibited 
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Figure 3.16 (cont’d)  
with BTZ prior to addition of 20S activator. (F) Dose-response curve of TCH-165 for the 20S-
mediated proteolysis of the three unique fluorogenic substrates with the T-L site inhibited with 
AEBSF prior to addition of 20S activator. All data was collected in triplicate (n=3); error bars 
denote the standard deviation. 

After determining a BTZ concentration that allowed for selective inhibition of the CT-L 

and Casp-L sites, the next step was to explore whether subsequential treatment with a 20S 

proteasome activator would result in selective activation of the uninhibited T-L site. To 

investigate this, purified 20S proteasome was pretreated with BTZ (1.25 μM) for 15 minutes to 

inhibit the CT-L and Casp-L sites, followed by treatment with 20S proteasome activator, TCH-165. 

The proteolytic activity of each of the three proteolytic sites was then measured and resulted in 

selective activation of the T-L site with no effect on the inhibited CT-L and Casp-L sites (Figure 

3.16E). Similar results were obtained when 20S proteasome was treated with BTZ, followed by 

treatment with astemizole or acyl astemizole (Figure 3.26 of the Appendix). These results 

demonstrated that it was possible to selectively inhibit the CT-L and Casp-L proteolytic sites to 

allow for the selective activation of only the T-L site and completed the method development for 

producing a “modified” proteasome with only T-L site proteolytic activity. 

To develop a method to produce a 20S proteasome with only CT-L and Casp-L site 

proteolytic activities, an experiment to determine an inhibitor concentration to selectively inhibit 

the T-L site was conducted. The proteasome inhibitor, 4-(2-aminoethyl)benzenesulfonyl fluoride 

hydrochloride (AEBSF) is a selective inhibitor of the T-L site at certain concentrations, therefore 

a titration of the drug was conducted to determine a proper dose. Again, using three fluorogenic 

peptide probes specific to each of the three proteolytic sites, the proteolytic activity was 

evaluated for each of the three sites following treatment with AEBSF. The data was used to 

generate a dose-response curve and showed a dose-dependent decrease in T-L site activity upon 

increasing concentration of the drug, while the CT-L and Casp-L sites remained uninhibited and 

fully functional at these concentrations (Figure 3.16D). Ultimately, an AEBSF concentration of 500 

μM was chosen as the concentration of inhibitor to be used prior to treatment with a 20S 

proteasome activator. This was due to the fact that at this concentration selective inhibition of 

the T-L site was achieved, while the CT-L and Casp-L sites remained fully functional. 
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Following selection of an AEBSF concentration that allowed for selective inhibition of the 

T-L site, the next step was to explore whether subsequential treatment with a 20S proteasome 

activator would result in selective activation of the uninhibited CT-L and Casp-L sites. To 

investigate this, purified 20S proteasome was pretreated with AEBSF (500 μM) for 30 minutes to 

inhibit the T-L site, followed by treatment with 20S proteasome activator, TCH-165. The 

proteolytic activity of each of the three proteolytic sites was then measured and resulted in 

selective activation of the CT-L and Casp-L sites with a negligible effect on the inhibited T-L site 

(Figure 3.16F). Similar results were obtained when 20S proteasome was treated with AEBSF, 

followed by treatment with astemizole or acyl astemizole (Figure 3.27 of the Appendix). These 

results demonstrated that it was possible to selectively inhibit the T-L proteolytic site to allow for 

the selective activation of only the CT-L and Casp-L sites and completed the method development 

for producing a “modified” proteasome with only CT-L and Casp-L site proteolytic activities. 

3.2.10 Poly-Arginine DPR Proteins are Effectively Degraded by only T-L Site Proteolytic Activity 

Following the development of a method to produce the two “modified” proteasomes, 

they were then used to test the original hypothesis that poly-arginine DPR proteins can be 

effectively degraded by enhancing activity of only the T-L site of the 20S proteasome. To conduct 

these experiments, the ability of the compounds to enhance 20S-mediated degradation of the 

fluorogenic poly-GR DPR protein was evaluated for proteasomes with the following proteolytic 

activities: (1) all 3 proteolytic sites are functional, (2) only the T-L site is functional, and (3) only 

the CT-L and Casp-L sites are functional. As shown in Figure 3.17, when only the T-L site is 

functional, TCH-165, acyl astemizole and astemizole are able to effectively enhance the 

degradation of the DPR protein to nearly the same extent as when all three proteolytic sites are 

functional. As observed previously, astemizole had a lesser efficacy toward the degradation of 

the DPR proteins when compared with TCH-165 and acyl astemizole, which is likely explained by 

astemizole’s decreased ability to enhance activity of the T-L site. However, when T-L proteolytic 

activity is inhibited, and only the CT-L and Casp-L sites are functional, no degradation of the poly-

arginine DPR protein was observed with any of the three 20S proteasome activators. In all, the 

data supports the hypothesis that poly-arginine DPR proteins can be effectively degraded by 

enhancement of only T-L site proteolytic activity of the 20S proteasome.  
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Figure 3.17 Degradation of poly-GR DPR probe (Suc-GR3-AMC) with all three proteolytic site 
activities, with only T-L site activity, or with only CT-L and Casp-L site activities. (A) Schematic 
designating the proteolytic sites involved in each experiment. Red “X” over a proteolytic site 
denotes the site is inhibited. Dose-response curve of TCH-165 (B), acyl astemizole (C), or 
astemizole (D) for 20S-mediated proteolysis of fluorogenic substrate Suc-GR3-AMC. All data was 
collected in triplicate (n=3); error bars denote standard deviation. 

3.2.11 Future Work 

The studies described above provided valuable new insight into the mechanism of small 

molecule activation of the 20S proteasome. The results suggest that in addition to inducing an 

open gate conformation of the 20S proteasome, small molecule 20S activators induce additional 

conformational changes that differentially enhance activities of the three unique proteolytic 

sites. The above data supports the hypothesis that the degradation of IDPs with limited amino 

acid diversity, such as the poly-arginine DPR proteins, can be enhanced through selective 

enhancement of T-L site proteolytic activity. This suggests the exciting possibility that a small 

molecule 20S proteasome activator could be designed to selectively enhance T-L site activity, 

providing the means to selectively degrade poly-arginine DPR proteins for a more targeted 

treatment of ALS. However, a second hypothesis can be made for targeting IDPs with a more 

diverse amino acid composition.  
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As discussed previously, the three proteolytic sites of the proteasome, the CT-L, T-L and 

Casp-L sites preferentially cleave after large hydrophobic, basic, and acidic amino acid residues, 

respectively.22 Therefore, to effectively degrade IDPs that contain a wide variety of amino acids 

from all three of the main amino acid classes, I hypothesize that each of the three proteolytic site 

activities of the proteasome are necessary for their effective degradation. To test this hypothesis, 

I have designed the following assay which is currently in preliminary stages. In part one of the 

experiment, the selectivity of the proteasome’s three proteolytic sites will be investigated. 

Secondly, the effect on proteolytic cleavage selectivity by 20S proteasome activators which 

differentially enhance activities of the three proteolytic sites will be evaluated.  

In this experiment, the degradation fragment pattern and cleavage sites of a disordered 

protein substrate will be analyzed using mass spectrometry following digestion with the 20S 

proteasome. For this assay, a probe (referred to as the RYE probe in this chapter) with one 

cleavage site for each of the three proteolytic sites was synthesized (GenScript). The remainder 

of the probe consists of glycine and alanine residues, as none of the three proteolytic sites have 

selectivity for cleavage after these small aliphatic amino acids. The predicted likelihood of 

cleavage at the three proposed cleavage sites and all other amino acids of the probe was 

predicted using NetChop 3.0 software,56,57 an algorithm used to predict proteasomal cleavage 

sites. A representation of the probe is shown in Figure 3.18A; the full probe sequence and 

cleavage site predictions are shown in Figure 3.28 of the Appendix. With these predicted cleavage 

sites and the known preference of the proteolytic sites for cleaving after certain amino acids, it 

is hypothesized that the T-L site will selectively cleave after the arginine (R) residue of the probe, 

the CT-L site will cleave after the tyrosine (Y), and the Casp-L site will cleave after the glutamic 

acid (E) residue of the probe. 

In part one of the experiment, the selectivity of the proteolytic sites will be evaluated. To 

do this, select proteolytic sites will be inhibited through use of selective proteasome inhibitors as 

shown above, followed by the evaluation of the degradation fragments produced. For example, 

if the Casp-L site is inhibited, cleavage after the acidic amino acid in the probe (i.e. glutamic acid, 

E) should not occur, thereby altering the degradation fragmentation pattern of the probe 

produced. To directly mirror the degradation experiments with the poly-arginine DPR proteins, 
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degradation of the RYE probe will be evaluated by 20S proteasomes with the following 

proteolytic activities: (1) all 3 proteolytic sites are functional, (2) only the T-L site is functional, 

and (3) only the CT-L and Casp-L sites are functional. As shown in Figure 3.18A, it is anticipated 

that if all three proteolytic sites are functional, the probe will be cleaved into four fragments of 

10 amino acids (10 aa). However, if the CT-L and Casp-L sites were to be inhibited, with only the 

T-L site functional, it is predicted that cleavage at the tyrosine (Y) and glutamic acid (E) residues 

would be prevented, resulting in cleavage at only the T-L cleavage site (arginine, R) which would 

produce one 10 amino acid fragment and one 30 amino acid fragment (Figure 3.18B). Lastly, if 

the T-L site is inhibited, and only the CT-L and Casp-L sites are functional, it is predicted that only 

cleavage at the tyrosine (Y) and glutamic acid (E) residues would occur, producing one 20 amino 

acid fragment and two 10 amino acid fragments (Figure 3.18C). Completion of this experiment 

may provide valuable insight into the selectivity of the proteasome’s proteolytic sites. 

Furthermore, it is essential for testing the hypothesis that IDPs with a high amino acid diversity 

require each of the three proteolytic site activities of the proteasome to be effectively degraded. 

 

Figure 3.18 The RYE probe may allow the selectivity of the 20S proteasome’s three unique 
proteolytic sites to be investigated. (A) It is hypothesized that if all 3 sites are functional, the 
probe will be cleaved at the R, Y, and E cleavage sites producing four 10 amino acid (aa) 
fragments. (B) If only the T-L site is functional, it is predicted the probe will only be cleaved at the 
R cleavage site producing one 10 aa fragment and one 30 aa fragment. (C) If only the CT-L and 
Casp-L sites are functional, it is predicted the probe will be cleaved at the Y and E cleavage sites 
producing one 20 aa fragment and two 10 aa fragments. 
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In part two of the experiment, the effect different 20S proteasome activators have on 

proteolytic cleavage selectivity will be evaluated. As discussed previously, 20S proteasome 

activators differentially activate the three unique proteolytic activities of the 20S proteasome. 

While TCH-165 activates all 3 sites relatively equal, acyl astemizole favorably activates the CT-L 

and T-L sites, while astemizole favorably activates only the CT-L site (data shown in Figures 3.23, 

3.24 and 3.25 of the Appendix). Therefore, if the proteolytic sites demonstrate strict selectivity 

in the above assay, it could be hypothesized that these three different 20S proteasome activators 

could result in different fragmentation patterns due to favored activation of select proteolytic 

sites. To determine this, 20S proteasome with all three proteolytic sites functional will be treated 

with the three different small molecule 20S proteasome activators. Following incubation with the 

RYE probe, the degradation fragments and cleavage sites produced will be analyzed to determine 

whether the three 20S activators preferentially induce cleavage by the proteolytic sites they 

favorably activate. The completion of this experiment could provide novel insight into why 20S 

proteasome activators have shown varying effectiveness toward certain IDPs. Additionally, this 

information could be useful when choosing a 20S proteasome activator for use against an IDP 

target. For example, if targeting an IDP composed of a large number of acidic amino acids, a 20S 

proteasome activator which favorably activates the Casp-L site may be sufficient. However, if the 

IDP target has a high amino acid diversity, a 20S proteasome activator which activates all three 

proteolytic sites may be most effective. 

3.3 Conclusion 

In this chapter, astemizole was identified and validated as a new 20S proteasome 

activator scaffold. A series of analogues were then designed and synthesized, resulting in the 

discovery of three small molecules which satisfied the goals of analogue design outlined at the 

start of the SAR study. Astemizole and acyl astemizole were then used to further study the 

biological activities of this newly identified 20S proteasome activator scaffold. Both compounds 

demonstrated effectiveness toward enhancing the 20S proteasome-mediated degradation of α-

synuclein and tau in vitro. While astemizole showed significant toxicity and was unable to reduce 

tau protein levels in cell culture, acyl astemizole effectively reduced cellular tau protein levels 

with minimal cytotoxic effects. Lastly, exploration of the efficacy of astemizole and acyl 
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astemizole toward the poly-arginine DPR proteins led to the development of insightful 

mechanistic studies. The studies suggest that in addition to inducing an open gate conformation 

of the 20S proteasome, small molecule 20S activators induce additional conformational changes 

that differentially enhance activities of the three unique proteolytic sites. In the case of the poly-

arginine DPR proteins, select enhancement of T-L site proteolytic activity resulted in their 

effective degradation. This suggests the exciting possibility that a small molecule 20S proteasome 

activator could be designed to selectively enhance T-L site proteolytic activity, providing the 

means to selectively degrade poly-arginine DPR proteins for a more targeted treatment of ALS. 

3.4 Experimental 

3.4.1 Synthetic Methods 

General Information. Reactions were carried out under a nitrogen atmosphere in flame-dried 

glassware. Magnetic stirring was used for all reactions. Solvents and reagents were purchased 

from commercial suppliers and used without further purification. Reported yields refer to 

chromatographically and spectroscopically pure compounds. 1H and 13C NMR spectra were 

recorded on a Varian Unity Plus-500 spectrometer. Chemical shifts are reported relative to the 

residue peaks of the solvent (Acetone-d6: 2.09 ppm for 1H and 205.9 ppm for 13C), (Methanol-d4: 

3.34 ppm for 1H and 49.9 ppm for 13C), (CDCl3: 7.26 ppm for 1H and 77.4 ppm for 13C) and (DMSO-

d6: 2.54 ppm for 1H and 39.5 ppm for 13C). The following abbreviations are used to denote the 

multiplicities: s = singlet, d = doublet, dd = doublet of doublets, t = triplet, and m = multiplet. 

Infrared spectra were recorded on a Jasco Series 6600 FTIR spectrometer. HRMS were obtained 

at the Mass Spectrometry Facility of Michigan State University with a Micromass Q-ToF Ultima 

API LC-MS/MS mass spectrometer. 
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Synthesis and Characterization of Compounds 3-1i through 3-7 

 

 

2-Chloro-1-(4-fluorobenzyl)-1H-benzimidazole (3-1i) 2-chloro-1H-benzimidazole (13.12 mmol, 2 

g), KOH (18.37 mmol, 1.03 g) and dry acetonitrile (80 mL) was heated to reflux and stirred for 1 

hour. 4-fluorobenzyl bromide (19.68 mmol, 2.45 mL) was added. The reaction mixture was 

refluxed with stirring for 6 hours. The reaction mixture was cooled to room temperature, washed 

with water, and extracted with dichloromethane. The organic layer was evaporated and 

recrystallized with dichloromethane and hexane to afford 3-1i (2.6 g, 77%) as a white solid. 

1H NMR (500 MHz, Acetone-d6) δ 7.68 –7.59 (m, 1H), 7.58 –7.50 (m, 1H), 7.39 –7.30 (m, 2H), 

7.31–7.23 (m, 2H), 7.19 – 7.07 (m, 2H), 5.55 (d, J = 1.1 Hz, 2H). 13C NMR (126 MHz, Methanol-d4) 

δ 163.87 (d, J = 245.6 Hz), 142.30, 141.86, 136.22, 132.89 (d, J = 3.1 Hz), 130.14 (d, J = 8.1 Hz), 

124.93, 124.39, 119.58, 116.76 (d, J = 22.0 Hz), 111.66, 48.04. IR (neat): 1602, 1506, 1233 cm-1. 

m/z: [(M+H)+] calcd for (C14H11ClFN2
+) 261.0595; Found 261.0599. mp 70-74 °C. 

 

 

2-cyclohexylamine-1-(4-fluorobenzyl)-1H-benzimidazole (3-1) 2-chloro-1-(4-fluorobenzyl)-1H-

benzimidazole (Compound 3-1i) (0.38 mmol, 100 mg) was dissolved in cyclohexylamine (26.17 

mmol, 3 mL). The reaction mixture was stirred at 110 °C for 2 days and then washed with a 

saturated solution of ammonium chloride and extracted with dichloromethane. Crude product 
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was purified by column chromatography on silica gel (ethyl acetate/hexane; 40:60) to afford 

compound 3-1 (51.5 mg, 42%) as a yellow solid. 

1H NMR (500 MHz, Methanol-d4) δ 7.29 (d, J = 7.8 Hz, 1H), 7.10 (dd, J = 8.4, 5.3 Hz, 2H), 7.04 – 

6.92 (m, 4H), 6.92 – 6.86 (m, 1H), 5.17 (s, 2H), 3.76 (m, 1H), 2.10 – 2.01 (m, 2H), 1.75 (m, 2H), 

1.69 – 1.61 (m, 1H), 1.43 (m, 2H), 1.28 (m, 2H), 1.18 (m, 1H). 13C NMR (126 MHz, Methanol-d4) δ 

162.13 (d, J = 244.4 Hz), 154.07, 141.71, 133.91, 132.43 (d, J = 3.2 Hz), 128.20 (d, J = 8.2 Hz), 

120.95, 119.19, 114.99 (d, J = 21.9 Hz), 114.50, 107.50, 51.85, 43.75, 33.02, 25.38, 24.99. IR 

(neat): 3230, 3036, 2851 cm-1. m/z: [(M+H)+] calcd for (C20H22FN3
+) 324.1876; Found 324.1878. 

mp 165-168 °C. 

 

 

Ethyl 4-((1-(4-fluorobenzyl)-1H-benzimidazole-2-yl) amino) piperidine-1-caryboxylate (3-2i) 

Compound 3-1i (0.38 mmol, 100 mg) was dissolved in dimethylacetamide (3 mL), followed by 

addition of ethyl 4-aminopiperidinecarboxylate (3.8 mmol, 0.65 mL). The reaction mixture was 

stirred at 155 °C in a silicone oil bath for 68 hours and then cooled to room temperature. The 

reaction mixture was then diluted with ethyl acetate and poured into a 50% saturated brine 

solution and then extracted with dichloromethane. The crude product was purified by column 

chromatography on silica gel (hexane/ethyl acetate; 10:90) to afford compound 3-2i (69.5 mg, 

45%) as a yellow solid.  

1H NMR (500 MHz, Methanol-d4) δ 7.35 – 7.26 (m, 1H), 7.15 – 7.09 (m, 2H), 7.06 – 6.98 (m, 4H), 

6.93 (m, 1H), 5.22 (s, 2H), 4.10 (m, 4H), 3.95 (m, 2H), 2.98 (s, 1H), 2.10 – 1.98 (m, 2H), 1.45 (dd, J 

= 11.9, 4.2 Hz, 2H), 1.24 (m, 3H). 13C NMR (126 MHz, Methanol-d4) δ 163.56 (d, J = 244.6 Hz), 
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157.19, 155.18, 142.92, 135.30, 133.76 (d, J = 2.9 Hz), 129.59 (d, J = 8.4 Hz), 122.50, 120.86, 

116.44 (d, J = 21.7 Hz), 116.08, 109.13, 62.70, 51.43, 45.24, 44.10, 33.11, 14.96. IR (neat): 3275, 

1694, 1220 cm-1. m/z: [(M+H)+] calcd for (C22H26FNO2
+) 397.2040; Found 397.2070. mp 120-123 

°C. 

 

 

1-(4-fluorobenzyl)-N-(piperidin-4-yl)-1H-benzo[d]imidazol-2-amine (3-2) Compound 3-2i (0.76 

mmol, 300 mg) was dissolved in 48% HBr (10 mL) and heated to reflux and stirred for 3 hours. 

The reaction mixture was cooled to room temperature and neutralized with solid sodium 

bicarbonate, washed with water, and then extracted with dichloromethane. The organic layer 

was evaporated to afford compound 3-2 (204 mg, 83%) as a yellow solid. 

1H NMR (500 MHz, Chloroform-d) δ 7.46 (d, J = 7.9 Hz, 1H), 7.12 – 7.04 (m, 3H), 7.02 – 6.93 (m, 

4H), 5.03 (s, 2H), 4.23 (s, 1H), 3.98 (s, 1H), 2.98 (m, 2H), 2.68 (m, 3H), 2.09 – 2.02 (m, 2H), 1.33 – 

1.25 (m, 2H). 13C NMR (126 MHz, Chloroform-d) δ 162.36 (d, J = 247.0 Hz), 153.31, 142.32, 134.47, 

131.22 (d, J = 3.3 Hz), 128.21 (d, J = 8.1 Hz), 121.51, 119.73, 116.39, 116.06 (d, J = 21.8 Hz), 107.25, 

50.11, 45.14, 44.93, 33.60. IR (neat): 3290, 3245, 1218 cm-1. m/z: [(M+H)+] calcd for (C19H22FN4
+) 

325.1828; Found 325.1826. mp 120-126 °C. 
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1-(4-fluorobenzyl)-N-(4-methoxyphenyl)-1H-benzo[d]imidazol-2-amine (3-3) Compound 3-1i 

(0.38 mmol, 100 mg) and p-anisidine (1.14 mmol, 140 mg) were refluxed in ethanol (9 mL) for 24 

hours. The reaction mixture was cooled to room temperature, evaporated, and recrystallized 

from diethyl ether to afford compound 3-3 (94.4 mg, 71%) as a light purple solid.  

1H NMR (500 MHz, Methanol-d4) δ 7.44 – 7.41 (m, 3H), 7.41 – 7.39 (m, 2H), 7.34 – 7.31 (m, 2H), 

7.20 – 7.08 (m, 5H), 5.57 (s, 2H), 3.87 (s, 3H). 13C NMR (126 MHz, Methanol-d4) δ 164.04 (d, J = 

245.9 Hz), 161.13, 150.82, 132.11, 131.39 (d, J = 3.3 Hz), 130.39, 130.08 (d, J = 8.6 Hz), 128.91, 

128.33, 125.68, 125.24, 125.06, 117.00 (d, J = 22.0 Hz), 116.60, 116.28, 113.12, 111.80, 56.14, 

46.75. IR (neat): 3176, 1634 cm-1. m/z: [(M+H)+] calcd for (C21H18FN3O+) 348.1512; Found 

348.1545. mp 231-234 °C.  

 

 

1-(4-fluorobenzyl)-N-(4-fluorophenyl)-1H-benzo[d]imidazol-2-amine (3-4) Compound 3-1i (0.38 

mmol, 100 mg) was dissolved in 4-fluoroaniline (2 mL) and stirred at 140 °C for 2 days. The 

reaction mixture was cooled to room temperature and recrystallized from ethyl acetate to afford 

compound 3-4 (65.9 mg, 51%) as a blue solid.  
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1H NMR (500 MHz, Methanol-d4) δ 7.59 – 7.52 (m, 2H), 7.46 – 7.39 (m, 4H), 7.38 – 7.29 (m, 4H), 

7.20 – 7.12 (m, 2H), 5.59 (s, 2H). 13C NMR (126 MHz, Methanol-d4) δ 164.91 (d, J = 77.7 Hz), 162.95 

(d, J = 78.3 Hz), 150.66, 133.02 (d, J = 3.2 Hz), 132.26, 131.48 (d, J = 3.3 Hz), 130.63, 130.26 (d, J 

= 8.1 Hz), 128.93 (d, J = 9.0 Hz), 126.01, 125.57, 118.39 (d, J = 23.4 Hz), 117.19 (d, J = 22.1 Hz), 

113.44, 112.12, 47.06. IR (neat): 3182, 1634 cm-1. m/z: [(M+H)+] calcd for (C20H15F2N3
+) 336.1312; 

Found 336.1320. mp 230-233 °C. 

 

 

N-benzyl-1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-amine (3-5) Compound 3-1i (0.38 mmol, 

100 mg) was added to flask, followed by benzylamine (2 mL). The neat reaction mixture was 

stirred at 125 °C for 2 days. The reaction mixture was cooled to room temperature, and crude 

product was purified by column chromatography on silica gel (ethyl acetate/hexane) to afford 

compound 3-5 (38.1 mg, 30%) as a white solid.  

1H NMR (500 MHz, Methanol-d4) δ 7.32 – 7.24 (m, 5H), 7.22 – 7.18 (m, 1H), 7.15 – 7.11 (m, 2H), 

7.07 – 6.94 (m, 5H), 5.24 (s, 2H), 4.65 (s, 2H). 13C NMR (126 MHz, Methanol-d4) δ 163.60 (d, J = 

244.6 Hz), 156.07, 142.90, 140.70, 135.57, 133.73 (d, J = 2.9 Hz), 129.67 (d, J = 8.2 Hz), 129.39, 

128.28, 128.07, 122.47, 120.87, 116.43 (d, J = 21.8 Hz), 116.17, 108.98, 47.39, 45.32. IR (neat): 

3210, 1620 cm-1. m/z: [(M+H)+] calcd for (C21H18FN3
+) 332.1563; Found 332.1593. mp 201-206 °C. 
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1-(4-methoxybenzyl)-2-(4-methoxyphenyl)-1H-benzo[d]imidazole (3-6) Methanol (8 mL) was 

added to 3Å MS (1.4 g), followed by o-phenylenediamine (1.85 mmol, 200 mg) and 4-

methoxybenzaldehyde (1.85 mmol, 0.22 mL). The reaction mixture was heated to reflux and 

stirred for 5 hours, and then cooled to room temperature and filtered, followed by evaporation 

of the organic phase. Crude product was purified by column chromatography on silica gel (ethyl 

acetate/methanol; 95:5) to give compound 3-6 (229 mg, 55%) as a white solid. 

1H NMR (500 MHz, Chloroform-d) δ 8.23 – 7.99 (m, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.72 – 7.67 (m, 

2H), 7.38 – 7.27 (m, 2H), 7.07 (d, J = 8.6 Hz, 2H), 7.04 – 6.99 (m, 2H), 6.93 – 6.88 (m, 2H), 5.42 (s, 

2H), 3.87 (s, 3H), 3.81 (s, 3H). 13C NMR (126 MHz, Chloroform-d) δ 160.90, 159.10, 154.12, 143.13, 

136.09, 130.69, 128.45, 127.21, 122.77, 122.55, 122.37, 119.64, 114.41, 114.20, 110.49, 55.35, 

55.27, 47.84. IR (neat): 1602, 1236 cm-1. m/z: [(M+H)+] calcd for (C22H20N2O2
+) 345.1603; Found 

345.1665. mp 106-110 °C. 
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1-(4-((1-(4-fluorobenzyl)-1H-benzo[d]imidazol-2-yl)amino)piperidin-1-yl)-2-(4-

methoxyphenyl)ethan-1-one (3-7) Compound 3-2 (0.15 mmol, 50 mg) and triethylamine (0.2 

mmol, 0.03 mL) were dissolved in dichloromethane (2 mL), followed by dropwise addition of  4-

methoxyphenylacetyl chloride (0.15 mmol, 0.023 mL). The reaction mixture was stirred at room 

temperature for 4 hours. The crude product was purified by column chromatography 

(methanol/ethyl acetate 5:95) to afford Compound 3-7 (31.5 mg, 53%) as colorless oil.  

1H NMR (500 MHz, Methanol-d4) δ 7.32 (d, J = 7.8 Hz, 1H), 7.20 – 7.16 (d, 2H), 7.13 – 7.08 (m, 2H), 

7.07 – 6.99 (m, 4H), 6.95 (t, J = 7.6 Hz, 1H), 6.91 – 6.84 (d, 2H), 5.49 (s, 1H), 5.22 (s, 2H), 4.52 (m, 

1H), 4.06 – 3.94 (m, 2H), 3.76 (s, 3H), 3.74 (d, J = 4.5 Hz, 1H), 3.68 (d, J = 14.9 Hz, 1H), 3.20 (m, 

1H), 2.85 (m, 1H), 2.08 – 2.02 (d, 1H), 1.99 (d, J = 12.9 Hz, 1H), 1.45 – 1.37 (m, 1H), 1.19 (m, 1H). 

13C NMR (126 MHz, Methanol-d4) δ 172.32, 163.57 (d, J = 244.4 Hz), 160.06, 142.58, 142.46, 

135.17, 133.67 (d, J = 3.2 Hz), 130.67, 129.58 (d, J = 8.2 Hz), 128.29, 122.60, 121.03, 116.44 (d, J 

= 21.9 Hz), 115.98, 115.18, 109.25, 55.64, 51.37, 46.46, 45.27, 42.26, 40.64, 33.52, 32.81. IR 

(neat): 3289, 1682, 1260 cm-1. m/z: [(M+H)+] calcd for (C28H30FN4O2
+) 473.2353; Found 473.2353.  

 

3.4.2 Biological Methods 

20S proteasome activation activity assay. The activity assay was conducted in 100 μL reaction 

volume in a black, clear-bottom 96-well plate. Purified human 20S proteasome (1 nM) and stock 

solutions of the test compound were added to final concentrations ranging from 1.25-80 μM in 

assay buffer (38 mM Tris-HCl, 100 mM NaCl, pH 7.8) and the plate was incubated at 37 °C for 15 
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min. The fluorogenic substrates (Suc-LLVY-AMC, Boc-LRR-AMC, Z-LLE-AMC) were added to a final 

concentration of 20 μM total. The fluorescence was measured at 37 °C on a SpectraMax M5e 

spectrometer taking kinetic readings every 5 mins for 1 hour (380/460 nm). 

Molecular docking studies. Docking studies were performed using Autodock Vina, supported 

through computational resources and services provided by the Institute for Cyber-Enabled 

Research at Michigan State University. The macromolecule for the docking studies was defined 

using a crystal structure of the human 20S proteasome obtained from the PDB database (PDB ID: 

4R3O). Small molecule ligands were generated using Perkin Elmer’s Chem3D, minimized using 

the MM2 force field, and converted to PDB files. These files were then uploaded to PyRx and 

converted to ligand pdbqt files. Unbiased docking studies were performed by docking against the 

entire human 20S proteasome (grid box 153.2 Å × 138.0 Å × 189.4 Å) three times with 

exhaustiveness set to 1000. The top nine docking modes were analyzed using PyMOL. To further 

analyze each docking mode, BIOVIA Discovery Studio 2020 was used to obtain the 2D predictive 

ligand-receptor interaction diagrams. 

In vitro 20S proteasome-mediated degradation of α-synuclein. Purified 20S proteasome (final 

concentration of 15 nM) in assay buffer (38 mM Tris-HCl, 100 mM NaCl, pH 7.8) was incubated 

with varying concentrations of drug (final concentrations ranging from 1 to 10 μM; 2% DMSO) 

and incubated at 37°C for 15 min. Purified α-synuclein was added to a final concentration of 0.5 

μM, and the samples were incubated at 37 °C for 2 hours. Following incubation, the samples were 

boiled at 95°C with 5X SDS loading buffer. The samples were resolved on a 4-20% Tris/glycine gel 

and visualized by silver stain (Thermo Scientific).  

In vitro 20S proteasome-mediated degradation of Tau441. Purified 20S proteasome (final 

concentration of 2 nM) in assay buffer (50 mM Tris-HCl, 0.1% Tween 20, pH 7.5) was incubated 

with varying concentrations of drug (final concentrations ranging from 1 to 10 μM; 2% DMSO) 

and incubated at 37°C for 15 min. Purified Tau441 (rPeptide; cat#T-1001-1) was added to a final 

concentration of 0.5 μM, and the samples were incubated at 37 °C for 1 hour. Following 

incubation, the samples were boiled at 95°C with 5X SDS loading buffer, resolved on a 4−20% 

Tris/glycine gel and transferred to a PVDF membrane that was probed with anti-tau (Cell 

Signaling; cat#46687) or anti-GAPDH-HRP (Novus; cat#NBP2-27103H) antibodies. After washing 
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and application of appropriate secondary antibodies, the blots were developed with ECL Western 

reagent (Radiance Plus, Azure Biosystems; cat#AC2103) and imaged with a chemiluminescent 

Western blot imager (Azure Biosystems 300Q). Band intensities were acquired using Biorad 

Image Lab analysis software.  

Transfection using X-tremeGENE™ HP DNA Transfection Reagent. Cells were grown to 70-80% 

confluency in a 37 °C incubator (5% CO2) in 60 x 15 mm culture dishes in Opti-MEM Reduced-

Serum Medium supplemented with 1% penicillin/streptomycin. The plasmid DNA (3.0 μg) was 

diluted in fresh Opti-MEM medium (500 μL) and gently mixed. The X-tremeGENE™ HP DNA 

transfection reagent was added to the diluted DNA in a 2:1 ratio (6 μL) and incubated at room 

temperature for 15 mins. The transfection complex was then added to the cells in a dropwise 

manner, followed by a gentle swirl for even distribution across the plate. The cells were incubated 

at 37 °C (5% CO2) for 48 hours before any drug treatments. 

Cellular EGFP-Tau degradation assay. PC12 cells were grown to 70-80% confluency in a 37 °C 

incubator (5% CO2) in Opti-MEM Reduced-Serum Medium supplemented with 1% 

penicillin/streptomycin. The cells were transiently transfected with 3.0 μg of the pRK5-EGFP-Tau 

plasmid (addgene; plasmid #46904) using the X-tremeGENE™ HP DNA transfection reagent 

(Sigma-Aldrich) protocol as described above. At 48 hours post-transfection, the cells were treated 

with DMSO, 10 μM 20S activator, or 50 nM bortezomib (0.1% DMSO). Following an 18-hour drug 

treatment, the cells/media were transferred to a conical centrifuge tube (15 mL). The cells were 

pelleted via centrifugation at 1000 rpm for 3 mins and the supernatant was discarded. The cells 

were washed with ice cold PBS buffer (5 mL) and centrifuged at 1000 rpm for 3 mins to pellet the 

cells. The cells were resuspended in chilled lysis buffer (PBS buffer supplemented with 

cOmplete™ Mini Protease Inhibitor Cocktail; 1 tablet in 7 mL of PBS; Sigma-Aldrich). The cells 

were lysed by sonication (two 5 sec pulses at 40% amplitude, with 3 sec pause in between) and 

the lysate was clarified by centrifugation at 5000 rpm for 15 mins. The total protein concentration 

of the supernatant was determined using a bicinchoninic acid assay (BCA assay), and the samples 

were normalized to 2.0 mg/mL total protein concentration. The samples were then boiled at 95 

°C with 5X SDS loading buffer, and equal amounts of cell lysate were resolved on a 4-20% 

Tris/glycine gel and transferred to a PVDF membrane. The membrane was probed with anti-tau 
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(Cell Signaling; cat#46687) or anti-GAPDH-HRP (Novus; cat#NBP2-27103H) antibodies. After 

washing and application of appropriate secondary antibodies, the blots were developed with ECL 

Western reagent (Radiance Plus, Azure Biosystems; cat#AC2103) and imaged with a 

chemiluminescent Western blot imager (Azure Biosystems 300Q). Band intensities were acquired 

using Biorad Image Lab analysis software. 

Cell viability assay. SH-SY5Y cells (5,000/well) were seeded in a white, opaque 96-well plate in 

100 μL of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) and 1 % penicillin/streptomycin. The cells were then treated with the test compound 

at concentrations ranging from 1.25-80 μM (0.5% DMSO) for 72 hours at 37 °C and 5% CO2. Cells 

were equilibrated to room temperature and CellTiter-Glo (Promega) solution (100 μL) was added 

and incubated with shaking for 2 minutes at room temperature. The assay plate was then allowed 

to equilibrate for 10 more minutes at room temperature and luminescence readings were taken 

on a SpectraMax M5e spectrometer.  

20S proteasome-mediated degradation of fluorogenic poly-GR DPR protein substrate. Purified 

20S proteasome (final concentration of 1 nM) in assay buffer (38 mM Tris-HCl, 100 mM NaCl, pH 

7.8) was added to a black, clear-bottom 96-well plate and incubated with various concentrations 

of drug (1.25−80 μM; 1%DMSO) at 37°C for 15 min. Fluorogenic poly-GR DPR protein substrate 

(Suc-GR3-AMC; aka Suc-GRGRGR-AMC) was added to each well to a final concentration of 20 μM. 

Fluorescence was measured at 37°C on a SpectraMax M5e spectrometer taking kinetic readings 

every 5 min at 380/460nm for 1 hour. 

Proteasome inhibitor titration assays. The activity assay was conducted in 100 μL reaction 

volume in a black, clear-bottom 96-well plate. Bortezomib (BTZ): Purified human 20S proteasome 

(1 nM) and stock solutions of the BTZ were added to final concentrations ranging from 1.25-80 

μM in assay buffer (38 mM Tris-HCl, 100 mM NaCl, pH 7.8) and the plate was incubated at 37 °C 

for 15 min. AEBSF (4-(2-aminoethyl) benzenesulfonyl fluoride): Purified human 20S proteasome 

(1 nM) and stock solutions of the AEBSF were added to final concentrations ranging from 100-

1000 μM in assay buffer (38 mM Tris-HCl, 100 mM NaCl, pH 7.8) and the plate was incubated at 

37 °C for 30 min. The fluorogenic substrates (Suc-LLVY-AMC, Boc-LRR-AMC, Z-LLE-AMC) were 
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added to a final concentration of 20 μM total. The fluorescence was measured at 37 °C on a 

SpectraMax M5e spectrometer taking kinetic readings every 5 mins for 1 hour (380/460 nm). 

Selective activation of T-L site. The activity assay was conducted in 100 μL reaction volume in a 

black, clear-bottom 96-well plate. Purified human 20S proteasome (1 nM) was incubated with 

bortezomib, BTZ (1.25 μM; 0.5% DMSO) in assay buffer (38 mM Tris-HCl, 100 mM NaCl, pH 7.8) 

at 37 °C for 15 min. Two vehicles were included in the assay; one treated with only DMSO, and 

one treated with BTZ (1.25 μM). This allowed the percent 20S proteasome activity of a fully 

functioning proteolytic site to be calculated to plot the dose-response curves. Next, stock 

solutions of 20S proteasome activator were added to final concentrations ranging from 1.25-40 

μM (0.5% DMSO) and the plate was incubated at 37 °C for 15 min. The fluorogenic substrates 

(Suc-LLVY-AMC, Boc-LRR-AMC, Z-LLE-AMC) or (Suc-GR3-AMC for DPR degradation with only T-L 

site activity) were added to a final concentration of 20 μM total. The fluorescence was measured 

at 37 °C on a SpectraMax M5e spectrometer taking kinetic readings every 5 mins for 1 hour 

(380/460 nm). 

Selective activation of CT-L and Casp-L sites. The activity assay was conducted in 100 μL reaction 

volume in a black, clear-bottom 96-well plate. Purified human 20S proteasome (1 nM) was 

incubated with AEBSF (500 μM; 0.5% DMSO) in assay buffer (38 mM Tris-HCl, 100 mM NaCl, pH 

7.8) at 37 °C for 30 minutes. Two vehicles were included in the assay; one treated with only 

DMSO, and one treated with AEBSF (500 μM). This allowed the percent 20S proteasome activity 

of a fully functioning proteolytic site to be calculated to plot the dose-response curves. Next, 

stock solutions of 20S proteasome activator were added to final concentrations ranging from 

1.25-40 μM (0.5% DMSO) and the plate was incubated at 37 °C for 15 min. The fluorogenic 

substrates (Suc-LLVY-AMC, Boc-LRR-AMC, Z-LLE-AMC) or (Suc-GR3-AMC for DPR degradation with 

only CT-L and Casp-L sites) were added to a final concentration of 20 μM total. The fluorescence 

was measured at 37 °C on a SpectraMax M5e spectrometer taking kinetic readings every 5 mins 

for 1 hour (380/460 nm). 
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APPENDIX 

3.1 In vitro α-synuclein Digestion – Astemizole 

 

Figure 3.19 Astemizole enhances 20S proteasome-mediated degradation of α-synuclein in vitro. 
Silver stained gels of α-synuclein digestion with the 20S proteasome pretreated with astemizole 
or proteasome inhibitor bortezomib (BTZ, 5 µM); (n=3). 
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3.2 In vitro α-synuclein Digestion – Acyl Astemizole 

 

Figure 3.20 Acyl astemizole enhances 20S proteasome-mediated degradation of α-synuclein in 
vitro. Silver stained gels of α-synuclein digestion with the 20S proteasome pretreated with acyl 
astemizole or proteasome inhibitor bortezomib (BTZ, 5 µM); (n=3). 
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3.3 Cellular EGFP-Tau Degradation Assay 

 

Figure 3.21 Acyl astemizole enhances 20S proteasome-mediated degradation of tau in PC12 cells. 
Immunoblots of the amount of EGFP-Tau in PC12 cells following an 18-hour treatment with 
vehicle (DMSO), 20S proteasome activator (10 µM), or BTZ (50 nM). Immunoblots probed with 
anti-tau and anti-GAPDH antibodies (n=2). 
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3.4 Cell Viability Assay in SH-SY5Y Cells 

 

Figure 3.22 Cytotoxicity data for astemizole and acyl astemizole in SH-SY5Y cells (n=1). 
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3.5 Activation of Individual Proteolytic Activities of the 20S Proteasome – TCH-165 

 

Figure 3.23 Dose-response curve of TCH-165 for 20S proteasome-mediated proteolysis of 
fluorogenic substrates Suc-LLVY-AMC, Boc-LRR-AMC, and Z-LLE-AMC specific to the 3 proteolytic 
sites CT-L, T-L, and Casp-L, respectively. All data was collected in triplicate (n=3); error bars 
denote the standard deviation.  
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3.6 Activation of Individual Proteolytic Activities of the 20S Proteasome – Acyl Astemizole 

 

Figure 3.24 Dose-response curve of acyl astemizole for 20S proteasome-mediated proteolysis of 
fluorogenic substrates Suc-LLVY-AMC, Boc-LRR-AMC, and Z-LLE-AMC specific to the 3 proteolytic 
sites CT-L, T-L, and Casp-L, respectively. All data was collected in triplicate (n=3); error bars 
denote the standard deviation.  
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3.7 Activation of Individual Proteolytic Activities of the 20S Proteasome – Astemizole 

 

Figure 3.25 Dose-response curve of astemizole for 20S proteasome-mediated proteolysis of 
fluorogenic substrates Suc-LLVY-AMC, Boc-LRR-AMC, and Z-LLE-AMC specific to the 3 proteolytic 
sites CT-L, T-L, and Casp-L, respectively. All data was collected in triplicate (n=3); error bars 
denote the standard deviation.  
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3.8 Selective Activation of T-L Site with Astemizole and Acyl Astemizole  

 

Figure 3.26 Proof-of-concept studies show selective activation of T-L proteolytic site activity is 
possible. Dose-response curve of astemizole (A) and acyl astemizole (B) for the 20S proteasome-
mediated proteolysis of the three unique fluorogenic substrates (Suc-LLVY-AMC, Boc-LRR-AMC, 
Z-LLE-AMC) with the CT-L and Casp-L sites inhibited with BTZ (1.25 μM) prior to addition of the 
20S activator. All data was collected in triplicate (n=3); error bars denote the standard deviation. 
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3.9 Selective Activation of CT-L and Casp-L Sites with Astemizole and Acyl Astemizole  

 

Figure 3.27 Proof-of-concept studies show selective activation of CT-L and Casp-L proteolytic site 
activities is possible. Dose-response curve of astemizole (A) and acyl astemizole (B) for the 20S 
proteasome-mediated proteolysis of the three unique fluorogenic substrates (Suc-LLVY-AMC, 
Boc-LRR-AMC, Z-LLE-AMC) with the T-L site inhibited with AEBSF (500 µM) prior to addition of 
the 20S proteasome activator. All data was collected in triplicate (n=3); error bars denote the 
standard deviation. 
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3.10 RYE Probe – Sequence and Predicted Proteasomal Cleavage Sites 

RYE Probe Sequence: YPYDVPDYAAGGGGGGGGRAGGGAGGGAYAGGAGAGAAEAGGAAGAGGA 

 

Figure 3.28 Sequence of the RYE probe (synthesized by GenScript) and proteasomal cleavage 
sites predicted using NetChop 3.0 software using version 20S with the threshold set to 0.5 for a 
predicted cleavage site. Abbreviations denote the following, AA = amino acid, score = probability 
score of proteolytic cleavage at indicated amino acid, C = cleavage with S denoting an amino acid 
with a score of 0.5 or higher and a predicted cleavage site. Note: HA-tag was incorporated for 
use in immunoblot probing with anti-HA-tag antibody. 
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3.11 1H and 13C Spectrum of Compound 3-1i 

Compound 3-1i 1H NMR (500 MHz, Acetone-d6) 

 

Figure 3.29 Compound 3-1i 1H NMR (500 MHz, Acetone-d6). 
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Compound 3-1i 13C NMR (126 MHz, Methanol-d4) 

 

Figure 3.30 Compound 3-1i 13C NMR (126 MHz, Methanol-d4). 
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3.12 1H and 13C Spectrum of Compound 3-1 

Compound 3-1 1H NMR (500 MHz, Methanol-d4) 

 

Figure 3.31 Compound 3-1 1H NMR (500 MHz, Methanol-d4). 
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Compound 3-1 13C NMR (126 MHz, Methanol-d4) 

 

Figure 3.32 Compound 3-1 13C NMR (126 MHz, Methanol-d4). 
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3.13 1H and 13C Spectrum of Compound 3-2i 

Compound 3-2i 1H NMR (500 MHz, Methanol-d4) 

 

Figure 3.33 Compound 3-2i 1H NMR (500 MHz, Methanol-d4). 
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Compound 3-2i 13C NMR (126 MHz, Methanol-d4) 

 

Figure 3.34 Compound 3-2i 13C NMR (126 MHz, Methanol-d4). 
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3.14 1H and 13C Spectrum of Compound 3-2 

Compound 3-2 1H NMR (500 MHz, Chloroform-d) 

 

Figure 3.35 Compound 3-2 1H NMR (500 MHz, Chloroform-d). 
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Compound 3-2 13C NMR (126 MHz, Chloroform-d)  

 

Figure 3.36 Compound 3-2 13C NMR (126 MHz, Chloroform-d).  
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3.15 1H and 13C Spectrum of Compound 3-3 

Compound 3-3 1H NMR (500 MHz, Methanol-d4) 

 

Figure 3.37 Compound 3-3 1H NMR (500 MHz, Methanol-d4). 
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Compound 3-3 13C NMR (126 MHz, Methanol-d4) 

 

Figure 3.38 Compound 3-3 13C NMR (126 MHz, Methanol-d4). 
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3.16 1H and 13C Spectrum of Compound 3-4 

Compound 3-4 1H NMR (500 MHz, Methanol-d4) 

 

Figure 3.39 Compound 3-4 1H NMR (500 MHz, Methanol-d4). 
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Compound 3-4 13C NMR (126 MHz, Methanol-d4) 

 

Figure 3.40 Compound 3-4 13C NMR (126 MHz, Methanol-d4). 
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3.17 1H and 13C Spectrum of Compound 3-5 

Compound 3-5 1H NMR (500 MHz, Methanol-d4) 

 

Figure 3.41 Compound 3-5 1H NMR (500 MHz, Methanol-d4). 
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Compound 3-5 13C NMR (126 MHz, Methanol-d4) 

 

Figure 3.42 Compound 3-5 13C NMR (126 MHz, Methanol-d4). 
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3.18 1H and 13C Spectrum of Compound 3-6 

Compound 3-6 1H NMR (500 MHz, Chloroform-d)  

 

Figure 3.43 Compound 3-6 1H NMR (500 MHz, Chloroform-d).  
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Compound 3-6 13C NMR (126 MHz, Chloroform-d) 

 

Figure 3.44 Compound 3-6 13C NMR (126 MHz, Chloroform-d). 
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3.19 1H, 13C, gCOSY, HSQC and HMBC Spectrum of Compound 3-7 (Acyl Astemizole) 

Compound 3-7 1H NMR (500 MHz, Methanol-d4) 

 

Figure 3.45 Compound 3-7 1H NMR (500 MHz, Methanol-d4). 
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Compound 3-7 13C NMR (126 MHz, Methanol-d4) 

 

Figure 3.46 Compound 3-7 13C NMR (126 MHz, Methanol-d4). 
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Compound 3-7 gCOSY (Methanol-d4) 

 

Figure 3.47 Compound 3-7 gCOSY (Methanol-d4). 

 

 

 

 

 

 

 

 

 

 

 



184 
 

Compound 3-7 HSQC (Methanol-d4) 

 

Figure 3.48 Compound 3-7 HSQC (Methanol-d4). 

 

 

 

 

 

 

 

 

 

 

 



185 
 

Compound 3-7 HMBC (Methanol-d4) 

 

Figure 3.49 Compound 3-7 HMBC (Methanol-d4). 
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PART II 

20S Proteasome Modulation as a Novel Therapeutic for Cancers 
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CHAPTER FOUR 

Identification of a Novel Class of Ruthenium Quinoline Complexes as a Potential  

Cancer Therapeutic 
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4.1 Introduction 

4.1.1 Transition Metal Complexes as Anticancer Agents 

The hallmark discovery of cisplatin by Barnett Rosenberg and coworkers, in the 1960s, 

revolutionized the anticancer therapeutic landscape.1 In these studies, it was observed that 

transition metal complexes, such as platinum and ruthenium complexes, inhibited cell division in 

bacteria.2 Due to the rapid cell division of cancer cells, the application of these compounds 

toward the treatment of human cancers has been thoroughly investigated.3 The mechanism of 

cisplatin toxicity has been extensively studied, revealing DNA as a critical target. Cisplatin binds 

DNA to crosslink DNA strands, thereby inhibiting DNA synthesis, cell division, and resulting in cell 

death.4 While FDA approval of a number of approved anticancer platinum complexes has had a 

profound effect toward the treatment of many different cancers, cisplatin has shown particular 

success in the treatment of testicular cancer.3,4 Cisplatin-based regimens have shown to result in 

a cure rate of 90 to 95 percent for testicular cancers.3 While platinum complexes have shown 

great success as anticancer agents, drug resistance and severe side effects have prompted further 

cisplatin analogue development and exploration of novel transition metal complexes for use as 

anticancer agents.3,5  

Recently, ruthenium complexes have attracted great attention as anticancer agents.6,7 In 

particular significance to this work, a number of cyclopentadienyl ruthenium (CpRu) and arene 

ruthenium complexes have shown anticancer activity toward a variety of cancer cells, with some 

complexes demonstrating toxicity toward cisplatin-resistant cancer cell lines.8–11 Additionally, 

some of these compounds have shown increased selectivity toward cancer cells over healthy 

cells, reducing toxic side effects.7,12 Through the investigation and development of a wide range 

of ruthenium complexes, as one would expect, their cytotoxicity mechanism is highly dependent 

upon the ligands incorporated. In our own exploration of ruthenium complexes as anticancer 

agents we chose a quinoline ligand for two reasons, (1) the Tepe and Odom labs have previously 

identified a novel quinoline scaffold to have activity toward an anticancer target,13 and (2) there 

have been few ruthenium-quinoline complexes reported. 
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4.1.2 Proteasome Inhibitors as Anticancer Agents 

Proteasome inhibitors (i.e. bortezomib, carfilzomib and ixazomib) remain a first-line 

treatment for certain types of cancers, including multiple myeloma, a hematological malignancy 

characterized by the abnormal proliferation of plasma cells.14,15 Using this treatment strategy, 

cancer cells die through starvation of resources necessary for cell growth. Extensive alterations 

in protein expression drive malignant transformation of cancer cells.16 As cells transform to 

cancer cells, there are significant upregulations of many proteins, such as those that regulate cell 

survival and proliferation, cell migration, and metastasis.16 This altered proteostasis and 

abnormally high levels of certain proteins found in cancer cells places a high burden on the UPS 

and other proteostasis machinery. This is to ensure limited resources in the cell, such as amino 

acids for protein synthesis, are maintained while maintaining cancer cell growth and survival.17 

This oncogenic addition of cancer cells for the UPS has been exemplified in a number of studies, 

with one study showing that various tumors express high levels of proteasome subunits and have 

increased proteasome activity.18,19 Another study has demonstrated that cancer cells are highly 

sensitive to proteasome inhibition.15 

The mechanism of action of these proteasome inhibitors is through formation of a 

covalent bond with an electrophilic moiety of the inhibitor (i.e. boronic acid warhead of 

bortezomib) and the threonine active residue of the proteasome’s proteolytic sites. This induces 

a staggering halt to protein degradation that leads to the toxic accumulation of proteins and a 

fatal amino acid shortage which prevents any further protein synthesis, and ultimately leads to 

cell death.20 While these proteasome inhibitors and other treatments listed above have made 

great strides to increase patient survival, treatment regimens are challenging and unfortunately 

a majority of patients experience relapse. Furthermore, after relapse many patients gain a 

resistance and do not respond to bortezomib treatment a second time.21 While the mechanism 

of bortezomib resistance requires further study, a mutation of the gene which encodes for the 

β5 subunit (i.e. CT-L proteolytic site) has shown to result in its overexpression.22 In addition, 

mutations to the CT-L proteolytic site of the proteasome have recently been identified in primary 

cells from a multiple myeloma patient under prolonged bortezomib treatment.21,23 A majority of 

these mutations affected the proteasome inhibitor substrate binding pocket, which could have 
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significant effects on the ability of the inhibitor to bind and effectively inhibit proteasome 

activity.23 As the CT-L site is the binding pocket for bortezomib and the other approved 

proteasome inhibitors, the modification of the binding site by the mutations may help to explain 

why the efficacy of the proteasome inhibitors is significantly reduced.21 Therefore, it is crucial 

additional proteasome inhibitors be identified, especially scaffolds with a novel mechanism of 

action, in the hopes they may be used in the treatment of multiple myeloma in bortezomib 

resistant patients. 

4.1.3 Design of Ruthenium Quinoline Complexes – A Multi-Target Drug? 

In 2016, the Odom and Tepe labs, identified a class of quinoline compounds capable of 

non-covalent inhibition of the 20S proteasome.13 Among the compounds, one quinoline (referred 

to as Quin1 in this chapter; Figure 4.1) showed a single-digit micromolar potency (half maximal 

inhibitory concentration, or IC50, of 8.2 ± 1.2 µM) toward inhibition of the 20S proteasome. 

Incorporation of Quin1 as a ligand to synthesize a ruthenium complex, therefore offered an 

intriguing possibility of designing a multi-targeted therapeutic. Multi-targeted drugs are those in 

which one drug has components that act on multiple biological targets. For example, a ruthenium 

complex incorporating a P450 enzyme inhibitor was designed for the treatment of breast 

cancer.24 While further exploration of this therapeutic strategy is needed, these drugs have great 

potential as anticancer treatments, as combination therapies of multiple individual drugs are 

widely used in cancer treatment. Of great significance to our work, combination therapies of 

cisplatin and proteasome inhibitors have shown to have synergistic cytotoxic effects.25,26  

To explore whether a multi-targeted drug could be designed to observe this same synergy 

between a transition metal complex and a proteasome inhibitor, the complex CpRu(Quin1)+ PF6
- 

(1; shown in Figure 4.1) was synthesized by Dr. Zhilin Hou of Dr. Aaron Odom’s lab.27 A quinoline 

inactive for proteasome inhibition (Quin2) was also used as a ligand to synthesize CpRu(Quin2)+ 

PF6
- (2; shown in Figure 4.1) for exploration of the mechanism of action of the ruthenium 

quinoline complexes. Herein the biological activities and mechanism of action of the complexes 

are investigated. Through these studies we aimed to explore whether the ruthenium complex 

would dissociate in the cell to give a ruthenium derivative species and free quinoline which act 
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in tandem to induce cytotoxicity through a multi-targeted approach, or whether the ruthenium 

quinoline complex would remain intact within the cell to induce toxicity. 

 

Figure 4.1 Structures of quinolines and CpRu(quinoline)+ PF6
− complexes used in the biological 

studies. Compounds were synthesized by Dr. Zhilin Hou of Dr. Aaron Odom’s lab. Synthetic routes 
and all characterization data can be found in the original manuscript.27 

4.2 Results and Discussion 

4.2.1 Exploration of 20S Proteasome Inhibitory Activity of Ruthenium Quinoline Complexes 

It was previously reported that Quin1 is a low micromolar noncovalent proteasome 

inhibitor with a half maximal inhibitory concentration (IC50) equal to 8.2 ± 1.2 µM,13 therefore we 

sought to explore how the CpRu quinoline complexes would compare. As previously discussed, 

the proteasome degrades proteins through the use of three, unique proteolytic sites (β5, β2, and 

β1) responsible for chymotrypsin-like (CT-L), trypsin-like (T-L), and caspase-like (Casp-L) 

proteolytic activity, respectively.28 Therefore, the ability of Quin1 and Quin2, along with their 

respective CpRu+ complexes, 1 and 2, to inhibit each of the proteolytic sites of the proteasome 

was evaluated using fluorogenic peptide substrates for each site.13  

Similar to the in vitro proteasome activity assay conducted in prior chapters, fluorescent 

substrate probes conjugated to the fluorophore 7-amino-4-methylcoumarin (AMC), including 

Suc-LLVY-AMC, Boc-LRR-AMC and Z-LLE-AMC were used. Conversely, to these earlier assays to 

assess the ability of small molecules to activate 20S proteasome activity, sodium dodecyl sulfate 

(SDS) is added in this assay to assess the inhibitory activity of small molecules. In these inhibition 

activity assays, SDS is traditionally added to enhance proteolytic activity of the proteasome prior 

to treatment with small molecule proteasome inhibitors to ensure the basal activity of the 

proteasome is great enough to observe inhibition of proteolytic activity.29,30 Then as before, the 
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fluorescence resulting from the release of AMC was then measured over time to quantify 20S 

proteolytic activity. If an active 20S conformation is present, the fluorescent probe is allowed 

entry into the proteolytic core of the 20S proteasome where the proteolytic sites degrade the 

probe, resulting in release of AMC.31 Therefore, if the proteasome is inhibited, a decrease in 

fluorescence compared to the vehicle control is expected. 

Consistent with previous results, Quin1 is inactive for inhibition of T-L site proteolytic 

activity but inhibited the CT-L and Casp-L site proteolytic activities with single-digit micromolar 

potencies, or IC50 values (Figures 4.2A and 4.2B; Table 4.1). In addition, the negative control, 

Quin2, was inactive (IC50 > 80.0 μM) and unable to inhibit any of the three proteolytic sites of the 

20S proteasome (Figures 4.2C and 4.2D; Table 4.1).  

Table 4.1 In vitro 20S Proteasome Inhibition Activities. 

 

To compare how complexation with CpRu+ would affect activities, ruthenium complexes, 1 and 

2, were tested for their ability to inhibit activity of the proteolytic sites. Ruthenium complex 1 

showed approximately a two-fold reduction in the ability to inhibit 20S proteasome activity in 

vitro compared to Quin1 (Figures 4.2E and 4.2F; Table 4.1). Ruthenium complex 2, like Quin2, 

was inactive for proteasome inhibition (Figures 4.2G and 4.2H; Table 4.1). A CpRu+ control 

complex, CpRu(NCMe)3, was also tested for its ability to inhibit 20S proteasome activity. This 

complex was inactive for proteasome inhibition and demonstrated that the CpRu+ portion of 

these complexes does not impact proteasome activity (Figure 4.6 of Appendix; Table 4.1). 
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Figure 4.2 In vitro 20S proteasome activity assay results. Percent 20S proteasome activity 
following treatment with Quin1 (A), Ru complex 1 (C), Quin2 (E) and Ru complex 2 (G) for each 
of the three individual proteolytic sites (CT-L, T-L and Casp-L) and the three sites combined (3 
sites). Dose-response curve of Quin1 (B), Ru complex 1 (D), Quin2 (F) and Ru complex 2 (H) for 
20S proteasome-mediated proteolysis of the fluorogenic proteasome substrates. Data for all 
compounds was collected in triplicate (n=3); error bars denote standard deviation. 
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4.2.2 Cytotoxicity in Multiple Myeloma Cells 

As previously stated, proteasome inhibition is widely used in the treatment of multiple 

myeloma to induce apoptosis of cancer cells.14,15 Additionally, transition metal complexes such 

as cisplatin, and other ruthenium complexes, are known to inhibit cancer cell growth.6,7,32,33 

While complexation of the quinoline proteasome inhibitor (Quin1) with CpRu+ slightly reduced 

its ability to inhibit proteasome activity in vitro, we hypothesized complexation would enhance 

any cytotoxic effects by the quinoline due to our multi-targeted therapeutic approach. 

To test this hypothesis, the cytotoxicity of the quinolines and ruthenium complexes was 

evaluated in two multiple myeloma cell lines: MC/CAR and RPMI 8226. The cell viability curves 

for each of the compounds in both cell lines can be found in Figures 4.7 and 4.8 of the Appendix. 

From these cell viability curves, the concentration of test compound required to reduce cell 

viability by 50 percent, or CC50 value, was then determined for each compound and is shown in 

Figure 4.3. The results are generally similar for each of the two distinct cell lines. As expected, 

the quinoline inactive for proteasome inhibition (Quin2) did not show appreciable cytotoxicity. 

The active proteasome inhibitor Quin1 demonstrated moderate cytotoxic effects with CC50 

values consistent with its IC50 values found in the in vitro proteasome activity assays. Both 

ruthenium complexes 1 and 2 were significantly more cytotoxic than either of the quinoline 

counterparts, suggesting that their cytotoxicity is not due to the activity of dissociated quinolines. 
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Figure 4.3 Cytotoxicity data (CC50 values) for the quinolines and ruthenium complexes in MC/CAR 
and RPMI 8226 cells (n=4); Brown-Forsythe and Welch ANOVA with a post hoc Dunnett’s T3 test 
was used to determine statistical significance (ns, not significant, *p ≤0.05; **p≤0.01; 
***p≤0.001; ****p≤0.0001).  

To determine if this enhanced cytotoxicity upon complexation was due to the dissociated 

CpRu+ species, a ruthenium control using DMSO as the ligand, CpRu(DMSO)3
+ PF6

-, was tested for 

its cytotoxic effects in both cell lines (Figure 4.3). While CpRu(DMSO)3
+ PF6

- was not cytotoxic in 

the RPMI 8226 cell line at the concentrations tested, its cytotoxicity in MC/CAR cells was 

comparable to that of both ruthenium complexes 1 and 2. This suggests that sensitivity to 

CpRu(DMSO)3
+ PF6

-  toxicity is cell line specific. In the MC/CAR cell line, all ruthenium complexes 

had similar cytotoxicity curves with comparable single-digit micromolar CC50 values. However, in 

the RPMI 8226 cell line, ruthenium toxicity was observed to enhance greatly upon addition of the 
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quinoline ligands. This supports the notion that ruthenium cytotoxicity is tunable based on the 

ligand incorporated.  

4.2.3 Investigating the Mechanism of Cytotoxicity of the Ruthenium Quinoline Complexes 

Further studies to explore the mechanism of cytotoxicity in the RPMI 8226 cell line were 

conducted. Specifically, we asked whether the complexes remain intact in cell culture to impart 

their cytotoxic effects. While ruthenium complexes 1 and 2 were significantly more cytotoxic than 

either of the free quinoline counterparts, a minimal difference in cytotoxicity was observed upon 

incorporation of the quinoline active or inactive for proteasome inhibition. This suggests that 

inhibition of the proteasome is likely not the mechanism of cytotoxicity. Furthermore, since both 

complexes 1 and 2 were significantly more cytotoxic than either of the quinolines or 

CpRu(DMSO)3
+ PF6

− we hypothesized that the complexes remain intact in cell culture. As it is 

expected that the dissociated products of complex 1 would be a derivative of Ru species (shown 

to be nontoxic in RPMI 8226 cells) and Quin1, it is anticipated that the cytotoxicity of Quin1 and 

the disassociated products of 1 would be relatively similar. Since this was not what was observed, 

we sought to explore whether complexes 1 and 2 remained intact in cell culture to elucidate the 

mechanism of cytotoxicity of the CpRu quinoline complexes. 

The incorporation of the quinoline ligands active or inactive for proteasome inhibition 

presented a novel approach to explore whether ruthenium complexes 1 and 2 remained intact 

in cell culture. Again, since it is expected that the dissociated products of complex 1 would be 

RuCp(OH2)3
+ PF6

− and Quin1, the cellular proteasome activities of Quin1 and the dissociated 

products of 1 should be comparable, as Ru species derivatives, like CpRu(DMSO)3
+ PF6

−, did not 

inhibit the proteasome in vitro. 

The ability of Quin1, complex 1, and CpRu(DMSO)3
+ to inhibit the proteasome in RPMI 

8226 cells was investigated using a luminescent peptide substrate of the proteasome. It was 

observed that Quin1 (10 µM) resulted in a 43 percent reduction in proteasome activity following 

a 4-hour treatment, consistent with the in vitro IC50 value and CC50 value in RPMI 8226 cells 

(Figure 4.4A). Complex 1 and CpRu(DMSO)3
+ PF6

− did not inhibit the proteasome, ruling out the 

possibility of proteasome inhibition as the mechanism of cytotoxicity. Furthermore, this suggests 

that complex 1 remains intact in cell culture at this treatment time, as no proteasome inhibition 
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was observed from any liberated Quin1. To explore if a longer treatment time would result in 

decomplexation of Quin1 from 1, resulting in proteasome inhibition and cytotoxicity, a lower 

dose of the test compounds was used to treat the RPMI 8226 cells for 24 hours. In this 

experiment, Quin1 (5 µM) resulted in a 36 percent reduction in proteasome activity (Figure 4.4B). 

As previously observed, treatment with ruthenium complex 1 (3 µM) did not result in proteasome 

inhibition after correcting for the loss in cell viability over the course of 24 hours. These results 

provide additional support that cytotoxicity results from the intact CpRu(quinoline)+ PF6
− 

complexes in cell culture. 
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Figure 4.4 Cellular proteasome activity data with corresponding cytotoxicity data in the RPMI 
8226 cell line (A) RPMI 8226 cells were treated with vehicle (DMSO), test compound (10 μM), or 
proteasome inhibitor, bortezomib (BTZ; 50 nM), for 4 hours. (B) RPMI 8226 cells were treated 
with vehicle (DMSO), test compound (3 or 5 μM), or proteasome inhibitor, bortezomib (BTZ; 3 
nM), for 24 hours. Proteasome-Glo cell-based (CT-L site) assay was used to measure percent 
proteasome activity. Cell Titer Glo assay was used to determine the percent cell viability at 
indicated treatment time. Data for all compounds was collected in triplicate (n=3); error bars 
denote standard deviation. Relative percent proteasome activity per viable cells was calculated 
by dividing percent proteasome activity by percent cell viability. One-way ANOVA with a post hoc 
Sidak test was used to determine statistical significance (ns, not significant, *p ≤0.05; **p≤0.01; 
***p≤0.001; ****p≤0.0001).  

After eliminating proteasome inhibition as the mechanism of cytotoxicity, we sought to 

explore the possible mechanisms by which ruthenium causes toxicity. While the mechanism of 

anticancer ruthenium complexes varies greatly based on the ligands used, it is generally accepted 

that their toxicity is related to their ability to bind and modify DNA.34,35 Furthermore, it is well 

known that platinum complexes, like cisplatin, cause toxicity through crosslinking of DNA.4,36 
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Therefore, as a first look at a ruthenium toxicity mechanism, we investigated the ability of 

complexes 1, 2, and ruthenium derivative species, CpRu(NCMe)3
+ PF6

− to crosslink DNA in an in 

vitro assay using a denaturing DNA gel (Figure 4.5). In this assay, single stranded DNA was treated 

with vehicle, ruthenium complex, or cisplatin. Since the vector DNA used was 4361 base pairs in 

size, if crosslinking resulted upon drug treatment it would be evident by DNA bands greater in 

size than 4361 base pairs. Compared to the positive control, cisplatin, no DNA crosslinking was 

observed for the three ruthenium complexes. However, while no crosslinking was observed, the 

experiment does not rule out other DNA-related toxicity mechanisms, such as DNA damage that 

does not lead to crosslinking.  

 

Figure 4.5 DNA crosslinking assay results demonstrate that treatment of single-stranded DNA 
(4361 bp) with the ruthenium complexes does not result in crosslinking of DNA, as observed for 
positive control cisplatin.  
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4.3 Conclusion 

Our findings demonstrate that CpRu(quinoline)+ PF6
− complexes 1 and 2 were cytotoxic 

toward two multiple myeloma cell lines with single-digit micromolar potencies. While the 

CpRu(quinoline)+ PF6
− complexes did not inhibit the proteasome in cell culture, addition of the 

quinoline ligand active for proteasome inhibition did allow for a novel route to explore the 

mechanism of toxicity by the ruthenium complexes. While the mechanism of cytotoxicity of the 

quinoline ruthenium complexes is currently unknown, the biological data provides strong support 

that the intact complex is responsible for the cytotoxic effects in cell culture. Furthermore, our 

findings suggest that the cytotoxicity is based on the ligand incorporated. While no cytotoxicity 

was observed in RPMI 8226 cells when DMSO was used as the ligand in the control CpRu(DMSO)3
+ 

PF6
− complex, incorporation of either of the quinolines as the ligand greatly enhanced the 

cytotoxic effects of the complexes. In all, it was concluded that the CpRu(quinoline)+ PF6
− 

complexes 1 and 2 constitute a novel class of cytotoxic metal complexes and provide an intriguing 

avenue to explore for anticancer therapeutics. 

4.4 Experimental 

4.4.1 Methods 

Multiple myeloma cell culture. RPMI 8226 and MC/CAR cells were obtained from ATCC 

(Manassas, VA, USA). RPMI 8226 cells were maintained in RPMI-1640 medium supplemented 

with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C and 5% CO2. MC/CAR 

cells were maintained in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 20% 

FBS and 1% penicillin/streptomycin. DMSO was used as the vehicle control at a 0.5% final 

concentration for cell culture experiments. 

20S proteasome inhibition activity assay. The activity assay was conducted in a 100 L reaction 

volume in a black, clear-bottom 96-well plate. Purified human 20S proteasome (1 nM) and stock 

solutions of the test compound were added to final concentrations ranging from 1.25-80 M in 

assay buffer (50 mM Tris-HCl buffer, 0.03% SDS, pH 7.5), and the plate was incubated at 37 °C for 

15 min. The fluorogenic substrates (Suc-LLVY-AMC, Boc-LRR-AMC, and Z-LLE-AMC) were added 

to a final concentration of 50 M for Suc-LLVY-AMC and Z-LLE-AMC, and a final concentration of 



201 
 

100 µM for Boc-LRR-AMC. Fluorescence was measured at 37 °C on a SpectraMax M5e 

spectrometer taking kinetic readings every 1 min for 30 min (380/460 nm).  

Cell viability assay. MC/CAR cells (5,000/well) were seeded in a white, opaque 96-well plate in 

100 μL of medium indicated above. RPMI 8226 cells (25,000/well) were seeded in a white, 

opaque 96-well plate in 100 μL of medium indicated above. Drug stock solutions were made in 

100% DMSO-d6 or 9:1 water/ DMSO-d6. The cells were then treated with the test compound at 

concentrations ranging from 1.25-40 μM (0.5% DMSO-d6 final concentration) for 72 hours at 37 

°C and 5% CO2. For samples in 100% DMSO-d6, a total volume of 0.5 μL drug stock was added; for 

samples in 9:1 water/DMSO-d6, a total volume of 5 μL drug stock was added. Cells were 

equilibrated to room temperature and CellTiter-Glo (Promega) solution (100 μL) was added and 

incubated with shaking for 2 minutes at room temperature. Assay plate was then allowed to 

equilibrate for 10 more minutes at room temperature and luminescence readings were taken on 

a SpectraMax M5e spectrometer. Statistical analyses were performed with GraphPad Prism 8.1; 

Brown-Forsythe and Welch ANOVA with a post hoc Dunnett’s T3 test was used for multiple 

comparisons of group means (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; 

****p≤0.0001). 

Cellular proteasome activity assay. RPMI 8226 cells (10,000/well) were seeded in a white, clear-

bottom 96-well plate in 100 μL of RPMI-1640 Medium supplemented with 10% FBS and 1% 

penicillin/streptomycin. Short (4 hour) treatment time: The cells were then treated with DMSO, 

test compound (10 μM), or BTZ (50 nM); 0.5% final DMSO concentration for 4 hours at 37 °C and 

5% CO2. Long (24 hour) treatment time: The cells were treated with DMSO, test compound (3 or 

5 µM), or BTZ (3 nM) for 24 hours. Cells were equilibrated to room temperature and Proteasome-

Glo (CT-L site; Promega) solution (100 μL) was added and incubated with shaking for 12 minutes 

at room temperature. A Cell Titer Glo viability assay was run in parallel to determine the percent 

cell viability at this treatment time. To an identical plate, CellTiter-Glo (Promega) solution (100 

μL) was added and incubated with shaking for 2 minutes at room temperature. The assay plate 

was then allowed to equilibrate for 10 more minutes at room temperature. Luminescence 

readings were taken on a SpectraMax M5e. Statistical analyses were performed with GraphPad 
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Prism 8.1; One-way ANOVA with a post hoc Sidak test was used for multiple comparisons of group 

means (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 

DNA crosslinking assay. Plasmid pBR322 was linearized with EcoR1 for 1 h at 37 °C. Linearized 

DNA (250 mg) was incubated with DMSO or drug (50 µM) for 16 h at 37 °C. An alkaline agarose 

gel was prepared using 20 mL of buffer (50 mM NaCl, 2 mM EDTA pH 8.0) and 0.2 g of agarose. 

The suspension was heated in a microwave for 45 seconds to dissolve, then 2 µL of GelGreen 

stain was added. The gel was poured and allowed to cool at room temperature and then soaked 

in alkaline running buffer (25 mL of 2 N NaOH, 2 mL of 0.5 M EDTA in 1 L of H2O) for 1 h. The 

samples were then loaded into the wells with loading dye (5 µL) and the gel was run at 4 °C for 

1.5 h. Gel was visualized on an Azure Biosystems Imager (green LED/orange filter). 
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APPENDIX 

4.1 In vitro 20S Proteasome Inhibition Activity Data for CpRu(NCMe)3
+ 

 

Figure 4.6 In vitro 20S proteasome activity assay results. Percent 20S proteasome activity 
following treatment with CpRu(NCMe)3

+ (1.3-80 µM) for each of the three individual proteolytic 
sites (CT-L, T-L and Casp-L) and the three sites combined (3 sites). Dose-response curve of 
CpRu(NCMe)3

+ for 20S proteasome-mediated proteolysis of the fluorogenic proteasome 
substrates (n=3); error bars denote standard deviation. 
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4.2 Cell Viability Curves - MC/CAR Cells 

 

Figure 4.7 Cell viability curves for the quinolines and ruthenium complexes in MC/CAR cells. Data 
for all compounds was collected in quadruplicate (n=4); error bars denote standard deviation. 
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4.3 Cell Viability Curves - RPMI 8226 Cells 

 

Figure 4.8 Cell viability curves for the quinolines and ruthenium complexes in RPMI 8226 cells. 
Data for all compounds was collected in quadruplicate (n=4); error bars denote standard 
deviation. 
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CHAPTER FIVE 

Exploring the Potential of 20S Proteasome Activation as a Novel Cancer Therapeutic Strategy 
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5.1 Introduction 

5.1.1 Typical Regulation of Transcription Factor, c-MYC 

A transcription factor is a protein that regulates the transcription of genes by producing 

RNA sequences from DNA. The RNA sequences are then translated into proteins that perform 

specific functions throughout the cell. The transcription factor, c-MYC, is an important factor 

responsible for the regulation of many genes involved in cell growth and proliferation, but is 

believed to regulate almost 15 percent of all genes.1 c-MYC functions as a transcription factor 

through binding with MYC Associated Factor X (MAX) to form a heterodimer, which then binds a 

DNA target sequence to initiate transcription of a number of genes.2,3 

Due to the strong growth-promoting and cell proliferative activities, it is essential that c-

MYC protein levels are tightly controlled to maintain normal cellular function. Degradation of c-

MYC protein through ubiquitin-dependent degradation by the ubiquitin-proteasome system 

(UPS) has shown to be the most prominent mechanism by which proper c-MYC protein levels are 

maintained.4,5 As previously discussed, ubiquitin-dependent degradation relies on a three-step 

process involving three different enzymes (E1, E2 and E3 ligases) that results in attachment of a 

poly-ubiquitin chain to the protein targeted for degradation.6 The poly-ubiquitin chain on the 

protein is then recognized by the 19S cap of the 26S proteasome, which subsequently 

deubiquitinates, unfolds, and sends the protein into the proteolytic core where it is degraded 

into small peptide fragments by the 26S proteasome. Furthermore, it has been shown that 

ubiquitin-dependent degradation of c-MYC relies on a number of post-translational modifications 

to render it more susceptible to degradation by the UPS. For example, phosphorylation of certain 

amino acid residues has shown to be required for E3 ligase recognition of c-MYC and subsequent 

attachment of the poly-ubiquitin chain.4,7 This nuanced process allows proper c-MYC protein 

levels to be maintained in order to prevent uncontrolled cell proliferation as well as other c-MYC-

mediated functions.  

5.1.2 Dysregulation of c-MYC in Cancer 

Dysregulation of c-MYC protein levels has been shown to result from gene mutations of 

the MYC gene, such as gene amplification.8 Additionally, factors that impact c-MYC protein 

stability can result in an increase in c-MYC protein levels. For example, mutations of E3 ligases 
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known to be responsible for the ubiquitination of c-MYC protein have been found in a number of 

cancers.4,9 These mutations inactivate their ability to ubiquitinate c-MYC protein, thereby 

preventing its ubiquitin-dependent degradation by the 26S proteasome.9 Furthermore, 

alteration of cell signaling pathways are known to impact c-MYC protein stability through 

alteration of its post-translational modifications. For example, phosphorylation of certain amino 

acid residues of c-MYC renders the protein more susceptible to ubiquitin-dependent degradation 

by the UPS, and modifications to its phosphorylation state has shown to affect its stability.4,10,11  

Dysregulation of c-MYC protein levels and its accumulation can induce its oncogenic 

transcriptional activity, resulting in the transcription of a number of genes that promote tumor 

growth and cancer cell proliferation.8,12 In fact, overexpression of c-MYC has been found in more 

than 70 percent of all human cancers, with a high prevalence in hematological cancers, such as 

acute lymphoblastic leukemia and multiple myeloma.13,14 Multiple myeloma is a hematological 

malignancy characterized by the abnormal proliferation of plasma cells. Current treatments 

available include immunomodulatory drugs, monoclonal antibodies, chimeric antigen receptor 

(CAR)T cell therapy, and proteasome inhibitors.15  

Proteasome inhibitors, such as bortezomib, carfilzomib and ixazomib, remain a first-line 

treatment for many multiple myeloma patients.16 This strategy aims to kill cancer cells through 

starvation of resources necessary for cell growth. Extensive alterations in protein expression 

drive malignant transformation of cancer cells.17 As cells transform to cancer cells, there are 

significant upregulations of many proteins, such as those that regulate cell survival and 

proliferation, cell migration, and metastasis.17 This altered proteostasis and abnormally high 

levels of certain proteins found in cancer cells places a high burden on the UPS and other 

proteostasis machinery. This is to ensure limited resources in the cell, such as amino acids for 

protein synthesis, are maintained while maintaining cancer cell growth and survival.18 This 

oncogenic addition of cancer cells for the UPS has been exemplified in a number of studies, with 

one study showing that various tumors express high levels of proteasome subunits and have 

increased proteasome activity.19,20 Another study has demonstrated that cancer cells are highly 

sensitive to proteasome inhibition.21  
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The proteasome inhibitors work through formation of a covalent bond with an 

electrophilic moiety of the ligand and the threonine active residue of the proteasome’s 

proteolytic sites. This induces a staggering halt to protein degradation that leads to the toxic 

accumulation of proteins and a fatal amino acid shortage which prevents any further protein 

synthesis, and ultimately leads to cell death.22 While these proteasome inhibitors and other 

treatments listed above have made great strides to increase patient survival, treatment regimens 

are challenging and unfortunately a majority of patients experience relapse. Furthermore, after 

relapse many patients gain a resistance and do not respond to bortezomib treatment a second 

time.23–25 Due to these reasons, novel approaches to treat this disease are needed. 

5.1.3 Pharmacological Targeting of c-MYC 

As c-MYC has shown to be dysregulated in around 50 percent of multiple myeloma 

patients,1 as well as many other cancers, it is a very highly sought after anticancer target. 

However, due to its highly disordered 3-D conformation and lack of typical drug binding pockets, 

it has evaded pharmacological targeting and been deemed an “undruggable” target.26 A variety 

of strategies to target c-MYC are currently being explored. Strategies to target MYC transcription 

through the use of small molecule inhibitors of bromodomain and extra-terminal (BET) proteins 

to suppress MYC expression has been explored.27 Additionally, small molecules to inhibit 

translation initiation have been studied to target MYC translation.28 Other strategies targeting c-

MYC focus on modification of protein-protein interactions necessary for its ability to promote 

transcription. One method is through the direct inhibition of the MYC-MAX heterodimer using 

small molecules.29–31 By preventing heterodimerization, c-MYC is unable to bind to DNA target 

sequences and this abrogates c-MYC-mediated transcription.30 Similarly, small molecules that 

induce MAX-MAX homodimers have been used to indirectly prevent c-MYC-mediated 

transcription.29,32,33 By sequestering MAX from binding to MYC, the MYC-MAX 

heterodimerization is decreased, which reduces MYC-mediated transcription and oncogenic 

signaling.32,33 Additional strategies to target c-MYC include manipulation of post-translational 

modifications or alteration of cell signaling pathways to render the protein more vulnerable to 

proteasome-mediated degradation.29,34,35 However, these approaches are still under 



213 
 

development and not yet approved for clinical use. In this chapter, our efforts to develop a novel 

approach to target c-MYC-driven cancers will be discussed.  

5.1.4 Small Molecule Enhancement of 20S Proteasome Activity May Provide Novel Route for 

Targeting c-MYC 

While the UPS is currently being targeted for multiple myeloma treatment, our lab is 

exploring a novel strategy to target the UPS, which may provide an additional therapeutic 

approach for the treatment of multiple myeloma. Conversely, to the proteasome inhibition 

strategy discussed above, activation of the 20S proteasome offers an alternative route to kill 

cancer cells through enhancement of proteasomal degradation. In this treatment strategy, 

disordered proteins that are upregulated in malignant transformation, such as c-MYC, which 

promotes cell proliferation, can be targeted for degradation. It is hypothesized that enhanced 

degradation of c-MYC could prevent its heterodimerization with MAX, thereby preventing c-MYC-

promoted gene transcription and its oncogenic effects (Figure 5.1). 

 

Figure 5.1 Schematic illustration of initial hypothesis that enhanced degradation of c-MYC by the 
20S proteasome may inhibit the transcription of c-MYC-mediated genes and reduce cancer cell 
proliferation and tumor growth. 
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It is well known that c-MYC protein levels are highly regulated through ubiquitin-

dependent protein degradation by the 26S proteasome.4,5 However, due to its highly disordered 

nature, recent studies have shown that c-MYC can be degraded by the 20S proteasome through 

a ubiquitin-independent pathway.36 In this work, it was demonstrated that c-MYC was degraded 

by the 20S proteasome in complex with its endogenous protein activator complex, REGγ. 

Furthermore, overexpression of 20S proteasome activator protein, REGγ, enhanced c-MYC 

protein degradation.36 The enhanced degradation of c-MYC subsequently inhibited c-MYC-

mediated gene expression and cell proliferation. While these are encouraging results, 

therapeutic delivery of the activator protein, REGγ, would be difficult. As an alternative, we 

aimed to explore whether a small molecule 20S proteasome activator could reproduce the same 

anticancer effects as the endogenous protein activator. Herein, we evaluate the therapeutic 

potential and efficacy of 20S proteasome activator, TCH-165, to reduce cellular c-MYC protein 

levels and reduce oncogenic signaling events caused by its overexpression and accumulation. 

5.2 Results and Discussion 

5.2.1 20S Proteasome Activation by TCH-165 Regulates c-MYC Degradation 

To begin, the ability of TCH-165 to reduce c-MYC protein levels was evaluated in a number 

of multiple myeloma cell lines including, RPMI 8226, L363, NCI-H929, MC/CAR, and leukemia cell 

line, CCRF-CEM. In the experiments analyzed by Western Blot (Figure 5.2A), RPMI 8226 cells were 

treated with TCH-165 (5 µM) with or without treatment with proteasome inhibitor, bortezomib 

(BTZ), for 4 hours. In comparison to the vehicle control, TCH-165 reduced c-MYC protein levels, 

while BTZ prevented its clearance. Importantly, the effect of TCH-165 was nearly completely 

abrogated by inhibition of the proteasome’s proteolytic activities using BTZ. Similar results were 

observed in the leukemia cell line, CCRF-CEM. These observations implicate the proteasome as 

the likely target for the effect of TCH-165 on c-MYC. Although, whether this is due to the direct 

enhancement of proteasome-mediated degradation of c-MYC, cannot be concluded by these 

studies. It is possible c-MYC protein levels are reduced by TCH-165 through enhanced 

proteasome-mediated degradation of another protein involved in regulating c-MYC protein 

stability; this will be explored later in the chapter.  
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The efficacy of TCH-165 to reduce c-MYC protein levels in additional multiple myeloma 

cell lines was also evaluated to ensure the results discussed above were not a unique effect 

observed for one specific multiple myeloma cell line. Furthermore, it was of interest to determine 

whether TCH-165 could reduce c-MYC protein levels in a dose-dependent manner. In these 

experiments, the cells were treated with varying concentrations of TCH-165 or BTZ (5 µM) for 4 

hours. As shown in Figure 5.2B, TCH-165 significantly reduced c-MYC protein levels in a dose-

dependent manner in the MC/CAR, L363 and NCI-H929 cell lines. Therefore, it was concluded 

that TCH-165 has a ubiquitous effect on reducing c-MYC protein levels in multiple myeloma cells. 

 

Figure 5.2 TCH-165 reduces c-MYC protein levels in multiple myeloma and leukemia cells. (A) 
Western blot analysis of the amount of c-MYC in multiple myeloma (RPMI 8226) or leukemia 
(CCRF-CEM) cells treated with vehicle (DMSO) or TCH-165 (5 or 10 µM, 4 h) in the presence and 
absence of proteasome inhibitor BTZ (5 µM). Western blot analysis by Dr. Evert Njomen. (B) ELISA 
analysis of the amount of c-MYC in multiple myeloma (MC/CAR, L363, H929) cells treated with 
vehicle (DMSO), TCH-165 (1-15 µM, 4 h), or proteasome inhibitor BTZ (5 µM, 4 h) (n=4); one-way 
ANOVA (ns, not significant, *p ≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 
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5.2.2 Exploration of the Mechanism of TCH-165-induced Reduction of c-MYC Protein Levels 

While treatment with TCH-165 significantly reduced c-MYC protein levels, further work 

was necessary to determine whether this decrease was due to direct enhancement of 

proteasome-mediated degradation of c-MYC. To explore this, cellular experiments to determine 

the half-life of c-MYC with and without TCH-165 treatment were developed. Protein levels are 

controlled in the cell by regulating the synthesis and degradation of proteins. Since I was 

interested in whether TCH-165 affects the rate of degradation of c-MYC, an experimental tool to 

halt protein synthesis was utilized. This would ensure levels of c-MYC are not affected by 

continued c-MYC synthesis, and that any changes in c-MYC protein levels are due to its 

degradation. Treatment of cells with cycloheximide stops all protein synthesis in the cell and 

allows the half-life of a protein to be determined.37 A protein half-life is defined as the time it 

takes for the concentration of the protein of interest to be reduced by 50 percent. The half-life 

of c-MYC is known to be a very short (20 to 30 minutes),11 but we aimed to evaluate whether 

TCH-165 decreased or modified this half-life further. If the mechanism by which TCH-165 reduces 

c-MYC protein levels is through direct enhancement of 20S proteasome-mediated degradation, 

it is anticipated that the half-life of c-MYC in the presence of TCH-165 would be decreased. 

Initial experiments conducted involved treatment of MC/CAR cells with vehicle or TCH-

165 (5 μM) and then cycloheximide (50 μg/mL) was immediately added to stop all protein 

synthesis. Various time points were collected by lysing the cells and the amount of c-MYC 

remaining at each time point was determined. As shown in Figure 5.3A, there were only very 

minimal differences in c-MYC protein concentration at any of the time points collected. A time 

response curve was then constructed (Figure 5.3C) and the half-life for both the vehicle and TCH-

165 treated cells was between 10 and 12 minutes. Similar results were observed in an additional 

cell line (Figure 5.5 of the Appendix). Since c-MYC was degraded so quickly, I hypothesized that a 

possible explanation for no differences in half-life between the vehicle and TCH-165 could be due 

to a lack of target engagement by TCH-165 in such a short time. Perhaps TCH-165 had not yet 

reached the proteasome target in the cells prior to the addition of cycloheximide. Due to the 

short half-life of c-MYC, a large majority of c-MYC protein was likely degraded before TCH-165 
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was able to bind to the proteasome and enhance activity, and therefore its effect may not be 

observed in this assay.  

 

Figure 5.3 TCH-165 does not enhance the rate of degradation of c-MYC in MC/CAR cells compared 
to vehicle control (A) Concentrations of c-MYC remaining in MC/CAR cells following treatment 
with DMSO or TCH-165 (5 µM; without drug pretreatment), followed by addition of 
cycloheximide (50 μg/mL) determined by ELISA. (B) Concentrations of c-MYC remaining in 
MC/CAR cells following treatment with DMSO or TCH-165 (10 µM; with 2 h drug pretreatment), 
followed by addition of cycloheximide (50 μg/mL) determined by ELISA. (C) Percent c-MYC 
remaining over time without drug pretreatment; T=0 time point for vehicle and TCH-165 
treatment each normalized to 100 percent. (D) Percent c-MYC remaining over time with 2 h drug 
pretreatment; T=0 time point for vehicle and TCH-165 treatment each normalized to 100 percent, 
as T=0 c-MYC concentration is significantly reduced with TCH-165 treatment. 
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To test this hypothesis, cells were pretreated with TCH-165 (10 μM) for two hours prior 

to the addition of cycloheximide to allow for target engagement. Interestingly, following the 2-

hour drug pretreatment, the T=0 time point of the TCH-165 treated cells had a greatly reduced 

concentration of c-MYC (1310 pg/mL, 39%) compared to the T=0 time point of the vehicle treated 

cells (3370 pg/mL, 100%) (Figure 5.3B). Therefore, to determine the half-life of c-MYC for both 

the vehicle and TCH-165 treated cells, the percent c-MYC remaining was normalized so that each 

of their T=0 concentrations were set to 100 percent. This allowed for the amount of c-MYC 

degradation to be determined between 0 and 45 minutes regardless of the starting c-MYC 

protein concentration. Following this normalization, minimal differences in the amount of c-MYC 

degraded was observed between the vehicle and TCH-165 treated cells. A time response curve 

(Figure 5.3D) was plotted and resulted in a c-MYC half-life between 13 and 17 minutes for both 

the vehicle and TCH-165 treated cells. Similar results were observed in the leukemia cell line, 

CCRF-CEM (Figure 5.6 of the Appendix).  

While further investigation is required, these experiments suggest that the mechanism by 

which TCH-165 reduces c-MYC protein levels is something other than directly enhancing the 20S 

proteasome-mediated degradation of c-MYC protein itself. However, as previously discussed 

above, proteasome inhibitor, bortezomib, completely abrogated the ability of TCH-165 to reduce 

c-MYC protein levels. This suggests that TCH-165 induced c-MYC clearance is likely a 20S 

proteasome-mediated event. Although, it is possible that the reduction of c-MYC by TCH-165 is 

indirectly regulated by 20S proteasome-mediated degradation of another protein which 

regulates c-MYC protein stability. For example, the proteolytic stability of c-MYC is highly 

regulated by multiple E3 ligases, many of which are intrinsically disordered proteins.4,38 

Enhancing 20S proteasome-mediated degradation of these regulatory proteins could therefore 

have an impact on c-MYC protein stability. The enhancement of 20S proteasome activity could 

also indirectly impact c-MYC clearance by affecting the many post-translational modifications 

that regulate its proteolytic stability.39 Another possibility could be due to affecting its 

heterodimeric interaction with its intrinsically disordered binding partner MAX.29 It is possible 

that enhancement of 20S proteasome-mediated degradation of MAX could result in more free c-

MYC, rendering it more susceptible to 20S proteasome-mediated degradation. While further 
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work is needed to determine the mechanism by which TCH-165 reduces c-MYC protein levels, it 

is evident the compound was quite effective in reducing c-MYC protein accumulation. As a result, 

we next aimed to explore whether reduction of c-MYC protein levels would inhibit oncogenic c-

MYC-mediated processes, such as cancer cell proliferation and promotion of tumor growth. 

5.2.3 Collaborative Efficacy Studies Demonstrate 20S Proteasome Activation by TCH-165 

Results in Anticancer Properties 

In collaboration with a number of individuals at Michigan State University and the 

University of Waterloo, the efficacy of TCH-165 to regulate additional c-MYC-mediated processes 

was evaluated. It is well known that c-MYC is essential for promoting cell proliferation, and that 

its dysregulated accumulation contributes to uncontrolled cell proliferation in many cancers.8,12 

Therefore, we aimed to explore whether reduction of c-MYC protein levels by TCH-165 would 

inhibit c-MYC promoted cancer cell proliferation. Assessment of cell viability following TCH-165 

treatment demonstrated that the drug inhibited cancer cell proliferation in the RPMI 8226, L363, 

and NCI-H929 cell lines at low single-digit micromolar potencies.40 While bortezomib remains a 

first-line therapy for multiple myeloma treatment, after relapse many patients gain a resistance 

and do not respond to bortezomib treatment a second time.23 Remarkably, TCH-165 treatment 

was also effectively able to kill primary cells from both a newly diagnosed and bortezomib 

unresponsive multiple myeloma patient.40 

The translational efficacy to further assess the therapeutic potential of TCH-165 was also 

evaluated in an RPMI 8226 multiple myeloma xenograft tumor model. In this experiment, TCH-

165 was administered to mice at 100 mg/kg twice per day, resulting in a 76 percent reduction in 

tumor growth compared to the untreated control mice.40 This reduction in tumor growth by TCH-

165 was significantly greater than the 38 percent reduction in tumor growth observed with BTZ 

treatment. A tolerance study was conducted in parallel with the tumor model and showed TCH-

165 treatment was well tolerated by the mice, with less than a 10 percent loss in body weight. A 

more detailed tolerance study was also conducted in beagles with TCH-165 treatment for five 

consecutive days (oral capsule, 50 mg/kg twice per day).40 Clinical observation, body weight (less 

than 1 percent change), standard complete blood count, and clinical chemistry panel following 
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the five-day tolerance study identified no significant changes compared to the pre-treatment 

evaluations.  

5.2.4 Development of a Target Engagement Assay 

In parallel to the canine tolerance study, I developed a target engagement assay to 

determine whether TCH-165 was reaching the desired proteasome target using oral delivery of 

the drug to the beagles. In this experiment, peripheral blood mononuclear cells (PBMCs) were 

isolated from the canine blood samples prior to TCH-165 treatment and following day five of TCH-

165 treatment. The PBMCs were then lysed, and the proteasome activity of the lysate was 

evaluated using a small peptide proteasome substrate conjugated to the fluorophore, 7-amino-

4-methylcoumarin (AMC) (i.e. Suc-LLVY-AMC). Proteolytic cleavage of the peptide results in the 

release of AMC, and this fluorescence was measured over time to quantify 20S proteolytic 

activity. If the target was engaged, it is anticipated an increase in proteasome activity would be 

observed. After a five-day treatment with TCH-165, the proteasome activity of Canine 1 increased 

to 488 percent and Canine 2 increased to 233 percent compared to their respective pre-

treatment vehicle/baseline proteasome activities (Figure 5.4). This enhancement of proteasome 

activity in the PBMC lysate confirms target engagement. In combination with the tolerance data, 

these studies show that TCH-165 is well tolerated in vivo at concentrations in which it significantly 

enhanced activity of the proteasome. 

 

Figure 5.4 Enhanced proteasome activity in canine PBMCs confirms target engagement of 20S 
proteasome activator TCH-165 (n=3); one-way ANOVA (ns, not significant, *p ≤0.05; **p≤0.01; 
***p≤0.001; ****p≤0.0001). 
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5.3 Conclusion 

In all, our findings demonstrate that TCH-165 reduces c-MYC protein levels in cell culture, 

inhibits cancer cell proliferation, and inhibits tumor growth in vivo. While the mechanism by 

which TCH-165 reduces c-MYC protein levels requires further investigation, evidence suggests c-

MYC induced clearance by TCH-165 is a 20S proteasome-mediated event. Furthermore, the 

compound is well tolerated in vivo at therapeutic concentrations. These data suggests that 

further exploration of this therapeutic strategy is warranted, as it may provide a novel treatment 

for c-MYC-driven cancers and other diseases in which intrinsically disordered protein 

accumulation plays a significant role in disease progression. 

5.4 Experimental 

5.4.1 Methods 

Multiple myeloma cell culture. RPMI 8226, MC/CAR, L363 and NCI-H929 cells were obtained 

from ATCC (Manassas, VA, USA). RPMI 8226 cells were maintained in RPMI-1640 medium 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 ◦C and 5% 

CO2. MC/CAR cells were maintained in Iscove’s Modified Dulbecco’s Medium (IMDM) 

supplemented with 20% FBS and 1% penicillin/streptomycin. L363 cells were maintained in RPMI-

1640 medium supplemented with 15% heat-inactivated FBS and 1% penicillin/streptomycin. NCI-

H929 cells were maintained in RPMI-1640 medium supplemented with 10% FBS, 0.05 mM 2-

mercaptoethanol, and 1% penicillin/streptomycin. DMSO was used as the vehicle control at a 

0.1% final concentration for cell culture experiments. 

Degradation of c-MYC in multiple myeloma cells (with ELISA analysis). MC/CAR, L363, or H929 

cells were grown in T25 flasks in medium indicated above. Cells were treated with DMSO, TCH-

165, or bortezomib (BTZ) at the indicated concentrations for 4 h (0.1% final DMSO concentration). 

Following the 4-hour treatment, cells were pelleted, washed with chilled PBS buffer, and 

resuspended in chilled lysis buffer (10 mM Tris, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM 

NaF, 20 mM Na4P2O7, 2 mM Na3VO4, 1% Triton X-100, 10% glycerol, 0.1% SDS, and 0.5% 

deoxycholate; pH 7.4) supplemented with Complete Mini Protease Inhibitor Cocktail (Sigma 

Aldrich). The lysate was clarified by centrifugation at 5000 rpm (4 ◦C) for 15 min. Total protein of 

the lysate was quantified by bicinchoninic acid assay (BCA assay, Thermofisher Scientific; 
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Waltham, MA, USA). and normalized to 1.5 mg/mL total protein. The supplied protocol for the 

human c-MYC (Total) ELISA Kit (Invitrogen; Waltham, MA, USA) was used to determine the total 

c-MYC concentration of the lysates. Prior to loading lysate into ELISA plate wells, lysate (5 µL) was 

diluted into 45 µL of supplied standard diluent buffer. 

Cellular c-MYC half-life assay. No drug pretreatment: MC/CAR cells were grown in T25 flasks in 

medium indicated above. Cells were treated with DMSO or TCH-165 (5 μM) and cycloheximide 

(50 μg/mL) was immediately added. Various time points were collected by harvesting cells at (0, 

7.5, 15, 30 and 45 min) following cycloheximide addition. With drug pretreatment: MC/CAR cells 

were grown in T25 flasks in medium indicated above. Cells were pretreated with DMSO or TCH-

165 (10 μM) for 2 h, and then cycloheximide (50 μg/mL) was added post two-hour incubation. 

Various time points were collected by harvesting cells at (0, 7.5, 15, 30 and 45 min) following 

cycloheximide addition. To harvest cells, cells were pelleted, washed with chilled PBS buffer, and 

resuspended in chilled lysis buffer (10 mM Tris, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM 

NaF, 20 mM Na4P2O7, 2 mM Na3VO4, 1% Triton X-100, 10% glycerol, 0.1% SDS, and 0.5% 

deoxycholate; pH 7.4) supplemented with Complete Mini Protease Inhibitor Cocktail (Sigma 

Aldrich). The lysate was clarified by centrifugation at 5000 rpm (4 °C) for 15 min. Total protein of 

the lysate was quantified by bicinchoninic acid assay (BCA assay, Thermofisher Scientific; 

Waltham, MA, USA). and normalized to 1.5 mg/mL total protein. The supplied protocol for the 

human c-MYC (Total) ELISA Kit (Invitrogen; Waltham, MA, USA) was used to determine the total 

c-MYC concentration of the lysates. Prior to loading lysate into ELISA plate wells, lysate (5 µL) was 

diluted into 45 µL of supplied standard diluent buffer.  

Target engagement assay in canine PBMC lysate. Canine blood samples obtained in BD 

Vacutainer CPT mononuclear cell preparation tubes containing sodium citrate were used to 

isolate PBMCs. For PBMC isolation, sample tubes were inverted five times and equilibrated for 

the centrifuge with sterile PBS buffer. Tubes were centrifuged at 1800 × g with the acceleration 

set at 5 and a break set to 0 at room temperature for 30 min. Half of the plasma layer was 

discarded. Using a sterile Pasteur pipette, the buffy coat was collected and put into a 15 mL 

conical tube and sterile PBS buffer was added to 10 mL. The conical tubes were centrifuged at 

300 × g for 10 min and the supernatant was removed. Cells were resuspended in 150 µL of lysis 
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buffer (50 mM Tris-HCl, 2 mM Na2ATP, 5 mM MgCl2, 0.5 mM EDTA, 10% glycerol) and lysed by 

vortex. Samples were centrifuged for 20 min at 14,000 × g. The total protein concentration of the 

supernatant was determined using bicinchoninic acid assay (BCA assay), and the samples were 

normalized to 1 mg/mL. Samples were diluted to 0.036 µg/µL in assay buffer (38 mM Tris, 100 

mM NaCl, pH 7.8) and 140 µL of the diluted sample was added to three wells of a black, clear-

bottom 96-well plate. Substrate stock solution (10 µL of 375 µM Suc-LLVY-AMC in assay buffer) 

was added to each well. Fluorescence was measured and kinetic readings were taken every 5 min 

at 37 °C, at 380/460 nm for 1 h. 
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APPENDIX 

5.1 c-MYC Half-Life Determination Assay in Jeko-1 Cells  

 

Figure 5.5 TCH-165 does not enhance the rate of degradation of c-MYC compared to vehicle 
control in Jeko-1 cells. Concentrations of c-MYC remaining in Jeko-1 cells following treatment 
with DMSO or TCH-165 (10 µM; without drug pretreatment), followed by addition of 
cycloheximide (50 μg/mL) determined by Western Blot. Percent c-MYC remaining over time was 
calculated by dividing amount of c-MYC at each time point by c-MYC concentration at T=0 time 
point (n=1). 
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5.2 c-MYC Half-Life Determination Assay in CCRF-CEM Cells  

 

Figure 5.6 TCH-165 does not enhance the rate of degradation of c-MYC compared to vehicle 
control in CCRF-CEM cells. Concentrations of c-MYC remaining in CCRF-CEM cells following 
treatment with DMSO or TCH-165 (10 µM; with 1 h drug pretreatment), followed by addition of 
cycloheximide (50 μg/mL) determined by Western Blot. Percent c-MYC remaining over time was 
calculated by dividing amount of c-MYC at each time point by c-MYC concentration at T=0 time 
point (n=1). To calculate normalized percent c-MYC remaining, T=0 time point for vehicle and 
TCH-165 treatment were each normalized to 100 percent, as T=0 c-MYC concentration is slightly 
reduced with TCH-165 treatment (n=1).  

 


