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ABSTRACT 

In cells, proteostasis is a constant and highly choreographed process that maintains a 

balance between the synthesis and degradation of proteins. The ubiquitin-proteasome 

system is a critical player in this orchestration through both ubiquitin-dependent and 

ubiquitin-independent pathways. The former pathway is mainly responsible for the 

degradation of folded proteins, or proteins with a stable 3D conformation, by using 

ubiquitin tags to flag proteins for degradation. Conversely, the ubiquitin-independent 

pathway targets proteins that lack stable 3D conformations, including intrinsically 

disordered proteins (IDPs). Proteostasis can become perturbed when the synthesis of  

proteins outpaces their degradation, leading to the accumulation of proteins within a cell. 

IDP accumulation is linked to various disorders, including neurodegenerative diseases. 

The small molecule enhancement of the ubiquitin-independent pathway represents a 

promising therapeutic target to modify protein degradation pathways for treating human 

diseases. The chemical space of small molecule proteasome enhancers is small, with 

only a few promising candidates. A significant reason for this lack of progress is the need 

for cellular systems that easily evaluate levels of IDPs and efficiently screen candidate 

compounds on a large scale. Two of the projects described in this dissertation directly 

address these problems. My first project focused on the development of a cell-based high 

throughput assay and its utilization to screen 30,000 compounds to identify novel small 

molecule proteasome enhancers. The second project focused on designing and 

synthesizing a library of 32 small molecules that enhance the ubiquitin-independent 

proteasomal pathway. Herein, the utilization of in silico molecular docking studies to 

refine structure-activity relationships is discussed. This approach led to the identification 



 

 

and synthesis of a new small molecule class that includes some of the most potent 

enhancers of the ubiquitin-independent pathway. In parallel, cellular disease models were 

developed that allowed for scoring the small molecules' therapeutic potential in treating 

waste protein accumulation in neurogenerative diseases.



iv 
 

 

 
 

 

 

 

 

 

 

 

 

For Erika, thank you for all your help and guidance! For Oma Irene, I have missed you 
immensely. 

  



v 
 

ACKNOWLEDGEMENTS 

It is bewildering to me that I am at the end of my Ph.D. journey. A journey that would not 

have been possible without the aid and support of numerous people. First, I would like to 

thank Prof. Jetze Tepe, who has supported me in many ways throughout my Ph.D. The 

past few months have been daunting, but you were constantly there to remind me that 

life will work itself out and that the right fit for my next step will come along. Although I did 

not want to believe you then, I will begrudgingly admit you were right. Thank you for 

fostering my curiosity and creativity while training me to show restraint and keep a critical 

mind. You allowed me to explore my ideas, which gave me the confidence to pursue more 

complex problems. I will forever remember the lessons you taught me and am 

extraordinarily thankful I had the privilege to be a member of your group. I would also like 

to thank Dr. Bollivar, my undergraduate mentor. You were the one who gave me the 

confidence to pursue a Ph.D., and many of the things you taught me, both in and out of 

the lab, are things I still rely on today. I cannot thank you enough for your support. In 

addition to Dr. Bollivar, I want to thank my IWU Spartan teammates: Rachel, Emily, 

Hanna, Cassie, Shannon, Rachel, and Alyssa. You all are the best lifelong friends I could 

have ever asked for! 

Next, I would like to thank my committee: Dr. Borhan, Dr. Draths, Dr. Wulff, and Dr. Fink. 

You all have impacted my time here at MSU in a beneficial way. Whether it was through 

guiding me during my second-year seminar, writing recommendation letters, allowing me 

to use equipment, or calming me down as I had a meltdown during the IPSPT in vivo boot 

camp, I would not have been able to finish this journey without you. I would also like to 

thank Dr. Dorrance and Dr. Neubig, as well as the other members of the pharmacology 



vi 
 

department. I was nervous about joining another department farther into my Ph.D. career. 

However, you all welcomed me immediately and became a place of comfort for me.  

Much of my time in the pharmacology department was spent with Dr. Erika Lisabeth. I 

can't truly express my immense gratitude for Erika. You became a second mentor, a 

friend, and a role model all in one! I would not have survived the AlphaLISA project without 

you. You taught me to be kind to everyone but remain firm in my ideas and values. You 

taught me to trust my gut but to not be afraid to ask for help. Finally, you taught me to 

speak up; my ideas will never be heard if I never share them.  

To my mom, dad, and Anna, I am fortunate to have you all as my family. Each of you 

constantly support me and remind me to work hard and persevere. In a similar vein, I 

want to thank you, Jake, for putting up with my anxiety and my moodiness. I am also so 

proud of everything you have accomplished! Speaking of putting up with me, I want to 

express my eternal gratitude to Allison, Maggie, and Natalie. Allison, you are my terror 

twin, and I am so happy that we lived up to that name. Through your support and advice, 

you have been instrumental in any success I have had in my PhD. I can only fathom 

getting through this with you. I am so lucky to have you in my life and for a life filled with 

adventure and laughter. Maggie, you are one of the most incredible people I know. You 

have been there for some of the most challenging points of my life, and your baked goods 

have brought light to many dark periods.  Natalie, I know that no matter what happened, 

I could always call or text you. You have supported me in everything I have done and 

reminded me to keep pushing forward.  

To Grace and Katarina, I am privileged to call you two friends. Both of you have taught 

me so much and have become an inspiration to me. Taylor, thank you for all the existential 



vii 
 

and pep talks and always being down to do something fun! Even if it means driving to 

Kalamazoo for an Oktoberfest! I also want to extend a special thanks to Charles. You 

have quickly become a good friend; I am incredibly grateful. A heartfelt thank you to the 

current Tepe group: Shannon, Sydney, Dare, Miracle, Konika, Evan, Kyra, Bahar, and 

Daniel. You have all helped me in so many ways. Thank you for always listening to 

another presentation or indulging in some of Allison I's wilder ideas, like group Halloween 

costumes. In addition, I thank Sydney for all your help with editing my papers and this 

dissertation. You have taught me so much! Finally, this should not come as a shock to 

anyone who knows me. I want to thank my cats; they have been the best companions I 

could ask for. Special shout out to Osmium. 

  

 



 

viii 
 

TABLE OF CONTENTS 

LIST OF ABBREVIATIONS ...................................................................................................... ix 

CHAPTER ONE The Responsibility of the Proteasome in Maintaining the 
Proteostasis Network and Opportunity for a novel Neurodegenerative Disease 
Therapeutic Pathway................................................................................................................. 1 
      1.1 Proteostasis .................................................................................................................... 2 
      1.2 Ubiquitin-Proteasome System ................................................................................... 9 
      1.3 Proteasome Dysfunction in Human Pathology ................................................... 18 
      1.4 Exogenous 20S Proteasome Enhancers .............................................................. 23 
      REFERENCES ..................................................................................................................... 30 

CHAPTER TWO Design, Development, and Biological Evaluation of Novel 
Chlorpomazine Analogs as 20S Proteasome Enhancers ............................................. 51 
      2.1 Introduction................................................................................................................... 52 
      2.2 Series I Chlorpromazine Analogs ........................................................................... 55 
      2.3 Series II Chlorpromazine Analogs .......................................................................... 61 
      2.4 Series III Chlorpromazine analogs .......................................................................... 74 
      2.5 Conclusion .................................................................................................................... 91 
      REFERENCES ..................................................................................................................... 93 
      APPENDIX ............................................................................................................................ 99 

CHAPTER THREE Development of Cellular Models Recapitulating Proteasomal 
Impairment Seen in Synucleinopathies ........................................................................... 206 
      3.1 Introduction................................................................................................................. 207 
      3.2 Proteasomal Impairment Induced by p25α/α-synuclein Aggregates .......... 209 
      3.3 Proteasomal Impairment Model Through Interruption of 20S Assembly .. 223 
      3.4 Conclusion .................................................................................................................. 235 
      REFERENCES ................................................................................................................... 236 
      APPENDIX .......................................................................................................................... 245 

CHAPTER FOUR Development and Utilization of the First Cell-Based High-
Throughput Screen for 20S Proteasome Enhancers ................................................... 262 
    4.1 Introduction................................................................................................................... 263 
    4.2 Development and Utilization of AlphaLISA Based High-Throughput         
Screen ....................................................................................................................................... 265 
    4.3 Screening of 25,000 Compounds ............................................................................ 282 
    4.4 Conclusion .................................................................................................................... 287 
    REFERENCES ..................................................................................................................... 289 
    APPENDIX ............................................................................................................................ 292 

CHAPTER FIVE Materials and Miscellaneous ................................................................ 300 
    5.1 Materials......................................................................................................................... 301 
    5.2 Miscellaneous............................................................................................................... 307 
 



 

ix 
 

LIST OF ABBREVIATIONS 

3D 3 Dimensional  

4 Å MS Molecular Sieves 

AcOH Acetic Acid 

AD Alzheimer’ Disease 

ALP Autophagy Lysosome Pathway 

AlphaLISA Amplified Luminescent Proximity Homogeneous Assay 
Linked Immunosorbent Assay 

ALS Amyotrophic Lateral Sclerosis 

AMC Amino Methyl Coumarin 

APCI Atmospheric-Pressure Chemical Ionization 

ATF6 Activating Transcription Factor 6 

ATP Adenosine Triphosphate 

BCA Bicinchoninic Acid Assay 

Boc-LRR-AMC Tert-Butoxyl-Leucyl-Arginyl-Arginyl-7-Amino-4-
Methylcoumarin 

BTZ Bortezomib 

Calc’d Calculated 

CHX Cycloheximide 

C-L Caspase-Like 

CNS Central Nervous System  

CPZ Chlorpromazine 

CT-L Chymotrypsin-Like  

D2R Dopamine 2 Receptor 

DCM Dichloromethane 

DLB Dementia with Lewy Bodies 

DMEM Dulbecco’s Modified Eagle Medium 



 

x 
 

DMF Dimethylformamide 

DMSO Dimethyl Sulfoxide 

DPR  Dipeptide Repeat 

DTE Dithioerythritol 

DTT Dithiothreitol 

DUB Deubiquitinating Enzyme 

EC200 200% Effective Concentration 

ECL Enhanced Chemiluminescence 

EDTA Ethylenediaminetetraacetic Acid 

EGFR Epidermal Growth Factor 

Equiv.  Equivalent 

ER Endoplasmic Reticulum  

ERAD Endoplasmic Reticulum Associated Protein Degradation 

EtOH Ethanol 

FBS Fetal Bovine Serum 

FDA Food and Drug Administration 

FRET Fluorescence Resonance Energy Transfer 

GCIs Glial Cytoplasmic Inclusions 

GFP Green Fluorescent Protein 

h Hour 

HbYX Hydrophobic- Tyrosine- Any Amino Acid 

HEK Human Embryonic Kidney  

HEPES 4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic Acid 

HRMS High Resolution Mass Spectrometry 

HSR Heat-Shock Response 

IC50 Concentration with 50% Inhibition 



 

xi 
 

IDPs Intrinsically Disordered Protein 

eIF2α Initiator Factor 2α 

IRE1 Inositol-Requiring Enzyme 1 

Min. Minute 

MSA Multiple System Atrophy 

NAC Non-β-amyloid Component 

NIH National Institutes of Health 

NQO1/NQO2 NAD(P)H Quinone Dehydrogenase 1/2 

ODC Ornithine Decarboxylase 

PAGE Poly Acrylamide Gel Electrophoresis 

PBS Phosphate-Buffered Saline 

PC12 Pheochromocytoma Cells of the Rat Adrenal Medulla 

PD Parkinson’s Disease 

PERK Unfolded Protein Response 

PEST Proline (P)-Gluatamic Acid (E)-Serine (S)-Threonine (T)  

PFFs Preformed Fibrils 

PROTACs PROteolysis-Targeting Chimeras 

PVDF Polyvinylidene Difluoride 

RIDD Regulated by IRE1 Dependent Decay 

RIPA Radioimmunoprecipitation Assay 

ROS Reactive Oxygen Species 

Rpn Non-ATPase Regulatory Particle 

Rpt ATPase Regulatory Particle 

rt Room Temperature 

SAR Structure Activity Relationship 

SD Standard Deviation 



 

xii 
 

SDS Sodium Dodecyl Sulfate 

Suc-LLVY-AMC Succinyl-Leucyl-Leucyl-Valyl-Tyrosyl-7-Amido-4-
Methylcoumarin 

TEA Triethylamine 

THF Tetrahydrofuran 

T-L Trypsin-Like 

TPPP Tubulin Polymerization Promoting Protein 

UPR Unfolded Protein Response 

UPS Ubiquitin Proteasome System 

WT Wild Type 

Z-LLE-AMC Carboxylbenzyl-Leucyl-Leucyl-Glutamyl-7-Amido-4-
Methylcoumarin 



 

1 
 

 

 

 

 

 

 

 

 

 

 

CHAPTER ONE  

The Responsibility of the Proteasome in Maintaining the Proteostasis Network 

and Opportunity for a Novel Neurodegenerative Disease Therapeutic Pathway
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1.1 Proteostasis 

1.1.1 Proteostasis Network 

Proteins are the most adaptable type of macromolecules and allow for the occurrence of 

a cell's incredibly complex inner workings. The intricacy of the protein composition, 

termed the proteome, in a cell is dependent on the cell’s overall function and location.1 

The integrity of a cell’s proteome is maintained through proteostasis, which is a highly 

orchestrated balance between protein synthesis, folding, and degradation.2, 3  

Proteostasis is achieved through the cross-coordination of various cellular pathways, 

collectively called the proteostasis network.4 The proteostasis network includes 

translational protein complexes,2 molecular chaperones,5 the ubiquitin-proteasome 

system (UPS),3 and the autophagy pathways (Figure 1.1).6 Furthermore, several 

peripheral signaling pathways modulate the proteostasis network's activity, including the 

unfolded protein response (UPR),7 the heat-shock response (HSR),8 and inflammatory 

pathways.9 The overarching responsibility of the proteostasis network is two-fold.2, 4 The 

proteostasis network ensures that properly folded proteins are generated, maintained, 

and trafficked to the correct cellular location to carry out the protein’s intended function. 

Secondly, the proteostasis network prevents the accumulation of misfolded or 

superfluous proteins through the appropriate degradation pathways.2, 4 However, the 

efficiency of the proteostasis network is perturbed through aging,2 exposure to 

environmental stress,10 or diminished capacity of one or more of the involved cellular 

pathways, i.e.,  proteasomal dysfunction. 3, 11 The critical role of the proteostasis network 

in both cell health and, inversely, pathogenesis has led to the development of therapeutics 

that target the various pathways involved in the proteostasis network.  
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1.1.2 Protein Synthesis and Folding 

The proteome of eukaryotic cells is highly complex and varies drastically between cell 

and tissue types, emphasizing the need for a tightly regulated process to control the 

expression and folding of new proteins. The process of synthesizing new proteins is a 

multi-step journey that begins in the nucleus of a cell, where mRNA is produced.12 The 

mRNA, or messenger RNA, contains the genetic instructions for the creation of a specific 

protein.12 The mature mRNA will leave the nucleus and interact with a complex known as 

the ribosome. Once the mRNA interacts with the ribosome, a process called translation 

will occur,13 creating a de novo polypeptide. Ribosomes are mainly located in the cytosol, 

Figure 1.1: The components and flow of the proteostasis network. *Created with 

BioRender 



 

4 
 

the mitochondria, and bound to the membrane of the ER.13 Ribosomes, called 

mitoribosomes, exist in the mitochondria, which are required for the expression of the 

genes encoded in the mitochondria’s reduced genome.14, 15, 16, 17 In contrast, the rational 

for ribosomes tethered to the membrane of the ER is not as straight forward. The ER is 

responsible for the protein synthesis and folding of secreted and integral membrane 

proteins, as well as a subpopulation of cytosolic proteins.18, 19 A short gene sequence on 

specific mRNA acts as an address tag for the delivery of the mRNA to ribosomes that are 

bound to the ER membrane.20, 21 Once the mRNA is delivered to the ER bound ribosome, 

a complex recognizes the tag and slows the elongation of the de novo polypeptide until a 

new proteinaceous channel is formed in the ER membrane.22, 23 The newly constructed 

channel allows the freshly synthesized polypeptide to enter into the ER to be folded 

directly.21  

Typically, newly synthesized proteins adopt a defined 3D conformation tuned to the 

intended biological functions.24, 25, 26, 27 However, a class of proteins called intrinsically 

disordered proteins (IDPs) are an exception to this observation. IDPs lack a stable 3D 

conformation and only acquire a tertiary structure when interacting with partner 

molecules, allowing for a range of diverse biological activities.28, 29, 30, 31 The ultimate 

conformation that proteins reside in is typically the most thermodynamically favored one, 

termed the native state. 2, 5, 32 Due to the breadth of possible conformations a polypeptide 

can adopt, the mechanism of protein folding reactions is exceedingly complex and 

heterogeneous. These reactions rely on the cooperation of several weak and noncovalent 

interactions.25, 33, 34 For example, hydrophobic forces are necessary to drive the 
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polypeptide chain's collapse to hide nonpolar amino acid residues within the folds. 25, 33, 

34, 35    

To facilitate the formation of the native state of the freshly synthesized polypeptides, a 

network of molecular chaperones promotes folding through ATP-dependent36, 37 and 

independent protein binding (Figure 1.2).38, 39 Molecular chaperones are defined as any 

protein that interacts with, stabilizes, or aids de novo polypeptides in acquiring a 

functionally active conformation while absent in the new proteins final structure (Figure 

1.2).40, 41 Due to the scope of responsibilities of molecular chaperones, this class of 

proteins consists of structurally unrelated proteins that form cooperative networks.42, 43, 44 

A large subset of molecular chaperones are called heat-shock proteins (HSP) due to the 

upregulated expression of these proteins under stress conditions.5, 45 In addition to aiding 

in the cytosolic folding of de novo polypeptides, molecular chaperones assist in their 

transportation to appropriate subcellular compartments before folding.46, 47, 48 However, if 

the de novo polypeptides are not intercepted by molecular chaperones, polypeptide 

chains can rapidly misfold, forming non-native structures.  

Furthermore, the misfolded polypeptide chains can form aggregates through intra-

molecular interactions. To combat misfolded protein aggregates, molecular chaperones 

also participate in disaggregating and reactivating the non-natively folded polypeptide 

chains (Figure 1.2). However, if the molecular chaperones cannot successfully 

disaggregate the misfolded proteins, protein degradation pathways are recruited.  
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1.1.3 Protein Degradation  

In parallel to controlled protein synthesis, regulated degradation of redundant, damaged, 

and aggregated proteins is vital.49, 50 The degradation of proteins is not only necessary 

Figure 1.2: Molecular chaperones are responsible for binding and aiding in the 

formation of native structure of de novo poly peptide chains.   

De novo polypeptide chains emerge from the ribosome, where they can interact with 

molecular chaperones to aid in the formation of their native protein structure. These 

polypeptide chains can also form a non-native conformation, leading to intra-molecular 

interactions and the formation of protein aggregates. Molecular chaperones can work 

to disaggregate and reactivate the aggregates, ultimately forming the native 

conformation of the protein. However, if the level of non-native proteins exhausts the 

concentration of molecular chaperones, the degradation of the non-native proteins is 

signaled. *Created with BioRender   
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for their destruction but also acts as a recycling process, with the resulting peptide 

fragments reutilized in the synthesis of new proteins or to carry on as additional signaling 

components.51, 52, 53 The synthesis and degradation of various proteins depend on 

different stimuli and cellular conditions with the flexibility to quickly alter the proteome 

landscape., 54, 55 Like the protein synthesis pathways, proteolytic systems depend on 

molecular chaperones. Damaged or redundant proteins are recognized by molecular 

chaperones, resulting in either the refolding of damaged proteins or the facilitation of their 

delivery to protein degradation machinery.56, 57, 58  Eukaryotic cells depend on two main 

degradation pathways: the ubiquitin-proteasome system (UPS) and the autophagy 

lysosomal pathway (ALP).  Initially, the UPS and ALP were thought to degrade proteins 

through unspecific bulk recycling.59 However, it is now understood that the degradation 

of proteins through the UPS and ALP is highly regulated, and both systems are 

responsible for removing different categories of proteins.60, 61 For example, the size of the 

substrate significantly influences which pathway is responsible for its degradation.59, 62 

The UPS is the primary degradation route for short-lived, misfolded, and damaged 

proteins.60, 50 The activity of the UPS is essential for regulating numerous cellular 

functions, such as cell signaling, cell cycle progression, and proliferation.63 The central 

degradation machinery in the UPS is the 26S proteasome.60 The mechanism of protein 

degradation and the structure of the proteasome is detailed in section 1.2.  In contrast, 

the ALP removes large cellular components, such as protein aggregates and damaged 

organelles.64 The degradation ability of the ALP is dependent on the formation of the 

autolysosome.64, 65 The formation of the autolysosome and subsequent protein 

degradation can be summarized in several steps: initiation of the pre-autophagosomal 
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membrane, nucleation of the membrane, elongation of the phagophore, maturation of the 

autophagosome, fusion of the autophagolysosome, and degradation of the protein 

through the autolysosome (Figure 1.3).64 The formation of the autophagosome will 

encapsulate the protein targeted for degradation. The autophagosome fusion to the 

lysosome will introduce the targeted proteins to proteolytic enzymes called cathepsins, 

which are responsible for the majority of protein degradation within the autolysosomes.66 

The UPS and ALP are vital for cell health and act as the final line of defense against 

cytotoxicity caused by proteostasis imbalance, called proteotoxicity. While both 

degradation pathways are linked to the pathogenesis of human disease and are central 

to developing novel therapeutic pathways, the connection between human pathogenesis 

and UPS will be the focus hereafter. Furthermore, the modulation of the UPS as a novel 

therapeutic pathway will be detailed.  
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1.2 Ubiquitin-Proteasome System 

1.2.1 Proteasome Structure and Assembly  

In 1980, a 700-kDa multi-catalytic proteinase complex was isolated that proteolytically 

cleaved proteins after their hydrophobic, basic, and acidic residues. The multi-catalytic 

activity of the proteinase complex suggested that the protein might contain multiple 

catalytic sites with distinct activities.67, 68, 69, 70 In the late 1980s, electron micrographs 

illuminated the stacked ring conformation of the 700 kDa complex71 and termed the 20S 

proteasome shortly after.72 Eukaryotic 20S proteasomes contain four heptameric rings 

stacked together, with two α-rings sandwiching two β-rings. 19-20, 23-24 The α-rings control 

a 13Å gated pore, with an amino termini tail from each subunit interlacing to form the 

Figure 1.3: The steps of protein degradation through the ALP. *Created with 

BioRender   
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“gate.”73 The gated pore regulates the access of protein substrates to the proteolytic sites 

housed in the β-rings.73, 74 

 

In total, there are six proteolytically active β-subunits (three in each β-ring) that contain a 

catalytic threonine residue: the β1, β2, and β5. The three catalytic sites exhibit different 

protease activity: the β1 exhibits caspase-like activity, cleaving after acidic residues, the 

β2 cleaves after basic residues in a trypsin-like manner, and the β5 preferentially cleaves 

after hydrophobic residues through chymotrypsin-like activity (Figure 1.4).  

The assembly of the catalytic core that comprises the 20S proteasome begins with the 

formation of the α-ring.75, 76, 77, 78, 79 Two heterodimeric molecular chaperones, PAC1-

PAC2 and PAC3-PAC4, mediate the formation of the α-ring.78, 77 The exact order of the 

addition of the α-subunits is under debate. However, evidence suggests that an α4-α5-

α6-α7 intermediates first form. 77, 78, 80, 81, 82  Furthermore, it is hypothesized that α4 and 

α7 initially interact with one another through the N-termini tails that will later act as the 

Figure 1.4: A schematic of the 26S proteasome and its components. *Created 

with BioRender   
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gate to the pore.83 The mechanism of the addition of α5 and α6 is unknown. However, 

the two heterodimers,  PAC1-PAC2 and PAC3-PAC4,  will bind between the α4 and α5 

subunits on the top and bottom faces of the α-ring intermediate, respectively (Figure 

1.5).77, 78, 84  The PAC1-PAC2 heterodimer combats the formation of non-productive, or 

dead-end, complexes.78, 85 In contrast, the  PAC3-PAC4 heterodimer is necessary for the 

prevention of aberrant dimerization of the α-ring intermediates.79, 85 The order of addition 

of the remaining α-subunits is elusive. However, the addition of the α2 and α3 subunits 

depends on the addition of the α1 subunit.77 Interestingly, the silencing of the expression 

of α3 does not prevent the formation of the α-ring but leads to the construction of larger 

intermediates.79, 86 The  α4 subunit, in the absence of α3, can insert twice into the α-ring, 

forming α1-α2-α4-α4-α5-α6-α7 ring, accounting for the larger intermediates identified 

(Figure 1.5).79, 86  

The α-ring serves as a scaffold for the formation of the β-rings. The catalytic β-subunits 

(β1, β2, and β5) and two non-catalytic β-subunits (β6 and β7) are expressed with a pro-

peptide on the N-terminal. 87, 88, 89 The pro-peptide hides the catalytic threonine residue 

and will be cleaved during the final assembly step.87, 88 To ensure the β-subunits are 

correctly oriented, the N-termini of the β-subunits will be maintained in the inner portion 

of the newly forming ring, and the C-termini will remain on the outside.90, 91 Analogous to 

the formation of the α-rings, the establishment of the β-ring depends on a molecular 

chaperone called POMP, also known as hUMP1 or proteassemblin.90, 91 The β2 subunit 

initiates the formation of the β-ring and adds to the α-ring with POMP, causing PAC3-

PAC4 to leave the freshly assembled α-ring.92, 93 After POMP and β2 are added to the α-

ring intermediate, β3 and β4 are added, creating an intermediate called the 13S.91, 92, 94  



 

12 
 

The addition of the β1, β5, and β6 occurs to form the 15S intermediate.91, 92, 94 The 

insertion of the final β-subunit, β7, triggers the dimerization of two 15S intermediates, 

yielding the 20S proteasome.91, 90 After the formation of the naïve 20S proteasome, the 

pro-peptides are autocatalytically cleaved, causing the degradation of POMP and the 

PAC1-PAC2 heterodimer, ultimately creating the mature 20S proteasome.90, 95, 96  

The mature 20S proteasome is the active isoform capable of proteolytically degrading 

unstructured proteins, accounting for 20% of the proteasome’s total cellular targets.97 

However, the 20S proteasome is ineffective in the degradation of folded proteins due to 

the defined size of the pore opening, sterically occluding proteins from entering the 

catalytic barrel.73 Upon activation of the 20S proteasome with native proteins or chemical 

agents,98, 99, 100, 101 the confirmation of the N-termini tails changes, inducing an open gated 

conformation.74, 102  However, structured proteins must be unfolded to be processed by 

the 20S proteasome β-catalytic sites.102, 103, 104 Both the activation of the 20S proteasome 

and the linearization of target proteins is achieved through the complexation with 

regulatory particles, such as the PA700/19S cap.104, 105 The 19S cap is comprised of 

nineteen proteins, with ten proteins serving as the “base” and nine proteins serving as the 

“lid.” 106, 107 The base of the 19S cap is responsible for interacting with pockets that are 

formed between the α-subunits on the top of the 20S proteasome. Six of the ten base 

proteins of the 19S cap are AAA-ATPases, called the Rpt tails (Rpt1-6), which directly 

bind to the α-rings intersubunit pockets.73, 108, 109 The Rpt tails possess a HbYX amino 

acid motif on the C-terminal.110, 111 The Hb represents hydrophobic, Y is the tyrosine 

residue, and X is any amino acid.110, 111 More insight into the HbYX motif has been gained 

recently.112 The Gestwicki group identified that the amino acid residue before the Hb 



 

13 
 

amino acid was also crucial for inducing an open-gated conformation of the 20S 

proteasome, terming it the YFY motif.112 Furthermore, the variable amino acid (X) was 

more specific than initially predicted, and an alanine or threonine residue in this location 

preferentially leads to the formation of the open-gated conformation.112 The Rpt tails 

induce an open gated conformation of 20S proteasome and the AAA-ATPase activity of 

the Rpt tails disrupt the higher order structure of the folded protein substrate prior to their 

subsequent degradation through ATP hydrolysis.50, 113, 114 The remaining four proteins on 

the base of the 19S cap are termed “regulatory particle non-ATPases” (Rpn).113, 115, 116 

The Rpn components of the 19S caps interact with numerous other proteins, including 

the 20S proteasome itself.116, 117 The final key role of the 19S cap is the recognition of 

proteins that are tagged with ubiquitin, which signal for their rapid degradation. The 

relationship between ubiquitin and proteasomal degradation is covered in the next 

subsection (1.2.3).  
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1.2.2 Ubiquitin-Dependent Degradation  

The UPS processes a spectrum of protein types in the cell; however, protein substrates 

degraded by the 26S proteasome must be tagged for degradation and contain an 

unstructured initiation region.103, 118 Ubiquitin is a small protein, 76 amino acids in length, 

and forms polyubiquitin chains which the Rpn subunits of 19S cap recognizes to initiate 

the degradation of protein substrates.119, 120, 121 Ubiquitin covalently attaches to a lysine 

on the protein substrate by forming an isopeptide bond.119, 120, 121  The polyubiquitin chain 

formation relies on ubiquitin’s seven internal lysine residues (K6, K11, K27, K29, K33, 

K48, and K63). The fate of the protein substrate depends on the location of the lysine (K) 

attached to the polyubiquitin chain. The formation of a polyubiquitin chain on K48 is a 

canonical signal for proteasome-mediated degradation.122, 123 Thus, the buildup of 

Figure 1.5: The assembly of the 20S proteasome. *Created with BioRender   
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ubiquitin in the cell is a good indicator of the cell’s proteostasis network’s health, indicating 

the efficiency of the degradation pathways.  

The attachment process of ubiquitin to the targeted protein involves three critical 

enzymes: the ubiquitin activating enzyme (E1), the ubiquitin conjugating enzyme (E2), 

and the ubiquitin ligase (E3). The E1 enzyme activates the ubiquitin protein through a 

two-step process: the initial formation of a ubiquitin-adenylate intermediate and the 

subsequent reaction with a E1 cysteine residue, forming a E1-ubiquitin thioester (Figure 

1.6).124, 125, 126  Following the ubiquitin activation reaction, the ubiquitin conjugating 

enzyme (E2) is recruited. The activated ubiquitin protein is then transferred from E1 to a 

catalytic cysteine on E2 through transesterification (Figure 1.6).126, 127, 128 The final step 

is the addition of the ubiquitin to the specific protein substrate, mediated by E3 ligases. 

There is a plethora of E3 ligases (~600)129 that are specific for certain protein 

substrates.130, 131 Depending on the E3 ligase, the ubiquitin is transferred to the substrate 

protein either directly from the E2 or following a thioester formation between the E3 ligase 

and ubiquitin (Figure 1.6).132, 133   

The ubiquitin addition to the protein substrate is repeated, forming a chain of 4 or more 

ubiquitin proteins. Rpn subunits of 19S cap first bind to proteins with the polyubiquitin 

chain through an ATP-dependent and reversible reaction.134, 135, 136 The protein substrate 

is then deubiquitinated by 26S proteasome associated enzymes, called deubiquitinating 

enzymes (DUBs).63 Lastly, the 19S cap unfolds structured proteins through ATP-

hydrolysis, before ultimately translocating the protein in the catalytic barrel of the 20S 

proteasome and subsequent proteolytic degradation.110, 114 
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1.2.3 Ubiquitin-Independent Degradation 

As discussed, the 20S proteasome is a vital component of the 26S proteasome complex 

and mediates the degradation of structured proteins that have been ubiquitinated and 

linearized before degradation. However, the stand-alone 20S proteasome can degrade 

proteins that lack a stable 3D conformation in a ubiquitin-independent manner.97, 137, 138, 

139  Moreover, the 20S proteasome has been identified to degrade IDPs more efficiently  

than the 26S proteasome. 97, 137, 138, 139   In addition, the analysis of nine human cell lines 

revealed that more than 50% of the identified proteasome exists as the 20S proteasome 

isoform and mediates the cleavage of more than 20% of all cellular proteins.97, 140 As 

mentioned in section 1.1.1, IDPs lack a stable 3D conformation, only retaining a folded 

structure through the interaction with binding partners.28, 29, 30, 31 The interaction between 

Figure 1.6: The ubiquitin processing cascade between E1, E2, and E3 enzymes.  

*Created with BioRender   
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IDPs and a binding partner has the potential to alter the route as to which the IDP is 

degraded.141, 142 A well-characterized example of differing degradation mechanism of the 

same protein is the degradation of the IDP, ornithine decarboxylase (ODC).141 ODC is a 

highly regulated enzyme in the biosynthesis pathway of polyamines, playing a critical role 

in cellular proliferation.143, 144 ODC has a high turnover rate in cells and can exist as an 

inactive monomer or as an active and structured homodimer.145, 146 Unlike other 

structured proteins, the homodimeric form of ODC is not degraded through a ubiquitin-

dependent manner, rather an additional protein, termed an antizyme, interacts with one 

of the ODC dimers, creating a new heterodimer. The 26S proteasome then degrades the 

antizyme/ODC heterodimer in a ubiquitin-independent manner.146, 147, 148 However, it has 

been demonstrated that the intrinsically disordered monomeric form of ODC is degraded 

by the stand-alone 20S proteasome.99, 100, 149, 150 

The regulation of the 20S proteasome-mediated degradation heavily depends on 

confirmation of the gated pore opening. The 20S proteasome exists mainly in the closed-

gated conformation, occluding protein substrates from entering the catalytic chamber.151, 

152  However, the activity of the 20S proteasome can be enhanced or inhibited with the 

association of non-regulatory particle proteins.149, 153, 154, 155 For example, NAD(P)H 

quinone oxidoreductase 1 and 2 (NQO1 and NQO2) physically interact with the 20S 

proteasome, inducing an active conformation and modulating the degradation of IDPs, 

such as ODC.149 Furthermore, the direct binding of the IDP, α-synuclein, to the α7 subunit 

of the 20S proteasome has been demonstrated to induce its degradation.156 Thus, the 

development of small molecules that directly interact with the intersubunit pockets of the 
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20S proteasome has the potential for creating a novel paradigm in the modulation of the 

proteostasis network.  

1.3 Proteasome Dysfunction in Human Pathology 

1.3.1 Aging and Oxidative Damage   

As discussed, the maintenance of proteostasis relies on the synchronous activity of 

several cellular pathways and is contingent on the balance between protein synthesis and 

degradation. Protein damage is a natural and frequent occurrence in cellular organisms 

and occurs through various mechanisms.157 One common mechanism of protein damage 

is by reactive oxygen species (ROS) generated during innate cellular processes, such as 

mitochondrial production of ATP,158, 159 and in response to xenobiotics,160 cytokines,161 

and infection.162 A buildup of ROS causes oxidative damage to proteins, often resulting 

in conformational alterations to the protein structures, rendering them inactive or 

functionally abnormal.163, 164, 165 Cellular degradation pathways are vital for efficiently 

clearing oxidatively damaged and misfolded proteins. The UPS represents the major 

proteolytic machinery for the removal of oxidatively damaged proteins.166, 167, 168, 169 In 

particular, the 20S proteasome is the critical proteasome isoform for removing oxidatively 

damaged and misfolded proteins due to its own resistance to oxidative damage.170, 171, 172 

In response to oxidative stress, the 26S proteasome dissociates to increase the levels of 

the stand-alone 20S proteasome to combat the formation of oxidatively damaged 

proteins.173, 174 Furthermore, the 20S proteasome interacts with abnormally exposed 

hydrophobic patches of the misfolded proteins, inducing an active conformation of the 

20S proteasome, enhancing the degradation rate of the misfolded proteins.167 However, 
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there is a marked decline in the efficiency of the cellular machinery that aids in maintaining 

proteostasis as an organism ages, including the ubiquitin-proteasome system.  

The diminished proteasome activity observed in aging organisms can occur through 

several mechanisms: decreased expression of proteasome subunits,175, 176 alteration or 

replacement of proteasome subunits,177 disassembly of the proteasome,178 and protein 

aggregates inducing proteasomal impairment.101, 179, 180 While any form of diminished 

proteasomal activity is detrimental, the protein aggregate-induced proteasomal 

impairment causes catastrophic feedback loops. The inhibition of the proteasome will 

allow for the further accumulation of misfolded and disordered proteins. The increasing 

concentration of the misfolded and damaged proteins can form new aggregates, further 

impairing the activity of the proteasome, propagating a noxious cycle.181 The impact of 

diminished proteasomal activity is especially pronounced in long-lived cells that divide 

slowly or not at all, such as neuronal cells. In addition, neuronal cells are exceptionally 

metabolically active, creating high ROS levels through ATP production in the 

mitochondria.182, 183, 184 The high ROS production and lowered proteasome activity result 

in catastrophic events, such as neuronal cell death. Thus, age-related neurodegenerative 

diseases are a prime example of proteostasis collapse, and the targeting of the UPS 

provides a promising therapeutic pathway.  

1.3.2 Synucleinopathies 

As alluded, as a person ages, the risk of developing a neurodegenerative disease steadily 

increases. Synucleinopathies are a pathologically heterogeneous class of 

neurodegenerative diseases unified by  α-synuclein aggregates in neurons or glial 

cells.185 α-synuclein aggregates observed in neuronal cells are termed Lewy bodies, 
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which are characteristic of either Parkinson’s disease (PD) or dementia with Lewy bodies 

(DLB).186, 187 The existence of α-synuclein aggregates in the glial cells called 

oligodendrocytes are classified as glial cytoplasmic inclusions and are a key feature of 

multiple system atrophy (MSA).188 As mentioned, α-synuclein is an IDP189, 190 (91% 

disordered via PONDR) and is a substrate of the 20S proteasome.191 The expression of 

α-synuclein, encoded by the SNCA gene,192 is highly localized in the presynaptic 

terminals of dopaminergic neurons.193, 194 The exact physiological role of α-synuclein 

remains undefined. Nevertheless, it is hypothesized to play a role in synaptic 

maintenance and release of neurotransmitters.195, 196  

Typically, α-synuclein exists as a monomer comprised of three distinct domains: the N-

terminal lipid binding α-helix, non-β-amyloid component (NAC) central domain, and the 

C-terminal acidic tail (Figure 1.7A). The amphipathic N-terminal (residues 1-87) is a 

positively charged region that contains seven imperfect repeats, each containing a 

KTKEGV hexameric motif.197, 198 The core region of α-synuclein (residues 61-95) is 

heavily involved in the formation of α-synuclein aggregates and fibrils due to its propensity 

to form β-pleated sheets.199, 200 Lastly, the C-terminal of α-synuclein (residues 96-140) is 

an acidic tail, owing to the ten glutamine and five aspartic acid residues in this region.201 

Furthermore, the truncation of the C-terminal increases the potential for the aggregation 

of α-synuclein.202  

Like the physiological function of α-synuclein, the exact role of α-synuclein in Parkinson’s 

disease and other synucleinopathies is elusive. While most cases of PD are sporadic, 

mutations in the SNCA gene lead to the development of familial PD.203 In addition to 

whole gene multiplications,204, 205, 206 the A53T,207 A30P,208 and E46K209 missense 
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mutations are linked to familial cases of PD (Figure 1.7A).  Under pathological conditions, 

α-synuclein accumulates throughout the cell and forms aggregates.210, 211, 212 During the 

aggregation process, α-synuclein forms toxic oligomeric species that disrupt several 

cellular pathways, including the UPS.179, 213, 214  It is hypothesized that the toxic oligomeric 

species of α-synuclein inhibit the activity of the 20S proteasome through directly binding 

to the proteasome itself.101, 179, 215  

Emerging evidence suggest that α-synuclein aggregates can spread from neuron to 

neuron in a prion-like fashion.215, 216, 217, 218 In response to the excess α-synuclein in the 

cytosol, an increased activation of microglia, the cytosol α-synuclein scavenger, has been 

reported.219, 220 In addition, production of proinflammatory cytokines are also increased, 

indicating that inflammation could be an important driving force for the progression of PD 

and MSA.221, 222 In several mouse models, increased inflammation and oxidative stress 

has been shown to propagate α-synuclein aggregation.221-223 Despite the prevalence and 

deleterious nature of synucleinopathies, there are no approved disease-controlling 

therapeutics and current treatments are limited to symptom management.224, 225 Targeting 

α-synuclein directly with small  molecules has proven to be difficult, due to the flexible 

and dynamic nature of α-synuclein.226, 227 Thus, a new paradigm for targeting α-synuclein 

must be identified in order to prevent the aggregation of α-synuclein seen in 

neurodegenerative diseases.  
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Figure 1.7: Structure of monomeric α-synuclein and aggregation process.  

(A) The structure of α-synuclein with the amphipathic N-terminal, the NAC central 

domain, and the acidic tail of the C-terminal. The mutations of the SNCA gene and the 

structural alteration of the amino acids that are linked to familial PD.  

(B) The aggregation process and impact on proteasomal activity.  

*Created with BioRender and α-synuclein PDB 1XQ8 
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1.4 Exogenous 20S Proteasome Enhancers 

The enhancement of endogenous degradation machinery to “drug the undruggable” has 

gained significant attention. The modulation of the UPS has become a central focus in 

developing therapeutics that target IDPs associated with human pathology, including 

neurodegenerative disease. Considerable attention is focused on manipulating ubiquitin-

dependent degradation of proteins by creating bimodule molecules called PROteolysis-

Targeting Chimeras (PROTACs).228 PROTACs increase the ubiquitination of a protein 

through selectively tethering the target substrate to the appropriate E3 ligase. One end of 

a PROTAC interacts with the target substrate, while the other end interacts with an E3 

ligase, with a linker connecting the two molecules.228 Due to the double-target nature of 

PROTACs, they tend to be large molecules that do not possess many drug-like properties 

and have poor cell permeability.229 However, there are examples of well-designed 

PROTACs that have overcome the innate limitations and have entered into phase-II 

clinical trials.230 Furthermore, proteins that lack explicit 3D binding sites, such as IDPs, 

create significant hurdles in identifying small molecules that can directly bind to these 

proteins.226, 227 The targeted degradation of IDPs and misfolded proteins through the 

ubiquitin-independent pathway presents solutions to the pitfalls seen in the development 

of PROTACs.   

As discussed, the stand-alone 20S proteasome is responsible for the efficient degradation 

of unfolded substrates, including IDPs and oxidatively damaged proteins.97, 137, 138 The 

use of small molecules to induce an open gated confirmation presents a novel way to 

enhance the degradation of “undruggable” proteins. Choi and co-workers created an 

open-gated mutant 20S proteasome and observed a marked delay in the aggregation of 
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the Alzheimer’s disease-associated IDP, tau.231 Thus, supporting that through the 

induction an open-gated conformation of the 20S proteasome, degradation rate of 

pathogenic IDPs, such as tau and α-synuclein, will be enhanced.   

Recently, there has been significant progress in the development of small molecules and 

peptides that can enhance the proteolytic activity of the 20S proteasome.98, 99, 100, 101, 150, 

232, 233, 234, 235, 236, 237 The design of exogenous 20S proteasome enhancers initially 

centered around recapitulating the interactions between the Rpt tails HbYX motif 84, 110, 

238 and the intersubunit pockets on the α-rings of the 20S proteasome. Several synthetic 

peptides have been modeled after the HbYX sequence and show increased degradation 

of oxidized proteins.237, 239, 240, 241 The HbYX motif modeled synthetic peptides are 

valuable research probes but are not viable therapeutic options due to the metabolic 

instability and low cell permeability of peptide-based therapetuics.242  

More recently, small molecules that stimulate the 20S proteasome have been reported.98, 

99, 100, 101, 150, 232, 234, 235, 236 Small molecule 20S proteasome enhancers are hypothesized 

to function in two ways: inducing an open gated conformation or by selectively increasing 

the turnover rate of the catalytic sites in the β-rings. In 2007, Betulinic acid, a triterpene 

natural product, was identified as a 20S proteasome enhancer that selectively activates 

the chymotryptic-like site (Figure 1.8).243, 244 Structure-activity relationship (SAR) studies 

were conducted to identify betulinic acid analogs with improved 20S proteasome 

enhancement capabilities.243 However, the synthetic alterations of betulinic acid yielded 

molecules that exhibited proteasome inhibition.235 Furthermore, the activation of the 20S 

proteasome with betulinic acid did not translate to the enhanced degradation of full-length 

IDPs and was later identified to enhance the activity of the 20S proteasome through the 
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denaturation of the N-termini tails of the α-subunit in a similar manner as a detergent.235, 

243  

The Kodadek group proposed that small molecules could induce or maintain the open-

gated conformation of the 20S proteasome.235 In a high-throughput screen of the National 

Institute of Health (NIH) Clinical Collection, twelve potential 20S proteasome stimulators 

were identified. Of the twelve hit molecules, AM-404 and MK-866 were the most 

promising lead compounds (Figure 1.8).235 Using a cell line that expressed α-synuclein 

conjugated to a green fluorescent protein (GFP), the ability of AM-404 and MK-866 to 

enhance the proteasome mediated degradation of α-synuclein was investigated.235 

Subsequently, Trader and co-workers reported that AM-404 had a 4-fold increase in the 

proteasome-mediated degradation of α-synuclein compared to untreated cells, while MK-

866 had around a 3-fold increase.235 However, even though MK-866 and AM-404 were 

established to be excellent chemical probes they are not practical candidates for further 

evaluation as a potential therapeutic due to their poor cellular potency (EC50 ~30 μM).235  

 

The Tepe lab has been very successful in the identification and development of novel 

20S proteasome enhancers. The first 20S proteasome enhancer identified in the Tepe 

lab was an imidazoline, TCH-165.99 Prof. Gaczynska, in collaboration with the Tepe lab, 

Figure 1.8: Structure of Betulinic acid, MK-866, and AM-404.  
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utilized atomic force microscopy to visualize the biophysical effects of TCH-165 treatment 

on purified 20S proteasome. When the 20S proteasome was treated with TCH-165, the 

ratio between open to closed-gated conformation favored that of the open-gated 

conformation, providing the first biophysical evidence of a gate-modulating 20S 

proteasome enhancer (Figure 1.9A).99 The Tepe lab next sought to identify a potential 

mechanism for the induction of the open-gated conformation by TCH-165. Using 

molecular docking studies, TCH-165 is predicted to bind to the intersubunit pocket formed 

between the α1 and α2 subunits, hereafter termed the α1/2 pocket (Figure 1.9B).99 A 

competition experiment using the Rpt tail of the 19S cap that docks into the α1/2 pocket, 

Rpt 3,110 was then conducted. The samples of purified 20S proteasome treated with Rpt3 

did not exhibit any enhanced proteolytic activity, which aligns with previous studies.245 In 

contrast, 20S proteasome treated with 1 μM of TCH-165 had a 200% increase in 

proteolytic activity as compared to a DMSO treated control sample. When Rpt3 and TCH-

165 were added to the 20S proteasome together, a 150% increase in proteolytic activity 

was observed, indicating that both TCH-165 and Rpt3 were competitively binding to the 

α1/2 pocket (Figure 1.9C).99 In addition, TCH-165 enhances the degradation of IDPs, 

such dipeptide repeats (DPR),246 as seen in the neurodegenerative disease amyotrophic 

lateral sclerosis (ALS). Furthermore, the enhanced 20S proteasome mediated 

degradation of the DPRs protected rat neurons from DPR-associated toxicity.246  

However, it is essential to know that the physical properties that an active central nervous 

system (CNS) drug must exhibit are stricter than pharmaceuticals developed for other 

systems. The cLogP metric, which identifies the lipophilicity of a small molecule, must be 

calculated to be between 1.5 and 2.5 for viable CNS agents.247, 248, 249 Moreover, the 
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molecular weight of a small molecule is suggested to remain under 450 and under 377 

for an orally available drug.250, 251, 252 Lastly, CNS active agents are typically limited to two 

functionalities that can participate in hydrogen bonding.253, 254  Due to TCH-165’s high 

molecular weight (595 g/mol) and predicted low lipophilicity (cLogP 8.9), it is a poor 

candidate for CNS therapeutics (Figure 1.9D). 

 

Figure 1.9: Evaluation of TCH-165 as a 20S proteasome enhancer. 

(A) The addition of TCH-165 shifts the ratio between closed and open gated 

conformation of the 20S proteasome to the open gated conformation, as seen through 

AFM imaging.96 

(B) Molecular docking studies predict TCH-165 to interact with the α1/2 pocket on the 

20S proteasome, using the 4R3O PDB file.  

(C) The competition experiment with Rpt3 and TCH-165 supports that TCH-165 and 

Rpt3 competitively bind to the α1/2 pocket.  

(D) The structure and physical properties of TCH-165. 
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To identify 20S proteasome enhancers that had potential as CNS-available therapeutic, 

the Tepe lab conducted a high-throughput screen of the NIH Clinical Collection and the 

Prestwick Libraries.100, 101 From the high-throughput screen, two FDA-approved 

neuroleptic agents, chlorpromazine and fluspirilene, were deemed the most promising 

lead compounds (Figure 1.10). The development of chlorpromazine analogs as novel 

20S proteasome enhancers is described in Chapter 2. Fluspirilene was identified to 

enhance the activity of all three catalytic sites within the β-rings of the 20S proteasome. 

Furthermore, 2.2 μM of fluspirilene enhanced the activity of the 20S proteasome 200%, 

or 2-fold, over the DMSO vehicle control, hereafter termed EC200.101 Dr. Martinez-Fiolek 

and Dr. Keel developed fluspirilene analogs and identified acylfluspirilene as a more 

potent 20S proteasome enhancer, with an EC200 of 1.9 μM (Figure 1.10).101 Moreover, 

fluspirilene and acylfluspirilene restored proteasomal activity in the presence of α-

synuclein aggregates.101 However, fluspirilene and acylfluspirilene show poor potency in 

cells, with 30 μM being the effective concentration displaying enhanced 20S proteasome-

mediated degradation of α-synuclein.101 Moreover, the Mosey Lab synthesized a class of 

3,4-dihydroquinazoline based small molecules that Dr. Martinez-Fiolek identified to 

enhance the activity of the 20S proteasome.218 The 3,4-dihydroquinazolines are found in 

several natural products. The most potent 3,4-dihydroquinazoline (dihydroquinazolines 

18) based molecule identified in this study displayed an EC200 of 1.3 μM (Figure 1.10).218 

While there has been success in developing small molecules that exhibit relatively potent 

enhancement of the 20S proteasome, efficient cellular 20S proteasome enhancers have 

yet to be identified. Expanding the chemical space of 20S proteasome enhancers is vital 

in identifying potent and efficient cellular proteasome enhancers. To develop the chemical 
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space of 20S proteasome enhancers, screening methods centered around cell-based 

assays must be established to ensure newly identified compounds enhance cellular 

proteasome degradation of full-length IDPs. In addition, disease-relevant cellular models 

must be created to evaluate 20S proteasome enhancers thoroughly as potential 

neurodegenerative disease therapeutics. 

 

 

 

 

 

 

 

 

 

 

Figure 1.10: Structure and EC200 of chlorpromazine,95, 97 fluspirilene,98 

acylfluspirilene,98 and dihydroquinazoline 18.218 
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2.1 Introduction 

An estimated 6 million Americans aged 65 and up suffer from Alzheimer’s disease (AD) 

and 1 million from Parkinson’s disease (PD).1 Despite the prevalence of these 

neurodegenerative diseases, therapeutics that can halt or slow down their progression 

remain scarce. Currently, there is only one FDA-approved therapeutic for AD, 

donanemab, and none for the treatment of PD or other neurodegenerative diseases. 

Donanemab is a humanized IgG1 antibody that recognizes an N-terminal pyroglutamate 

Aβ epitope, which may show efficacy in early-onset AD patients.3 Furthermore, as the 

population ages, the occurrence of these neurodegenerative diseases is predicted to 

increase due to the rise of mitochondrial dysfunction incidence, leading to amassed 

production of free radicals and oxidative stress.4 In addition, an age-related decline in the 

activity of crucial degradation pathways, such as the ubiquitin-proteasome system, gives 

rise to abnormal deposits of neuronal-based proteins. 5, 6, 7 

The major component of the neuronal deposits seen in AD and PD are proteins that lack 

a stable 3D conformation classified as IDPs, such as α-synuclein and amyloid-β.8, 9, 10 

Specifically in PD, neuronal deposits termed Lewy Bodies result from the accumulation 

of an IDP predominantly found in dopaminergic neurons, called α-synuclein.11 While most 

PD cases are sporadic, genetic mutations are linked to the familial forms of PD,12 

including a missense mutation with an alanine exchanged for a threonine, A53T. The 

A53T mutated α-synuclein is expressed and aggregates at a higher rate than wild-type α-

synuclein.13, 14, 15 Although there has been little success in directly targeting IDPs 

themselves, activation of the proteasome-mediated degradation pathway is a promising 

new approach to prevent IDP accumulation.16, 17, 18, 19 
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The proteasome is responsible for the degradation of most intracellular proteins, including 

redundant, oxidatively damaged, and IDPs, as detailed in Chapter 1.20 However, 

exogenous proteasome activators, such as small molecules or peptides, remain 

scarce.21,22, 23 In addition to the imidazolines,21  the Tepe group identified additional 

classes of 20S proteasome activators, the dihydroquinazolines24 and analogs of the FDA-

approved therapeutic, fluspirilene.25 Furthermore, as mentioned, the Trader and Kodadek 

groups identified two promising 20S proteasome activators, AM-404 and MK-866.26, 27 

Considering the relatively high µM activity that many of these agents display, more potent 

20S proteasome enhancers are needed to investigate the clinical potential of this new 

therapeutic paradigm. 

To meet the need for more potent 20S proteasome enhancers, the Tepe lab conducted a 

high throughput screen of the NIH Health Clinical Collection and the Prestwick Libraries, 

identifying an FDA-approved neuroleptic D2R agonist, chlorpromazine (CPZ) as a 20S 

proteasome activator.23 CPZ is a first generation antipsychotic for the treatment of 

schizophrenia.28 CPZ treats the positive symptoms (hallucinations, delusions, disordered 

speech, etc.) of schizophrenia by blocking the dopamine 2-receptors (D2R) activity.29, 30 

Through extensive SAR studies and space-filling computational models, the critical 

structural components needed for the interaction between CPZ and the D2Rs were 

identified.31, 32 The protonation of the alkylamine side chain is essential for CPZ’s 

interaction with the D2R receptors, which is required for neuroleptic activity.33, 34, 35 While 

CPZ’s primary interaction is with D2R, it is a highly promiscuous drug,30 interacting with 

muscarinic, histamine, and adrenergic receptors, accounting for side effects such as dry 
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mouth, drowsiness, and hypotension.29, 36 Therefore, developing CPZ analogs as a viable 

neurodegenerative therapeutic requires abolishing the interaction with the D2R. 

Previously, Dr. Corey Jones focused on developing CPZ analogs that have diminished 

D2R activity but maintain or improve 20S proteasome stimulation. He focused on the 

substitution of the dimethylamine side chain, producing a phenothiazine with an aryl ester 

tail (CJ-7-42) (Figure 2.1A).23 The development of CJ-7-42 represented the most drug-

like analog in this study and exhibited the highest 20S proteasome activation with no 

detectable D2R activity.23 However, a more potent and efficient small molecule activator 

remained desirable to investigate the therapeutic effects of 20S proteasome activation. I 

returned to the structure of the parent compound, CPZ, to design and synthesize 

additional analogs to evaluate the various structural components of CPZ, such as the 

core, pendant group, and methylene chain linker that are depicted in Figure 2.1B. In 

section 2.2, the apparent planarity of the phenothiazine core was first 

evaluated.  Section 2.3 described the alteration of the dimethyl amine tail and its impact 

on 20S proteasome activity. Finally, section 2.4 explored the substitution of alternative 

heterocycles as the core group to identify alternatives to the problematic phenothiazine 

motif. From the studies I conducted, potent and efficient small molecules were identified 

that displayed significantly improved potency. The potency shown by the CPZ analogs 

also translated to cellular models by substantially preventing the accumulation of 

pathological A53T α-synuclein at < 1 µM concentrations.2, *Second paper has been submitted to iScience. 



 

55 
 

 

2.2 Series I Chlorpromazine Analogs 

2.2.1 Rational 

The first question I wanted to answer while designing new Chlorpromazine analogs was: 

what structural features were needed to stimulate the 20S proteasome? To answer this, 

I first looked at the apparent planarity of phenothiazines and its effect on 20S proteasome 

stimulation (Figure 2.2A-C). I set out to synthesize Chlorpromazine analogs that 

maintained two aryl rings connected by nitrogen but lacked planarity. A series of 

diphenylamine analogs that maintained the dimethylamine tail were first synthesized. 

Then, I wanted to compare the diphenylamine analogs’ activity with analogs containing a 

Figure 2.1: Chlorpromazine modification and functional group classification.  

(A) The structure of CJ-7-42 and the enhancement of CT-L site of the 20S proteasome 

treated with CJ-7-42.23 (B) The structure of chlorpromazine and the classification of 

the core, methylene linker, and pendant group.  
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planar core structure, such as a carbazole. Using a carbazole core may also shed light 

on the impact of the sulfur on 20S proteasome stimulation. 

 

2.2.2 Synthesis of Series I Chlorpromazine Analogs 

I coupled a substituted aniline with either phenylboronic acid or a para-substituted 

phenylboronic acid to synthesize the diphenylamine core. I treated the mixture with 

CuOAc2, a weak base, and an oxidant, typically atmospheric air. Initially, K2CO3 was used 

as the base,37 and the reaction vessel was exposed to atmospheric air, giving low and 

highly variable yields. I exchanged the K2CO3 for TEA, which has been reported to provide 

higher yields to a larger scope of substrates.38 The atmospheric air was maintained as 

the oxidant through an unattached needle added into a septum on the round bottom flask. 

These conditions produced yields of 20-30% for the same substrate. However, excess 

water can inhibit the reaction from proceeding.38 In the middle of a Michigan summer, the 

humidity of the atmospheric air varied drastically from week to week, potentially 

accounting for the inconsistent yields. To address this variability, I replaced the 

unattached needle with a balloon filled with oxygen, and 4 Å molecular sieves were 

Figure 2.2: Planarity of the phenothiazine core.  

(A) The structure of the phenothiazine core. (B) Face-on and (C) bottom view of a 3D 

rendering of 2-chlorophenothiazine.  
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added, producing moderate and more consistent yields ranging from 42% to 88% 

depending on the starting material. Using the optimized conditions, phenylboronic acid 

was added to a mixture of substituted aniline, CuOAc2, TEA, and 4 Å molecular sieves in 

DCM (Scheme 2.1).38 Four diphenylamine cores were synthesized (compounds 1 to 4) 

with 42% to 88% yields.  

The freshly synthesized diphenylamine cores were carried forward in two reactions: the 

formation of carbazoles and the coupling with the dimethylamine tail seen in 

chlorpromazine. Three carbazoles were synthesized via oxidative PdOAc2 catalyzed 

cross-coupling.39 Compounds 1, 3, and 4 were added to a solution of PdOAc2 in AcOH 

and refluxed for 16 hours (Scheme 2.1).40 The fluoro, methoxy, and bis-fluoro substituted 

carbazoles, compounds 5-7,  were synthesized in 50% to 57% yield (Scheme 2.1). 
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For the synthesis of the final analogs, compounds 1-3, 5-7, and a purchased 3-chloro-

carbazole were treated with 3-chloro-dimethylaminopropane HCl salt in the presence of 

NaH in DMF, producing compounds 8-13 (Scheme 2.1) in yields ranging from 23% to 

78%. However, the addition of the 3-chloro-dimethylaminopropane to the bis(4-

fluorophenyl) amine was unsuccessful. In addition, the coupling with the diphenylamine 

cores produced significantly lower yields, likely due to the generally reduced 

nucleophilicity compared to the carbazole counterparts. Diphenylamines have rotatable 

bonds that could produce conformations that block the lone pair of electrons on the 

Scheme 2.1: The synthetic pathway to produce compounds 1-14. 
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nitrogen from interacting with the alkyl halide. It has been reported that the alkylation of 

bis(4-fluorophenyl)amine can occur at higher temperatures in moderate yields.41, 42 When 

I attempted to heat the reaction mixture, no product formation was seen, attributed to 

extensive side reactions occurring with the 3-chloro-dimethylaminopropane as it has been 

reported to polymerize, in addition to the formation of four-membered rings in the 

presence of heat.43 

2.2.3 Initial Evaluation of Series I Analogs Activity Towards the 20S 

Proteasome 

The activity of compounds 8-14 towards the 20S proteasome was assessed by utilizing 

the standard fluorogenic 7-amino-methylcoumarin (AMC) conjugated small peptide 

substrates that correspond to each of the catalytic sites in the 20S proteasome: 

chymotrypsin-like site (Suc-LLVY-AMC), caspase-like site (Z-LLE-AMC), and trypsin-like 

site (Boc-LRR-AMC). 21, 23, 27 When the 20S proteasome degrades the small peptide 

substrate, the AMC fluorophore is released, resulting in a fluorescent emission. The 

fluorescence is then quantified to measure the rate of proteolytic cleavage. Treating the 

20S proteasome with varying concentrations of the drug of interest allowed for the 

determination of the EC200. Compounds were added to wells that contained 0.5 nM of 

purified human proteasome in a 6-point titration with final concentrations from 1.25 µM to 

80 µM. 

The overall enhancement of the rate of proteolysis of the 20S proteasome by a small 

molecule was first evaluated by adding a combination of all three peptide substrates to 

the treated sample. The combination of all three substrates represents a more accurate 

measurement of proteolytic activity of the proteasome because the catalytic sites housed 
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in the β ring of the 20S proteasome communicate through allosteric interactions.44 For 

example, when a protein substrate encounters the chymotrypsin-like site, a 

conformational change will occur activating the caspase-like site.44 The fluorescent 

output, due to release of the AMC fluorophore, was then converted to the fold increase 

compared to a vehicle control sample. However, there was no fold increase identified, the 

small peptide assay revealed that none of the series one compounds were active (Figure 

2.3).  

 

 

Figure 2.3: Structure and Inactivity of compounds 8-14 towards the 20S. 

proteasome.  
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2.3 Series II Chlorpromazine Analogs 

2.3.1 Rational  

As described, none of the diphenylamine or the carbazole analogs showed any promising 

20S proteasome stimulation. Thus, I turned my attention towards altering the 

dimethylamine tail of CPZ. However, Dr. Jones explored the alteration of the 2-

chlorophenothaizne core coupled to the benzyl ester pendant group seen in CJ-7-42, 

producing molecules that displayed no activity towards the 20S proteasome. Building off 

the work that Dr. Jones had done, I continued in the development of CPZ analogs that 

had alternative pendant groups. 

2.3.2 Synthesis of Series II Chlorpromazine Analogs 

In our quest to identify a more robust pendant group, Dr. Jones and I investigated different 

benzyl- and amide-based pendant groups. Dr. Jones began by synthesizing compounds 

15-24. As a control, Dr. Jones synthesized a non-substituted benzyl group (15) by treating 

2-chlorophenothiazine with NaH followed by the addition of (bromomethyl)-benzene 

(Scheme 2.2).2 Similarly, a general procedure of deprotonating 2-chlorophenothiazine 

with NaH and then adding a halogenated benzyl group was used to prepare compounds 

16-20 (Scheme 2.2).2 The role of the aryl ester moiety in activating the 20S proteasome 

was explored by substituting the ester with carboxylate or an alcohol. The carboxylate 

derivative (19) was prepared by treating 2-chloro-phenothiazine with NaH and 4-

(bromomethyl)phenyl acetate. Compound 19 was then treated with KOH to produce the 

alcohol derivative (21). Next, the impact of the size of the substituent was investigated by 

exchanging the methyl ester with a tert-butyl ester to provide compound 16. To examine 
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the effect of different substituents on the meta position, benzyl derivatives that were 

substituted in the meta position with an ether (17), ester (18), and amine (22) were 

synthesized. The original parent compound, CPZ, contains a dimethylamine group 

attached to the phenothiazine core by a 3-carbon linker. Compound 22 was designed to 

mimic the amine pendant group (albeit a less basic one) while maintaining the benzyl 

moiety by converting a nitro group to an amine. The nitro-benzyl (20) group was added 

to the 2-chlorophenothiazine group using the abovementioned general procedure. The 

nitro moiety was then reduced using SnCl2 to generate compound 22 in quantitative yields 

(Scheme 2.2).2 

Next, we investigated the scope of the pendant motifs on the phenothiazine core. New 

pendant moieties were designed to mimic the dimethyl amine group of CPZ. The clinical 

neuroleptic activity of CPZ is largely attributed to its interaction with the D2R, which 

requires protonation of the dimethylamine group of CPZ.45,46 Therefore, the interaction 

with the D2R can be abrogated using less basic nitrogen, such as amides or anilines in 

the pendant position.33, 34 In addition to altering the basicity, the length of the methylene 

linker was modified to investigate the effect of flexibility and distance on 20S proteasome 

activation. An amide containing compound, 24, was prepared via the nitrile intermediate 

(23) obtained by treating 2-chlorophenothazine with 5-bromovaleronitrile. The nitrile 

group was then converted to the amide in a 95% yield using an H2SO4 catalyzed 

hydrolysis (Scheme 2.2).2 



 

63 
 

 

 

Scheme 2.2: The synthetic pathways to produce compounds 23-33.   
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A second amide containing compound, 29, was synthesized to compare the two-

methylene chain seen in CPZ to the four-methylene linker (24). The amide was further 

modified to include additional substituents. Compound 30 was designed to have a similar 

pendant to the parent compound CPZ, in the form of a dimethylamide.2 Based on the 

activity displayed by CJ-7-42, I explored other pendant groups containing aromatic 

moieties. An N-methyl-N-(4-fluorophenyl)acrylamide was coupled with 2-

chlorophenothiazine in the presence of Triton B, producing compound 31 (38%). Then, 

an unsubstituted anilide was installed and the secondary amide derivative (32) was 

synthesized (Scheme 2.2). 

Finally, I designed compound 33 to mimic the disubstituted amine group of CPZ, but with 

an electron depleted nitrogen to prevent N-protonation. The bis(fluorophenyl) amine 

starting material was synthesized using a Chan-Lam-Evans like coupling that was 

previously reported.38 The bis(fluorophenyl) amine was transformed to acrylamide (28) 

by treating the amine with acryloyl chloride and TEA in DCM and refluxed overnight. The 

acryl amide was coupled to the 2-chlorophenothaizine core using Triton B in toluene and 

then refluxed for 24 hours, resulting in compound 33 (50%) (Scheme 2.2). 

2.3.3 Initial Evaluation of Series II Analogs Activity Towards the 20S 

Proteasome 

The activity of compounds 15-24 and 29-33 towards the 20S proteasome was then 

assessed using the standard fluorogenic 7-amino-methylcoumarin (AMC) conjugated 

small peptide assay, described in section 2.2.3. The desired compounds were added to 

wells that contained 0.5 nM of purified human proteasome in a 6-point titration with final 

concentrations from 1.25 µM to 80 µM. The overall enhancement of the rate of 20S 
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proteasome proteolysis by a small molecule was first evaluated by adding an equimolar 

mixture of all three peptide substrates to the treated sample. The combination of all three 

substrates represents a more accurate measurement of the proteolytic activity of the 

proteasome because the catalytic sites housed in the β ring of the 20S proteasome 

communicate through allosteric interactions. For example, when a protein substrate 

encounters the chymotrypsin-like site, a conformational change activates the caspase-

like site.44 The individual contribution of each of the three catalytic sites was subsequently 

evaluated by adding only the corresponding peptide probes to gain insight into the 

contribution of each site on the overall enhanced proteolytic activity. Due to the release 

of the AMC fluorophore, the fluorescent output was converted to the fold increase 

compared to a vehicle control sample, and the EC200 was calculated. To rigorously 

eliminate false positives due to minor changes in background activity (0-20%), 

compounds that exhibited a maximum fold enhancement of <2 fold (i.e., <200%) at a 

concentration >20 µM were considered inactive (Table 2.1). 

Several derivatives of CPZ significantly enhanced 20S-mediated proteolysis. The 

unsubstituted benzyl derivative (15) enhanced 20S proteasome-mediated proteolysis 2- 

fold (i.e., 200% increase over vehicle control) at a relatively low EC200 of 1.5 µM. 

Compound 15’s overall rate of proteolysis appeared to be due to the enhanced activity at  

the chymotrypsin-like and trypsin-like sites. The tert-butyl ester (16), the acetate (19), and 

hydroxyl (21) derivates were all deemed inactive as they did not reach a 200% increase 

in proteasome activity. Analog 17 has an EC200 of 1.5 µM, like compound CJ-7-42 (1.4 

µM). Compound 17 is less than half as efficient as CJ-7-42 (maximum fold of 4),  
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Table 2.1 (on previous page): Enhancement of the combination and individual 

catalytic sites of the 20S proteasome with compounds 15-24 and 29-33.2 

The rate increases in proteolytic degradation of the combination of the Suc-LLVY-

AMC, the chymotrypsin-like probe (CT-L), Z-LLE-AMC, the caspase-like probe (Casp-

L), and Boc-LRR-AMC, the trypsin-like probe (T-L), and of the rate of degradation of  
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suggesting that either the carbonyl group aids activation and/or it may impact the 

interactions of the benzyl ring. Interestingly, the meta derivative of CJ-7-42 (18) had a 

higher EC200 (2.4 µM) but a lower maximum fold increase of 6 (i.e., a 600% increase over 

vehicle control). In contrast, compound 20 had a similar maximum fold increase of 8 (i.e., 

800% increase over vehicle control) and had a relatively low EC200 (1.1 µM). The 

transformation of the nitro group into the primary amine did not affect the overall 20S 

proteasome activation but did raise the EC200 (3.6 µM).  Overall, the alterations of the 

benzyl group did not result in a drastic change in potency or efficiency.  

The alterations of the original aliphatic amine group of CPZ yielded less straightforward 

results. Compounds 23, 24, 29, 30, and 31 were inactive, and compound 32  showed low 

activation (maximum 2.5-fold increase over vehicle control). Remarkably, adding two aryl 

groups to the nitrogen enhances 20S proteasome activation significantly. Compound 33 

was by far the most potent 20S proteasome activator, with an overall EC200 of 0.4 μM. 

The potency of compound 33 is significant as it is the first reported sub-µM 20S 

proteasome activator. Compound 33 displayed a maximum 11-fold (i.e., 1100% increase 

over vehicle control) enhancement of the proteolytic activity of the 20S proteasome, with 

Table 2.1 (cont’d) 

each individual probe, by purified human 20S proteasome treated with compounds 15-

24 and 29-33 is displayed. The activity is categorized as max fold and EC200. The EC200 

represents the concentration needed to double (i.e. 200%) the rate of substrate 

degradation compared to vehicle control. Max fold is the maximum fold rate increase 

compared to vehicle control. 
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potent EC200 values and fold enhancements of each of the three catalytic sites. 

Compound 33 activated the trypsin-like, chymotrypsin-like, and caspase-like sites with an 

EC200 of 0.3 µM (6-fold maximum enhancement), an EC200 of 0.7 µM (9.4-fold maximum 

enhancement), and an EC200 of 1.8 µM, (9.4-fold maximum enhancement), respectively. 

The enhancement of the 20S proteasome by compound 33 was then compared to CJ-7-

42 and CPZ (Figure 2.4). 

 

Figure 2.4: The comparison of the enhancement of the 20S proteasome by CPZ, 

CJ-7-42, and compound 33.  

Fold increase in proteolytic degradation of an equimolar mixture of three fluorogenic 

peptide probes (Suc-LLVY-AMC, Z-LLE-AMC and Boc-LRR-AMC) treated 20S 

proteasome in the presence of a concentration range (0-80 µM) of either CPZ, CJ-7-

42, or compound 33, compared to vehicle control. Data was collected in triplicate (n=3). 
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2.3.4 Predicted Interactions of Series II Analogs with the 20S 

Proteasome, Utilizing Molecular Docking 

We have previously reported that molecular docking studies clarify the interaction of our 

compounds with the 20S proteasome.23, 25 Herein, I extended the unbiased molecular 

docking to propose key interactions between the reported compounds and the amino acid 

residues within the α1/2 pocket.2 Prior docking studies indicate that the CPZ analogue, 

CJ-7-42, primarily binds in the α1/2 pocket and possibly interacts with several amino acid 

residues.23 We hypothesized that a single amino acid is an anchor point for these small 

molecules. With the addition of the compounds in series II, a more extensive molecular 

docking analysis is possible, allowing for the comparison of common amino acid 

interactions. To perform these studies, I followed the same procedure we utilized 

previously and further used Discovery Visualizer to investigate further individual 

interactions with the amino acids in the α 1/2 pocket. 23 An analysis of the interactions 

between the amino acids and the active compounds revealed the dominancy of CYS161 

and TYR159 (Figure 2.5). Each of the active compounds had some interaction with these 

amino acids. However, not all the interactions were of the same type. TYR159 interacts 

with the active compounds through both parallel π-π stacking and T-shaped π-π stacking, 

while the inactive compound 19 only interacts through T-shaped π-π stacking, indicating 

that parallel π-π stacking may be a required interaction. Furthermore, considering the 

potency difference between compounds 20 and 22, this interaction may have some 

“aromatic donor-acceptor” characteristics. The electron-rich benzyl derivative, 22, is 3x 

less potent than its electron-poor counterpart, 20. It has been reported that “face-

centered” stacking is often favored during this aromatic donor-acceptor interaction and  
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Figure 2.5: The unbiased molecule docking predicted interactions with the 

compounds 20, 22, 33, and CJ-7-42 with the 20S proteasome. 2 

(A) Preferred docking site of CPZ analogs, utilizing Autodock Vina and PyMol, in the 

α1-2 intersubunit pocket of the 20S proteasome. (B) Location of two amino acid 

residues of interest, TYR159 and CYS161. (C) Predicted binding interaction of CJ-7-

42, (D) compound 20, (E) compound 22, (F) and compound 33, viewed using BIOVIA 

Discovery Studio 2020. *20S Proteasome: PDB 4R3O 
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the electron depletion impacts the strength of stacking, as the more electron-deficient 

arenes stack effectively to the electron-rich donor.47 The common interaction types 

between the active compounds the TYR159 strongly suggest that π-π stacking is a critical 

interaction between the small molecules and the α 1/2 pocket and requires further 

exploration. CYS161 interacts with the molecules through either sulfur-π or sulfur-alkyl 

interactions. Compounds 15, 17, 18, and 32 interact with CYS161 through an edge-on π-

sulfur interaction. The weak sulfur-alkyl interaction could explain the diminished activity 

of the molecules. CJ-7-42 and compounds 20, 22, and 33, are the most potent and 

efficient small molecules reported and are predicted to interact with CYS161 through an 

edge-on π-sulfur interactions (Figure 2.5). In literature, ab initio calculations have been 

used to determine the ideal geometry for cysteine-pi interactions, identifying an 

abundance of strong edge-on cysteine-π interactions,48, 49 leading us to believe that 

CYS161 may be paramount for 20S proteasome activation.2 

2.3.5 Impact of Series II Analog Enhancement of 20S Proteasome 

Activity on the Rate of Degradation of Pathogenic Intrinsically 

Disordered Proteins  

Based on the fluorogenic small peptide assay results, I evaluated my compounds' ability 

to enhance the 20S proteasome-mediated degradation of pathologically relevant IDPs in 

vitro and in cells. In addition to compound 33,  CJ-7-42, CPZ, and TCH-165, a previously 

reported 20S proteasome enhancer,21  were added to directly compare the enhancement 

of the 20S proteasome mediated-degradation of purified α-synuclein. Purified 20S 

proteasome was incubated at 37˚ C with compound 33 (concentrations 2.5 µM to 15 µM) 

or CJ-7-42, CPZ, and TCH-165 (15 µM) for 45 minutes. Then purified α-synuclein was 
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added, and the digestion was incubated at 37˚ C for 3 hours. An SDS loading buffer was 

added, and the samples were boiled to halt the degradation of α-synuclein. The 

percentage of remaining α-synuclein was visualized and quantified via immunoblotting 

(Figure 2.6A).2 

In agreement with our previous findings, CJ-7-42 increased the degradation rate of full-

length α-synuclein,23 with only 33% α-synuclein remaining. Similarly, CPZ enhanced the 

degradation of α-synuclein, with only 34% remaining. Compound 33, however, matched 

the activity of both CJ-7-42 and CPZ at 10 µM, with 27% of α-synuclein remaining. When 

the sample was treated with 15 µM of compound 33, over 80% of α-synuclein was 

degraded, which is similar to the enhanced degradation of α-synuclein in the sample 

treated with 15 µM of TCH-165, an efficient, validated 20S proteasome activator.  

Encouraged by the in vitro results, I evaluated compound 33’s ability to prevent the 

accumulation of the A53T mutant α-synuclein in cells. HEK-293T cells were transiently 

transfected with an A53T mutant α-synuclein plasmid. After 24 hours, the cells were 

treated with compound 33 (5 µM, 10 µM, and 15 µM), the control compounds TCH-165 

(10 µM), CJ-7-42 (15 µM), proteasome inhibitor bortezomib (BTZ, 1 µM), and one sample 

was treated with 1 µM BTZ and 10 µM of compound 33. The cells were then lysed and 

the remaining A53T α-synuclein was visualized and quantified via immunoblotting (Figure 

2.6B). BTZ acted as a negative control, and TCH-165 was once again used as a positive 

control. Consistent with my in vitro results, CJ-7-42 reduced the A53T mutant by around 

58%. While at compound 33’s lowest concentration, 5 µM, there was a 25% reduction of 

the A53T mutant, and a dose dependent-enhancement of α-synuclein was observed. At 

the highest concentration of compound 33 (15 µM), A53T α-synuclein was decreased by  
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Figure 2.6: Compound 33 enhances 20S proteasome mediated degradation of 

purified and cellular α-synuclein.2  

(A) Degradation of α-synuclein by purified 20S proteasome treated with 2.5 µM, 5 µM, 

10 µM, and 15 µM 33 with 15 µM of CJ-7-42, 15 µM CPZ, and 15 µM the previously 

reported TCH-165 as a positive control. B) Representative western blot of A53T α-

synuclein in HEK-293T cells treated with vehicle (DMSO), BTZ, TCH-165, compound 

33, and CJ-7-42.  
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67% (cell viability >80% in HEK-293T cells at 16h, using Cell Titer Glow).  The potency 

and efficiency displayed by compound 33 towards the 20S proteasome in previous 

experiments did not translate to the degradation of A53T mutant α-synuclein in HEK-293T 

cells. 

2.4 Series III Chlorpromazine analogs 

2.4.1 Rational  

The phenothiazine class of therapeutics has diverse biological functions, ranging from 

neuroleptic drugs to chemotherapeutic agents.28, 29, 30 The phenothiazine-based class of 

compounds not only have the core in common but also share the alkyl connector and the 

terminal amine tail (Figure 2.7).35 In addition, the phenothiazine core and substituents on 

the tricyclic ring dictate its potency and anticancer activity. 28, 29, 30  Along with 

phenothiazine’s diverse interaction capabilities, the phenothiazine ring can be 

metabolized,  producing metabolites such as the 7-hydroxylated phenothiazine and the 

conversion to a sulfoxide (Figure 2.7)50, 51 To avoid these unwanted interactions and 

heavy metabolization, small molecules were synthesized that contained the pendant 

Figure 2.6 (cont’d) 

Quantification of A53T α-syn remaining for treatments normalized to vehicle control 

(100%). Quantification of α-synuclein degradation by each compound was done in 

triplicate. One-way ANOVA statistical analysis was used to determine statistical 

significance (ns = not significant, *p < 0.05) 
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group seen in compound 33 coupled to alternative heterocyclic cores and their ability to 

enhance the activity of the 20S proteasome was investigated.  

 

 

2.4.2 Synthesis of Series III Chlorpromazine Analogs 

The design of the small molecules reported in this section was conducted with two goals: 

replacing the phenothiazine ring and examining the effect of the methylene linker length 

on 20S proteasome activation. To accomplish both objectives, the N,N-bis(4-

fluorophenyl)amine synthesized in section 2.2 was coupled to either a one- and two-

methylene-linked N,N-bis(4-fluorophenyl)amide tail. Then, the N,N-bis(4-

fluorophenyl)amide pendant groups were added to various heterocyclic cores. Synthesis 

of the amide was achieved upon treatment of N,N-bis(fluorophenyl)amine with TEA and 

Figure 2.7: Promiscuity of phenothiazine-based drugs and form toxic 

metabolites.  
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then either 2-chloroacetyl chloride or 3-bromopropanoyl chloride, producing compounds 

34 and 35 in 67% and 88% yield, respectively (Scheme 2.3).52 The two N,N-bis(4-

fluorophenyl)amide pendant groups were added to a series of nitrogen-containing bi- and 

tricyclic heterocycles. Each heterocycle was initially treated with a base to deprotonate 

the nitrogen, and the final analog was achieved upon adding either 34 or 35 (Scheme 

2.3). This work was done in collaboration with Charles Anamoah, and the compounds 

with an asterisk next to their number identifier in Scheme 2.3 were synthesized and 

characterized by Charles.  

A series of carbazole-containing analogs were synthesized to explore the impact of the 

central ring size in the phenothiazine and the role of the sulfur. An unsubstituted carbazole 

and a 2-chlorocarbazole were linked to both tails using NaH as the base, producing 

compounds 36 (59%), 37 (92%), 38 (88%), and 39 (58%) (Scheme 2.3).  Furthermore, a 

β-carboline was coupled to 34 and 35 to ascertain whether adding an electron-poor ring 

would influence 20S proteasome activation. Doing so produced compounds 40 and 41 in 

38% and 65% yields, respectively (Scheme 2.3). 

Thus far, only tricyclic heterocycles have been used to replace the phenothiazine core. 

To determine if a tricyclic core is necessary for proteasome activation, a series of bicyclic 

heterocycles coupled with both 34 and 35 were synthesized. Following the syntheses of 

the carbazole-containing analogs, an unsubstituted indole was first coupled to both 34 

and 35 using NaH, producing compounds 42 (65%) and 43 (60%) (Scheme 2.3). To 

compare the activities of compounds 38 and 39, 2-chloroindole was used as the 

heterocyclic core. In the presence of NaH, the two-methylene linker provided compound 

44 in 62% yield, and the one-methylene linker provided compound 45 (77%) (Scheme 
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2.3). After obtaining the indole counterparts to the carbazoles, we synthesized a bicyclic 

analog that mimicked the phenothiazine core. Using 3-oxo-3,4-dihydro-2H-1,4-

benzothiazine as the replacement for the phenothiazine core, one-methylene, and two-

methylene linker versions were synthesized using NaH to provide compounds 50 (98%) 

and 51 (80%), respectively. Evaluating the impact of hydrogen bond acceptors in the core 

was also desired; therefore 2-benzoxazolinone was coupled to the two-methylene linker 

using K2CO3 in acetonitrile, providing compound 48 in 46% yield, and the one-methylene 

linker in DMF yielding compound 49 (84%) (Scheme 2.3). 

The one- and two-methylene-linked N,N-bis(4-fluorophenyl)amide tails were then coupled 

to 1,4-benzoxazine. The 1,4-benzoxazine was treated with TEA and either 34 or 35 

(Scheme 2.3). The addition of the two-methylene linked N,N-bis(4-fluorophenyl)amide 

tail provided compound 46 in 47% yield, while the one-methylene linked N,N-bis(4-

fluorophenyl)amide tail yielded compound 47 (70%) (Scheme 2.3). To evaluate the 

necessity of an aromatic group for 20S proteasome activation, two morpholine-containing 

compounds were synthesized in the same manner as the 1,4-benzoxazine, yielding 

compounds 52 (36%) and 53 (30%) (Scheme 2.3). Finally, the dimethyl amine tail 

observed in CPZ was coupled to the one- and two-methylene-linked N,N-bis(4-

fluorophenyl) amide upon treatment with TEA in THF. The dimethyl amine was 

subsequently added dropwise, yielding the two-methylene linked compound (54) in 64% 

yield and the one-methylene linked compound (55) in 48% yield (Scheme 2.3).53 
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2.4.3 Initial Evaluation of Series II Analogs Activity Towards the 20S 

Proteasome 

Following the synthesis of compounds 36-55, I evaluated their activity towards the 20S 

proteasome using a fluorogenic peptide assay described in section 2.2.3. I employed an 

equimolar mixture of the three fluorogenic peptide probes using the same protocol 

described in the previous sections. In a black 96-well plate, purified human 20S 

Scheme 2.3: The synthetic pathways to produce compounds (A) 34-35, (B) 36-45 

and 50-51, and (C) 46-49 and 52-55.   
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proteasome was treated with 30 µM, 15 µM, 7.5 µM, and 3.75 µM of each test molecule 

in DMSO or DMSO only, which functioned as the vehicle control. The EC200 was then 

determined. Compounds with an EC200 lower than 3.75 µM were tested in a 9-point 

concentration range (30 µM to 0.16 µM). 

The data collected from these studies are reported in Figure 2.8. All molecules containing 

a tricyclic heterocycle displayed 20S proteasome enhancement, albeit in a range of max 

fold increases and EC200. For this group of molecules, the impact of the methylene linker 

length was most evident when comparing the two unsubstituted carbazoles (Figure 2.8). 

The carbazole containing the two-methylene linker, compound 36, was observed to be a 

potent and efficient 20S proteasome enhancer with an EC200 of 1.6 µM and a max fold 

increase of 5.8 at 30 µM. In contrast, compound 37, the one-methylene-linked carbazole, 

displayed a weaker potency, with an EC200 of 3.8 μM. The change in the linker length was 

better tolerated when a 2-chlorocarbazole was used as the heterocyclic core and 

displayed an inverse trend compared to compounds 36 and 37. The one-methylene-

linked 2-chlorocarbazole (39) showed a higher degree of 20S proteasome activation than 

its two-methylene counterpart (38). Compound 39 had an EC200 of 1.2 μM (max fold 

enhancement of 6.1), compared to compound 38, which had an EC200 of 0.9 µM and a 

max enhancement of 20S proteasome activity of 4.5-fold (Figure 2.8). The two 

carbolines, 40 and 41, displayed similar potencies, with an EC200 of 3.8 µM and 2.0 µM, 

respectively. However, the max fold of the two-methylene-linked carboline (40) (max-fold 

of 12) was twice that of the one-methylene counterpart (41) (max-fold of 5.5). Comparing  
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Figure 2.8: Compounds 36-55 ability to enhance the overall activity of the 20S 

proteasome.  

(A) Table depicting the fold increase, denoted as max-fold, in 20S proteasome-

mediated proteolysis induced by compounds 36-55. The EC200 depicts the 

concentration at which the treated 20S proteasome exhibits a 200% enhancement of 

the rate of degradation of the small peptide substrate as compared to the vehicle 

control.  The activity graphs of (B) 36-37, (C) 38-39, (D) 44-45, and (E) 48-49. 
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the activities of these two sets of molecules suggests that the chlorine in the 2-position 

impacts how the molecules interact with the proteasome. 

To understand how the chlorine impacts 20S proteasome activation, an unbiased 

molecular docking study was performed using Autodock Vina and Discovery Visualizer. 

54,55 We have previously reported the use of molecular docking as a method to elucidate 

key interactions between our small molecules and the pockets formed by the α-subunits.2, 

24,23 I found that the 2-chlorophenothiazine linked to the bis(fluorophenyl) amide tail was 

predicted to favor the α 1/2 pocket of the α-ring of the 20S proteasome, as described in 

section 2.3.4.2 The preferred interaction with the α 1/2 pocket was observed for the one-

methylene linked carbazoles, compounds 37 and 39 (Figure 2.9A). This result was quite 

interesting due to their varying degrees of ability to activate the 20S proteasome. With the 

only difference between compounds 37 and 39 being the chlorine in the two-position, the 

preferred conformation and interaction points with the α 1/2 pocket and compounds 37 

and 39 were further analyzed. 

The molecular docking results of compounds 37 and 39 were overlayed to compare their 

preferred binding conformation (Figure 2.9B). Compound 37 had the carbazole core 

pointed into the pocket with the bis(fluorophenyl) amide tail closest to CYS161, which I 

previously identified as a potential key interaction point for 20S proteasome activation, 

along with TYR159 (Figure 2.9C).2 In comparison, compound 39 is predicted to have the 

2-chlorocarbazole core directly parallel to TYR159 (Figure 2.9D). The N,N-

bis(fluorophenyl) amide tail pointed into the pocket, with one fluorophenyl ring in proximity 

to CYS161. In contrast, the second fluorophenyl ring sits in the same orientation as the 
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carbazole core of compound 37. Consequently, the addition of chlorine flipped the 

predicted binding conformation, likely explaining the discrepancy in 20S proteasome 

activity. Next, I wanted to understand how this orientation change impacted compounds 

37 and 39’s interactions with the amino acids in the α 1/2 pocket. 

Using BIOVIA Discovery Visualizer, the predicted interactions of compounds 37 and 39 

and the α 1/2 pocket were compared (Figure 2.9C-D). Unsurprisingly, there were key 

differences in how compounds 37 and 39 interacted with the α 1/2 pocket. While both 

compounds interacted with CYS161 through a π-sulfur and π-alkyl interactions, 

compound 39 has an additional hydrogen bond between the -SH of CYS161 and the 

fluorine of the bis(fluorophenyl) amide tail. Although this type of hydrogen bonding is 

considered a weak interaction, it has been observed to increase binding affinity,56, 57 

potentially explaining the difference in activity of compounds 37 and 39. 

In addition, compound 39 is predicted to interact with TYR159 and TYR75 differently than 

compound 37. We had previously identified molecules that interact with TYR159 through 

one mode of π-π stacking displayed little to no 20S proteasome activation.2 Compound 

37 interacts with TYR159 through only a π-π T-shaped interaction. In contrast, compound 

39 is predicted to have three π-π interactions with TYR159. Lastly, the interactions with 

TYR75 are of note. Compound 37 interacts with TYR75 through a weak π-donor 

hydrogen bond as compared to the stronger C=O···H-O for compound 39.58 Compound 

39 interacts with CYS161 and TYR159 in a manner that agrees with our previous studies.2 
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Figure 2.9: The predicted binding interaction of compounds 37 and 39 with the 

20S proteasome.  

Preferred binding pocket of compounds (A) 37 (wheat)  and 39 (pink). (B) Overlay of 

predicted conformation of compounds 37 (wheat) and 39 (pink) in the  α 1/2 pocket 

with the location of TYR159 highlighted in light pink and CYS161 highlighted in orange. 

The predicted binding interactions of compounds (C) 37  and (D) 39. *20S proteasome: 

PDB 4R3O 
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The strong hydrogen bonding with TYR75 may explain the potent nature of compound 

39. In contrast to the tricyclic-containing molecules, the bicyclic molecules were generally 

less efficient and less potent. Only one bicyclic compound, 44, had an EC200 below 1 µM. 

Compound 44, a two-methylene-linked 2-chloroindole, was observed to be a potent 20S 

proteasome activator with an EC200 of 0.9 μM and a max fold increase of 4.4. The one-

methylene-linked 2-chloroindole (45), was as efficient as compound 44 (max-fold of 4.0) 

but was five times less potent (EC200 of 1.6 µM). Compounds 42 and 43 displayed an 

identical EC200 of 7.5 µM and similar 20S proteasome activation efficiencies with max 

folds of 3.5 and 4.4, respectively. These indoles were also predicted to bind to the α 1/2 

pocket and interacted with CYS161 through a π-alkyl interaction. I had previously 

observed that molecules interacting in this manner displayed weaker EC200 and max 

folds.2 

The incorporation of hydrogen bond acceptors was beneficial when connected to the two-

methylene linker (48, EC200 of 1.3 µM) but abrogated all 20S proteasome activity when 

coupled with the one-methylene linker (49). Compound 49 completely lacked any 

interaction with TYR159, agreeing with my previous assessment that an interaction with 

TYR159 is important for 20S proteasome activation.2 The additional flexibility in some 

bicyclic ring analogs (46 and 47) did not impact the efficiency of 20S proteasome 

activation but greatly impacted the observed potency, displaying EC200 of 9.0 µM (46) and 

8.0 µM (48). However, the complete elimination of the aromatic group in the heterocyclic 

core abolished all 20S proteasome activity, as seen with compounds 52-55. With the 

range of 20S proteasome activity, I carried forward molecules that had an EC200 of around 

1 µM. The corresponding methylene linker pair was also included to either act as a 
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negative control or to further evaluate the impact of the linker length on 20S proteasome 

activation with physiologically relevant proteins. 

2.4.4 Impact of Series III Analogs Enhancement of 20S Proteasome 

Activity on the Rate of Degradation of Pathogenic Intrinsically 

Disordered Proteins 

The ability of the novel 20S proteasome activators to enhance the degradation of a full-

length and pathologically relevant protein was evaluated next. Due to the number of 

molecules exhibiting an EC200 around 1 μM, two concentrations of each compound were 

assessed (5 µM and 15 µM). The validated 20S proteasome activator, TCH-165,20 was 

used as a positive control, and the 20S proteasome treated with DMSO was used as 

vehicle control. Purified 20S proteasome was diluted in a 50 mM HEPES and 5 mM DTT 

buffer (pH 7.2)2, 59 to a final concentration of 10 nM. Then, the desired concentration of 

compounds 36-39, 44, 45, 48, and 49 or TCH-165 was added to the proteasome solution. 

The proteasome-drug mixture was incubated for 45 minutes at 37 °C. After the incubation, 

purified α-synuclein was added to a final concentration of 300 nM. The protein digestion 

was incubated at 37 °C for an additional 3.5 hours. The remaining full-length α-synuclein 

was visualized and quantified using immunoblotting (Figure 2.10). The positive control, 

TCH-165, significantly enhanced the 20S proteasome-mediated degradation of α-

synuclein at both concentrations, with an average of 60% and 40% α-synuclein remaining 

at 5 µM and 15 µM, respectively. At 15 µM, several compounds outperformed TCH-165, 

but only two significantly enhanced the clearance of α-synuclein by the 20S proteasome 

at 5 µM. Proteasome treated with 5 µM and 15 µM of compound 36 displayed an 

enhanced degradation of α-synuclein with 45% and 28% α-synuclein remaining,  
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Figure 2.10: Bis(fluoro)diphenyl amide containing analogs enhance the 20S 

proteasome mediated degradation of purified α-synuclein.  

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

(A) 5 µM and (B) 15 µM of compounds 36-39, 44-45, 48-49, or the postive control, TCH-

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

Error bars denote standard deviation. One-way ANOVA statistical analysis was used to 

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

****p < 0.0001). Error bars based on standard deviation. 
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respectively (Figure 2.10). Consistent with poor activity in the purified proteasome assay, 

compound 37 did not exhibit significant enhancement of α-synuclein degradation in a 

secondary assay. Furthermore, the two potent analogs, compounds 38 and 39, performed 

very similarly to compound 36 at 15  µM, with only 33% α-synuclein remaining after 3.5-

hour incubation. At 5 µM, compound 39 outperformed compound 38. Samples treated 

with 5 µM of compound 38 reduced intact α-synuclein by 30%, while samples treated with 

compound 39 had a 37% reduction of α-synuclein (Figure 2.10). 

Consistent with the fluorogenic small peptide assay, the bicyclic small molecules did not 

perform as well as the tricyclic compounds. The potency and efficiency displayed by 

compound 44 in the fluorogenic peptide assay did not translate to the degradation of a 

full-length IDP. Samples treated with 5 µM and 15 µM of compound 44 displayed no 

significant change in the rate of α-synuclein degradation compared to the vehicle. 

Comparable to samples treated with compound 36, the samples treated with compound 

48 displayed an enhanced degradation of α-synuclein at both 5 µM and 15 µM, with 65% 

and 42% α-synuclein remaining, respectively (Figure 2.10). Due to the significant 

enhancement of the 20S proteasome-mediated α-synuclein degradation at both 5 µM and 

15 µM, the activities of compounds 36 and 39 were next evaluated in HEK-293T cells 

transiently expressing A53T α-synuclein. The A53T α-synuclein mutant has been utilized 

in the identification of  20S proteasome activators that could enhance the degradation of 

α-synuclein in cells at high µM concentrations.2, 25, 27, 60  

With the potency displayed by compounds 36 and 39 in both the fluorogenic peptide 

assay and the in vitro degradation of α-synuclein, I wanted to evaluate if the activity 

translates to a cellular model. HEK-293T cells were transiently transfected with an A53T 
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α-synuclein plasmid.2 After 48 hours of protein expression, I treated the cells with four 

concentrations of compounds 36 and 39 (1, 5, 10, and 15 µM) for 16 hours and then lysed 

the cells. The levels of A53T α-synuclein were visualized and quantified via 

immunoblotting (Figure 2.11). I also treated samples with 15 µM of TCH-165 as a positive 

control, 15 µM of the structurally related inactive compound 49 as an inactive control, 30 

nM of a proteasome inhibitor Bortezomib (BTZ) as a negative control, and DMSO as the 

vehicle control. 

The levels of A53T α-synuclein in cells treated with the four concentrations of compound 

36 all had significantly less A53T α-synuclein than the vehicle. With the treatment of 1 

µM, 64% of A53T α-synuclein remained, compared to the untreated control. The other 

concentrations of compound 36 exhibited an apparent reduction of α-synuclein in a dose-

dependent manner, with 5 µM having 45%, 10 µM 27%, and 15 µM with 21% A53T α-

synuclein remaining. The TCH-165 control had a larger error range but, on average, had 

52% A53T α-synuclein remaining at 15 µM. While the inactive control (49) had no 

significant effect, BTZ did increase the levels of A53T α-synuclein by 48% via proteasome 

inhibition (Figure 2.11A). In a similar trend, compound 39 performed as well as, if not 

better, compound 36. Cells treated with 1 µM of compound 36 had a 43% decrease of 

A53T α-synuclein. Compound 39 outperformed compound 36 at 5 µM, with a reduction 

of A53T α-synuclein of 70%. The reduction of A53T α- synuclein at 10 µM and 15 µM were 

extremely close, with only 14% and 11% A53T α-synuclein remaining, respectively. The 

TCH-165 positive control again significantly prevented α-synuclein accumulation with an 

average of 40% A53T α-synuclein remaining. The inactive structurally related control, 49, 
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continued to have no impact on the levels of A53T α-synuclein, and the negative control 

BTZ increased A53T α-synuclein levels by 35% (Figure 2.11B). 

The potency displayed by compounds 36 and 39 in the fluorogenic peptide assay was 

demonstrated in both the degradation of purified α-synuclein in vitro and the degradation 

of A53T α-synuclein in cells. The lowest concentration of both compounds in the 

previously described studies was 1 µM. The levels of activity shown by compounds 36 

and 39 necessitated the need to explore cellularly activity at lower concentrations. Further 

studies were done using the HEK-293T cells that were transiently transfected with the 

A53T α-synuclein. The procedure was identical, but TCH-165 was added at 1 µM. Due to 

the slightly better performance of compound 39, three concentrations were evaluated: 0.5 

µM, 0.75 µM, and 1 µM. Cells were also treated with 0.75 µM and 1 µM of compound 39. 

The addition of 1 µM of the compounds was used as another positive control due to the 

lower potency of TCH-165. Compound 39 had no significant decrease of A53T α-

synuclein at 0.5 µM. At 0.75 µM, compound 36 had 55% A53T α-synuclein remaining, 

while compound 39 had 72% remaining. The two molecules both performed well at 1 µM. 

Cells treated with 1 µM compound 36 had 42% A53T α-synuclein remaining compared to 

the samples with the same concentration of compound 39 had 60% left (Figure 2.10C). 

These studies confirmed that both compounds 36 and 39 prevented A53T α-synuclein 

accumulation at sub-micromolar concentrations, making them the most  potent 20S 

enhancers reported thus far and suitable tools for further pre-clinical exploration.*Paper 

submitted to iScience 
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Figure 2.11: Compounds 36 and 39 enhance the 20S proteasome mediated 

degradation of α-synuclein in cells.  
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2.5 Conclusion  

Targeting IDPs to halt or slow down the progression of neurodegenerative diseases is a 

promising new therapeutic strategy. However, because of the dynamic structure of IDPs, 

they typically lack binding pockets; thus, targeting IDPs with small molecules directly 

becomes a daunting and nearly impossible task.61  The 20S proteasome can directly and 

selectively degrade IDPs due to their lack of a defined 3D structure. In previous studies, 

20S proteasome activation has been observed to enhance the degradation of other 

physiologically relevant IDPs, such as WT- α-synuclein, tau, and ornithine decarboxylase 

(ODC).21, 24, 25, 2 We have recently reported that small molecule enhancement of the 20S 

proteasome can be used to overcome proteasome impairment by soluble IDP 

oligomers.25 While most PD cases are sporadic, genetic mutations have been linked to 

familial PD. 13, 14 A missense mutation with an alanine exchanged for a threonine, A53T, 

Figure 2.11 (cont’d) 

The evaluation of A53T -synuclein levels in HEK-293T cells once they have been 

treated with 1, 5, 10, or 15 µM of compounds (A) 36 and (B) 39, with 15 µM of an 

inactive control, 49, 10 µM of a postive control, TCH-165, and 30 nM of a proteasome 

inhibitor, BTZ. (C) The experimental set up was repeated, with 0.5, 0.75, and 1  µM  of 

compound 39, and 0.75 and 1 µM  of compound 36. The quantification of the A53T -

synuclein remaining was normalized using the GAPDH levels. Done in triplicate. With  

One-way ANOVA statistical analysis was used to determine statistical significance (ns 

= not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) 
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forms a rare type of PD characterized by its early onset and autosomal dominant 

inheritance.13, 14 The A53T mutant α-synuclein is known to express three times as quickly 

as the wild type and has an increased rate of aggregation.13, 14 In the studies described in 

Chapter Two, I evaluated the ability of 20S proteasome activators to prevent the 

accumulation of a specifically pathogenic α-synuclein containing an A53T mutation. 

Through the development of CPZ analogs, potent small molecules have been designed 

and synthesized that can enhance the activity of the 20S proteasome. While compound 

33 is the most potent 20S proteasome enhancer in the purified enzymatic assays,2 

compounds 36 and 39 were identified to enhance the 20S proteasome-mediated 

degradation of the A53T mutant α-synuclein in cells at sub-micromolar concentrations. 

The development of these molecules will allow for the thorough investigation of 20S 

proteasome enhancement as a potential neurodegenerative disease therapeutics. 

Furthermore, the SAR studies conducted herein have become a road map for the Tepe 

lab and have laid the foundation for new SAR studies.  
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APPENDIX 

Chemistry  

General Chan-Lam-Evans Coupling: The desired aniline (3 mmol) and corresponding 

boronic acid (6 mmol) were added into DCM with TEA (6 mmol) and Cu(OAc)2 (3 mmol) 

with 4 Å molecular sieves. The solution was stirred at room temperature under air for 16 

hours. The resulting mixture was filtered through a silica plug and the solvent was 

evaporated under reduced pressure. The crude mixture was purified via automated 

CombiFlash chromatography (silica gel, 20−40 μm, with a gradient mobile phase of 0% - 

15%  EtOAc in Hexane). 

General palladium coupling procedure: The desired diphenylamine (2.1 mmol) and 

Pd(OAc)2 (2.1 mmol) were dissolved in room temperature acetic acid and then refluxed 

for 12 hours. The mixture was then cooled and neutralized with the addition of NaOH 

dropwise and then washed with DCM (3x5 mL). The organic layer was extracted and 

dried over anhydrous Na2SO4, filtered, concentrated under reduced pressure. The crude 

mixture was purified via automated CombiFlash chromatography (silica gel, 20−40 μm, 

with a gradient mobile phase of 0% - 15%  EtOAc in Hexane). 

General dimethyl amine pendant addition: A carbazole or a diphenylamine (1 eq) was 

dissolved in DMF and cooled to 0°C. Then NaH (1.2 eq) was added and stirred for 45 

minutes. 3-chloro-N,N-dimethylpropan-1-amine (1 eq) was added, and the solution was 

brought to room temperature and stirred for 24 hours. The crude mixture was washed 

with LiBr (3 x 9 mL), and the organic layer was extracted with EtOAc (1 x 10 mL). The 

organic layer was  dried over anhydrous Na2SO4, filtered, concentrated under reduced 



 

100 
 

pressure, and purified using an automated CombiFlash chromatography (silica gel, 20−40 

μm, with a gradient mobile phase of 0% - 30%  EtOAc in Hexane, with 1% TEA). 

General acylation procedure: The desired amine (1 eq) and TEA (1.33 eq) in DCM were 

cooled to 0 °C and acryloyl chloride (1.2 eq) was added drop wise. The reaction mixture 

was warmed to room temperature and left to stir for 12 hours. The crude reaction was 

washed with 2x 10 mL of Brine and extracted with 2 x 10 mL of DCM. The organic layer 

was dried over anhydrous Na2SO4, filtered, concentrated under reduced pressure. The 

crude mixture was purified using an automated CombiFlash chromatograph (silica gel, 

20−40 μm, with a gradient mobile phase of 0% - 20%  EtOAc in Hexane). 

General Michael-Addition procedure: 2-chloro-phenothiazine (2 eq) and the acyl amine 

(1 eq) were dissolved in toluene, then Triton B (0.5 eq) was added drop wise and the 

solution was refluxed for 24 hours. The reaction mixture was cooled to room temperature 

and washed with 2x 10 mL of NaOH (aq) and extracted with 2x 10 mL of EtOAc. The 

organic layer was dried over anhydrous Na2SO4, filtered, concentrated under reduced 

pressure. The crude mixture was purified using an automated CombiFlash 

chromatograph  (silica gel, 20−40 μm, with a gradient mobile phase of 0% - 20%  EtOAc 

in Hexane). 

General procedure A: The desired heterocycle (1.0 eq) was dissolved in DMF (3.0 mL) 

and cooled to 0 °C. Then, NaH (1.1 eq) was added, and the mixture stirred at 0 °C for 

one hour. The corresponding N,N-bis(4-fluorophenyl) amide (2 equiv) was added, and the 

reaction was slowly warmed to room temperature and stirred for 24 hours under inert N2 

gas. The crude mixture was washed with LiBr (3 x 9 mL), and the organic layer was 

extracted with EtOAc (1 x 10 mL). The organic layer was  dried over anhydrous Na2SO4, 
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filtered, concentrated under reduced pressure, and purified using an automated 

CombiFlash chromatography (silica gel, 20−40 μm, with a gradient mobile phase of 0% - 

20%  EtOAc in Hexane).  

General procedure B: The desired heterocycle (1.0 eq) and the corresponding N, N-

bis(4-fluorophenyl) amide (1.0 eq) were dissolved in toluene (5.0 mL). Then, TEA (4.0 eq) 

was added dropwise, and the solution was refluxed for 24 hours under inert N2 gas. The 

crude mixture was washed with brine (3 x 5 mL), and the organic layer was extracted with 

DCM (1 x 10 mL). The organic layer was  dried over anhydrous Na2SO4, filtered, 

concentrated under reduced pressure, and purified using an automated CombiFlash 

chromatography (silica gel, 20−40 μm, with a gradient mobile phase of 0% - 20%  EtOAc 

in Hexane). 

General procedure C: The corresponding N,N-bis(4-fluorophenyl) amide (1.0 eq) was 

dissolved in THF (5 mL), and TEA (1.2 eq) was added dropwise. Then, 2 M dimethyl 

amine in THF (2.0 eq) was added dropwise, and the solution stirred for 24 hours at room 

temperature under inert N2 gas. The crude mixture was washed with brine (3 x 5 mL), and 

the organic layer was extracted with DCM (10 mL). The crude mixture was dried over 

Na2SO4, filtered, concentrated under reduced pressure, and purified using an automated 

CombiFlash chromatography (silica gel, 20−40 μm, with a gradient mobile phase of 0 - 

30% EtOAc in Hexane).  

 

General Chan-Lam-Evans coupling produced an orangey brown oil (58%). 1H NMR 

(Chloroform-d, 500 MHz) δ 7.30 - 7.25(m, 2H), 7.09 – 7.04 (m, 2H), 7.03 – 6.97 (m, 4H), 
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6.93 (tt, J = 7.3, 1.1 Hz, 1H), 5.58 (s, 1H). 13C{H}NMR (Chloroform-d, 126 MHz) δ 159.0, 

157.1, 143.9, 138.9 (d, J = 2.4 Hz), 129.4, 120.6 (d, J = 8.9 Hz), 116.8, 116.0 (d, J = 22.6 

Hz). IR: 3400 cm-1, 2959 cm-1, 1582 cm-1, 1468 cm-1. HRMS (APCI) m/z: [M+H]+ calc’d 

for (C12H11FN+) 188.0876; Could not be found due to poor ionization. 

 

General Chan-Lam-Evans coupling produced a yellow solid (88%). 1H NMR (Chloroform-

d, 500 MHz) δ 7.2 -7.23 (m, 2H), 7.12-7.08 (m, 2H), 7.04-7.00 (m, 4H), 6.91-6.89 (m, J = 

7.4, 1.1 Hz, 1H), 5.61 (s, 1H), 2.32 (s, 3H). 13C{1H}NMR (Chloroform-d, 126 MHz) δ 143.9, 

140.3, 130.9, 129.9, 129.3, 120.3, 118.9, 116.8, 20.7. IR: 3380 cm-1, 3006 cm-1. HRMS 

(APCI) m/z: [M+H]+ calc’d for (C13H14N+) 184.1226; Could not be found due to poor 

ionization. 

 

General Chan-Lam-Evans coupling produced a yellow oil (87%) 1H NMR (DMSO-d6, 500 

MHz) δ 7.82 (s, 1H), 7.17 - 7.11 (m, 2H), 7.05 - 7.00 (m, 2H), 6.93 - 6.87 (m, 2H), 6.87 - 

6.83 (m, 2H), 6.69 (tt, J = 7.2, 1.1 Hz, 1H), 3.70 (s, 3H). 13C{1H}NMR (DMSO-d6, 126 MHz) 

δ 154.2, 145.6, 136.5, 129.5, 120.8, 118.7, 115.2, 115.0, 55.7. IR: 3383 cm-1, 2908 cm-1. 

HRMS (APCI) m/z: [M+H]+ calc’d for (C13H14NO+) 200.1075; Could not be found due to 

poor ionization. 
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General Chan-Lam-Evans coupling produced a yellow oil (0.270 g, 44%). 1H NMR 

(DMSO-d6, 500 MHz) δ 8.04 (s, 1H), 7.07 – 7.02 (m, 4H), 7.02 – 6.98 (m, 4H).13C{1H} 

NMR (DMSO-d6, 126 MHz) δ 157.6, 155.7, 140.7 (J = 2.2 Hz), 118.5 (d, J = 7.7 Hz), 116.2 

(d, J = 22.1 Hz). IR: 3400 cm-1, 3097 cm-1. HRMS (APCI) m/z: [(M+H)+] calcd 

for (C12H10F2N+) 206.0781; Found 206.0862. 

 

General Chan-Lam-Evans coupling produced a pink solid (57%). MP: 207 °C-209 °C. 1H 

NMR (Chloroform-d, 500 MHz) δ 8.05 – 8.00 (m, 2H), 7.73 (ddt, J = 8.8, 4.3, 0.5 Hz, 1H), 

7.48 – 7.38 (m, 2H), 7.35 (ddd, J = 8.8, 4.3, 0.5 Hz, 1H), 7.24 (m, 1H), 7.16 (m, 1H). 

13C{1H}NMR (Chloroform-d, 126 MHz) δ 140.5. 135.7, 126.4, 120.6, 119.5, 113.7, 113.5, 

111.1, 111.0, 110.8, 106.1, 105.9. IR: 3600 cm-1, 2922 cm-1. HRMS (APCI) m/z: [M+H]+ 

calc’d for (C12H9FN+) 186.0719; Found  186.0724. 

 

General palladium coupling produced a salmon pink solid (50%) MP: 151 °C-153 °C. 1H 

NMR (Chloroform-d, 500 MHz) δ 8.06 – 8.02 (m, 1H), 7.91 (s, 1H), 7.56 (d, J = 2.5 Hz, 

1H), 7.42 - 7.38 (m, 2H), 7.34 (dd, J = 8.8, 0.5 Hz, 1H), 7.24 – 7.19 (m, 1H), 7.07 (dd, J = 

8.7, 2.5 Hz, 1H), 3.94 (s, 3H). 13C{1H}NMR (Chloroform-d, 126 MHz) δ 153.89, 140.25, 

134.34, 125.79, 123.77, 123.35, 120.24, 119.04, 115.06, 111.29, 110.73, 103.14, 56.07. 
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IR: 3385 cm-1, 3061 cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for (C13H12NO+) 198.0919; 

Found 198.1021. 

 

General palladium coupling produced a yellow solid (52%) MP: 199 °C-201°C. 1H NMR 

(Chloroform-d, 500 MHz) δ 8.00 (s, 1H), 7.67 (ddd, J = 8.8, 2.4, 1.3 Hz, 2H), 7.39 - 7.35 

(m, 2H), 7.19 (tdd, J = 8.9, 2.5, 1.3 Hz, 2H). 13C{1H}NMR (Chloroform-d, 126 MHz) δ 

158.3, 156.4, 136.8, 114.4 (d, J = 25.7 Hz), 111.5 (d, J = 9.0 Hz), 106.1 (d, J = 23.9 Hz). 

HRMS (APCI) m/z: [M+H]+ calc’d for (C12H8F2N+) 204.0625; Found 204.0661.  

 

General dimethyl amine pendant addition produced a yellow oil (30%). 1H NMR 

(Chloroform-d, 500 MHz) δ 7.25-7.18 (m, 2H), 7.10-6.96 (m, 4H), 6.90-6.81 (m, 3H), 3.78-

3.64 (m, 2H), 2.42-2.30 (m, 2H), 2.24 (s, 6H), 1.82 (p, J = 7.3 Hz, 2H). 13C{1H}NMR 

(Chloroform-d, 126 MHz) δ 1148.4, 127.2, 125.3 (d, J = 1.3 Hz), 125.2 (d, J = 1.5 Hz), 

119.7, 118.1 (d, J = 2.4 Hz), 116.2, 116.0, 57.0, 50.3, 45.4, 25.4. IR: 3049, 2941 cm-1. 

HRMS (APCI) m/z: [M+H]+ calc’d for (C17H22FN2
+) 273.1722; Found 273.1794. 
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General dimethyl amine pendant addition produced yellow oil (29%). 1H NMR 

(Chloroform-d, 500 MHz) δ 7.25 - 7.19 (m, 2H), 7.14 - 7.09 (m, 2H), 7.03 - 6.96 (m, 2H), 

6.93 - 6.87 (m, 2H), 6.84 (td, 1H), 3.76 - 3.70 (m, 2H), 2.35 - 2.28 (m, 5H), 2.21 (s, 6H), 

1.86 - 1.77 (dq, J = 8.9, 7.3 Hz,  2H). 13C{1H}NMR (Chloroform-d, 126 MHz) δ 148.53, 

145.27, 132.12, 130.02, 129.08, 123.41, 119.43, 118.35, 57.17, 50.25, 45.59, 25.63, 

20.78. IR: 3060 cm-1, 2930 cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for (C18H25N2
+) 

269.2018; Found 269.2050. 

 

General dimethyl amine pendant addition produced orange oil (23%). 1H NMR 

(Chloroform-d, 500 MHz) δ 7.21 - 7.15 (m, 2H), 7.13 - 7.08 (m, 2H), 6.93 - 6.89 (m, 2H), 

6.79 - 6.73 (m, 3H), 3.83 (s, 3H), 3.73 - 3.66 (m, 2H), 2.33 (t, J = 7.2 Hz,  2H), 2.22 (s, 

6H), 1.82 (p, J = 7.3 Hz, 2H). 13C{1H}NMR (Chloroform-d, 126 MHz) δ 156.5, 149.1, 140.6, 

129.0, 127.5, 117.8, 115.5, 114.9, 57.2, 55.5, 50.4, 45.6, 25.6. HRMS (APCI) m/z: [M+H]+ 

calc’d for (C18H25N2O+) 285.1967; Found 285.1313. 
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General dimethyl amine pendant addition produced yellow oil (67%). 1H NMR 

(Chloroform-d, 500 MHz) δ 8.04 (d, J = 7.8 Hz, 1H), 7.74 (dd, J = 8.9, 2.5 Hz, 1H), 7.50 - 

7.44 (m, 2H), 7.39 (dd, J = 8.9, 4.2 Hz, 1H), 7.24 - 7.17 (m, 2H), 4.38 (t, J = 6.9 Hz, 2H), 

2.26 (t, J = 6.7 Hz, 2H), 2.22 (s, 6H), 2.00 (q, J = 6.8 Hz, 2H). 13C{1H}NMR (Chloroform-

d, 126 MHz) δ 158.1, 156.3, 141.3, 136.9, 126.2, 123.1 (d, J = 9.5 Hz), 122.4 (d, J = 4.3 

Hz), 120.5, 118.7, 113.3 (d, J = 25.6 Hz), 109.3 (d, J = 9.0 Hz), 109.1, 105.9 (d, J = 23.5 

Hz), 56.5, 45.4, 40.8, 27.0. IR: 3058 cm-1, 2937 cm-1. HRMS (APCI) m/z: [M+H]+ calc’d 

for (C17H20FN2
+) 271.1611; Found 271.1644. 

 

General dimethyl amine pendant addition produced a red oil (76%). 1H NMR (Chloroform-

d, 500 MHz) δ 8.07 (dt, J = 7.8, 1.0 Hz,  1H), 7.60 (d, J = 2.5 Hz, 1H), 7.49 - 7.42 (m, 2H), 

7.39 (d, J = 8.8 Hz, 1H), 7.23 – 7.18 (m,1H), 7.12 (dd, J = 8.8, 2.5 Hz, 1H), 4.37 (t, J = 

6.9 Hz, 2H), 3.95 (s, 3H), 2.28 (t, J = 6.8 Hz, 2H), 2.23 (s, 6H), 2.02 (p, J = 6.9 Hz, 2H). 

13C{1H}NMR (Chloroform-d, 126 MHz) δ 153.5, 141.0, 135.6, 125.6, 123.1, 122.6, 120.2, 
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118.3, 114.8, 109.5, 108.9, 103.2, 56.6, 56.2, 45.5, 40.7, 27.0. IR: 3038 cm-1, 2959 cm-1. 

HRMS (APCI) m/z: [M+H]+ calc’d for (C18H23N2O+) 283.1810; Found 283.1724. 

 

General dimethyl amine pendant addition produced a yellow oil (68%). 1H NMR 

(Chloroform-d, 500 MHz) δ 7.69 (dd, J = 8.8, 2.5 Hz, 2H), 7.39 (dd, J = 8.9, 4.2 Hz, 2H), 

7.22 (td, J = 9.0, 2.5 Hz, 2H), 4.37 (t, J = 6.7 Hz, 2H), 2.27 - 2.20 (m, 8H), 1.99 (p, J = 6.8 

Hz, 2H). 13C{1H}NMR (Chloroform-d, 126 MHz) δ 157.9, 156.1, 137.7, 114.1 (d, J = 25.7 

Hz), 109.7 (d, J = 8.9 Hz), 106.1 (d, J = 23.6), 56.3, 45.4, 40.9, 26.9. IR: 3073 cm-1, 2968 

cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for (C17H19F2N2
+) 289.1516; Found 289.1552. 

 

General dimethyl amine pendant addition produced a yellow oil in a (60%). 1H NMR 

(Chloroform-d, 500 MHz) δ 8.05 (dt, 1H), 7.98 (d, 1H), 7.51 – 7.43 (m, 3H), 7.30 – 7.22 

(m, 1H), 7.19 (dd, 1H), 4.36 (t, J = 6.8 Hz, 2H), 2.25 (d, 8H), 2.00 (m, 2H). 13C{1H}NMR 

(Chloroform-d, 126 MHz) δ 141.2, 140.8, 131.4, 125.9, 122.3, 121.3, 121.0, 120.3, 119.3, 

119.2, 109.1, 109.0, 56.3, 45.4, 40.6, 26.8. IR: 3058 cm-1, 2967 cm-1. HRMS (APCI) m/z: 

[M+H]+ calc’d for (C17H20ClN2
+) 288.1315; Found 288.1313. 
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General acylation procedure provided a white solid (86%). 1H NMR (DMSO-d6, 500 MHz) 

δ 10.12 (br, 1H), 7.68 – 7.61 (m, 2H), 7.31-7.28 (m, 2H), 7.05 (tt, J = 7.4, 1.2 Hz, 1H), 

6.45-640 (m, 1H), 6.24 (dd, J = 17.0, 2.0 Hz, 1H), 5.73 (dd, J = 10.1, 2.0 Hz, 1H). 13C{1H} 

NMR (DMSO-d6, 126 MHz) δ 163.6, 139.5, 132.3, 129.2, 127.3, 123.9, 119.8. IR: 3265 

cm-1, 3075 cm-1, 1674 cm-1. HRMS (APCI) m/z: [(M+H)+] calcd for (C9H10NO+) 148.0762; 

Found 148.0976. 

 

General acylation procedure provided an off-white solid (71%). 1H NMR (CDCl3, 500 

MHz) δ 7.54 (dd, J = 8.9, 4.8 Hz, 2H), 7.33 (br, 1H), 7.07 – 6.99 (m, 2H), 6.44 (dd, J = 

16.9, 1.2 Hz, 1H), 6.24 (dd, J = 16.8, 10.2 Hz, 1H), 5.78 (dd, J = 10.3, 1.2 Hz, 1H). 13C{1H} 

NMR (DMSO-d6, 126 MHz) δ 163.5, 158.6 (d, J = 240.0 Hz), 135.9 (d, J = 2.5 Hz), 132.2, 

127.4, 121.5, 121.5, 115.9, 115.7. IR: 3468 cm-1, 3105 cm-1, 1634 cm-1.  HRMS (APCI) 

m/z: [(M+H)+] calcd for (C9H9FNO+) 166.0668; Found 166.0780. 
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In a round bottom flask with 10 ml of THF, N-(4-fluorophenyl)acrylamide (26) (1.2 mmol) 

was added and the solution was cooled to 0 ˚C. Then NaH (1.32 mmol) was added and 

the reaction was warmed to room temperature. After 30 minutes, the reaction was brought 

back to 0 ˚C and iodomethane (1.32 mmol) was added drop wise and the reaction was 

raised to room temperature. After 2 hours, the reaction mixture was washed with (2x 10 

ml) water and then extracted with (2x10 ml) ethyl acetate, dried over sodium sulfate, and 

concentrated in vacuo to produce the title compound in quantitative yields. 1H NMR 

(CDCl3, 500 MHz) δ 7.15 (m, 2H), 7.12 – 7.07 (m, 2H), 6.36 (dd, J = 16.8, 2.0 Hz, 1H), 

6.03 (dd, J = 16.8, 10.3 Hz, 1H), 5.53 (dd, J = 10.3, 2.0 Hz, 1H), 3.33 (s, 3H). 13C{1H} 

NMR (CDCl3, 126 MHz) δ 165.8, 161.6 (d, J = 248.0 Hz), 139.4 (d, J = 3.3 Hz), 129.1, 

129.0, 128.2, 127.8, 116.6, 116.4, 37.5. IR: 3062 cm-1, 3053 cm-1, 1678 cm-1. HRMS 

(APCI) m/z: [(M+H)+] calcd for (C10H11FNO+) 180.0825; Found 180.0842. 

 

General acylation procedure provided an off-white solid (90%). 1H NMR (CDCl3, 500 

MHz) δ 7.24 – 7.15 (m, 4H), 7.08 (d, J = 8.8 Hz, 4H), 6.48 (dd, J = 16.8, 1.8 Hz, 1H), 6.17 

(dd, J = 16.8, 10.3 Hz, 1H), 5.67 (dd, J = 10.3, 1.9 Hz, 1H).13C{1H} NMR (DMSO-d6, 151 

MHz, 338K) δ 165.2, 161.2 (d, J = 244.7 Hz), 139.2, 130.2, 129.7 (d, J = 168.4), 128.6, 

116.6 (d, J = 22.8 Hz). IR: 3075 cm-1, 1669 cm-1. HRMS (APCI) m/z: [(M+H)+] calcd 

for (C15H12F2NO+) 260.0887; Found 260.0888. 
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General Michael-addition procedure provided a white solid (25%). 1H NMR (DMSO-d6, 

500 MHz) δ 8.13 (d, J = 8.1, 2H), 7.72 (d, J = 1.8 Hz, 1H), 7.61 (d, J = 8.2 Hz, 1H), 7.47-

7.44 (m, 1H), 7.35 (s, 1H), 7.23 – 7.16 (m, 2H), 6.87 (s, 1H), 4.58 (t, J = 6.7 Hz, 2H), 2.55 

(t, J = 6.7 Hz, 2H).13C{1H} NMR (DMSO-d6, 126 MHz) δ 172.5, 140.9, 140.6, 130.7, 126.6, 

122.1, 122.0, 121.5, 120.8, 119.8, 119.4, 110.2 110.0, 334.8. IR: 3392 cm-1, 3025 cm-1, 

2990 cm-1, 1645 cm-1, 1607 cm-1. HRMS (APCI) m/z: [(M+H)+] calcd for (C15H14ClN2OS+) 

305.0515; Found 305.0777.  

 

General Michael-addition procedure provided an off-white solid (85%). 1H NMR (CDCl3, 

500 MHz) δ 8.05 (d, J = 7.8, 1H), 7.99 (d, J = 8.2 Hz, 1H), 7.49 – 7.43 (m, 3H), 7.25 (dd, 

J = 6.4, 1.6 Hz, 1H), 7.21 (dd, J = 8.2, 1.8 Hz, 1H), 4.69 – 4.64 (m, 2H), 2.91 (s, 3H), 2.84 

– 2.78 (m, 2H), 2.71 (s, 3H). 13C{1H} NMR (CDCl3, 126 MHz) δ 170.5, 140.6, 140.3, 131.6, 

126.1, 122.5, 121.6, 121.2, 120.3, 119.6, 119.6, 108.8, 39.4, 37.0, 35.4, 31.9. IR: 3070 

cm-1, 2885 cm-1, 1595 cm-1. HRMS (APCI) m/z: [(M+H)+] calcd for (C17H18ClN2OS+) 

333.0828; Found 333.0817. 
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General Michael-addition procedure provided a white solid (38%). 1H NMR (CDCl3, 500 

MHz) δ 7.12 (dd, J = 7.6, 1.5 Hz, 1H), 7.08 (t, J = 7.8 Hz, 1H), 7.01 (d, J = 8.2 Hz, 1H), 

7.00 – 6.90 (m, 5H), 6.88 (d, J = 8.1 Hz, 1H), 6.75 (d, J = 8.1 Hz, 1H), 6.71 (d, J = 2.0 Hz, 

1H), 4.15 (br t, 2H), 3.25 (s, 3H), 2.53 (t, J = 6.9 Hz, 2H). 13C1H} NMR (CDCl3, 126 MHz) 

δ 170.69, 161.72 (d, J = 248.4 Hz), 146.20, 139.43 (d, J = 3.3 Hz), 133.36, 128.83, 128.77, 

127.92, 127.53, 124.66, 123.38, 123.10, 122.47, 116.77, 116.59, 115.56, 115.45, 43.64, 

37.46, 31.28. IR: 3058 cm-1, 2910 cm-1, 1646 cm-1.  HRMS (APCI) m/z: [(M+H)+] calcd 

for (C22H19ClFN2OS+) 413.0891; Found 413.9011. 

 

General Michael-addition procedure provided a white oil (41%). 1H NMR (CDCl3, 500 

MHz) δ 8.04 (d, J = 7.8, 1H), 7.97 (d, J = 8.2 Hz, 1H), 7.43 (m, 1H), 7.34 (dt, J = 8.4, 0.9 

Hz, 1H), 7.26 – 7.23 (m, 1H), 7.20 (dd, J = 8.2, 1.8 Hz, 1H), 7.18 – 7.13 (m, 1H), 7.10 (m, 

1H), 6.86 – 6.82 (m, 2H), 6.64 – 6.60 (m, 1H), 6.27 – 6.22 (m, 2H), 4.64 (t, J = 6.6 Hz, 

2H), 2.59 (t, J = 6.6 Hz, 2H).13C{1H} NMR (CDCl3, 126 MHz) δ 170.5, 140.4, 140.2, 136.4, 

131.6, 129.8, 129.7, 128.6, 128.3, 127.4, 126.2, 122.3, 121.4, 121.1, 120.2, 119.7, 116.3, 
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116.1, 109.1, 39.9, 32.7. IR: 3761 cm-1, 3110 cm-1, 2880 cm-1, 1672 cm-1. HRMS (APCI) 

m/z: [(M+H)+] calcd for (C21H18ClN2OS+) 381.0828; Found 381.0941. 

 

General Michael-addition procedure provided a light pink solid (80%). 1H NMR (CDCl3, 

500 MHz) δ 7.24 – 7.16 (m, 3H), 7.13 – 7.06 (m, 2H), 7.02 – 6.88 (m, 8H), 6.79 (dd, J = 

8.2, 1.2 Hz, 1H), 6.75 (d, J = 2.0 Hz, 1H), 4.27 (t, J = 6.4 Hz, 2H), 2.71 (t, J = 6.4 Hz, 

2H).13C{1H} NMR (CDCl3, 126 MHz) δ 170.78, 145.28 (d, J = 263.7 Hz), 138.19 (d, J = 

3.3 Hz), 133.47, 129.84, 128.16, 128.04, 127.63, 124.98, 123.66, 123.22, 122.61, 116.69 

(d, J = 21.7 Hz), 115.92, 115.78, 115.73, 115.64, 43.72, 31.98. IR: 3015 cm-1, 2960 cm-1, 

1664 cm-1. HRMS (APCI) m/z: [(M+H)+] calcd for (C27H20ClF2N2OS+) 493.0953; Found 

493.0950.  

 

General acylation procedure produced a light-yellow solid (67%). MP: 95-97 ℃.  1H NMR 

(CD2Cl2, 500 MHz) δ 7.34-7.10 (m, 8H), 4.05 (s, 2H). 13C{1H} NMR (DMSO-d6, 126 MHz) 

δ 166.0, 139.2, 138.2, 131.4, 129.3, 117.2, 116.3, 43.7. IR: 3067 cm-1, 2980 cm-1, 1686 

cm-1, 1503 cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for (C14H11ClF2NO+) 282.0492; Found 
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282.0338. *1H NMR and 13C{1H} NMR were run in different solvents for better resolution 

of the observed peaks. 

 

General acylation procedure produced a pale pink solid (88%). MP: 94-96 °C. 1H NMR 

(CDCl3, 500 MHz) δ 7.22-7.03 (m, 8H), 3.66 (t, J = 6.6 Hz, 2H), 2.82 (t, J = 6.6 Hz, 2H). 

13C{1H} NMR (CDCl3, 126 MHz) δ 170.1, 138.1 138.13, 138.11, 130.3, 127.9, 117.2, 

116.0, 37.9, 27.5. IR: 3117 cm-1, 2950 cm-1, 1600 cm-1, 1425 cm-1.   HRMS (APCI) m/z: 

[M+H]+ calc’d for (C15H13BrF2NO+) 340.0143; Found 340.0063. 

 

General procedure A produced a white solid (59%). MP:177-178 ℃. 1H NMR (DMSO-d6, 

500 MHz) δ 8.16 (d, J = 8.0 Hz, 2H), 7.48 (dt, J = 8.0, 0.9 Hz, 2H), 7.42-7.38 (m, 2H), 

7.22-7.18 (m, 2H), 7.12 (t, J = 8.4 Hz, 2H), 7.07-7.05 (m, 4H), 6.97 (t, J = 8.1 Hz, 2H), 

4.66 (t, J = 6.9 Hz, 2H), 2.65 (t, J = 6.9 Hz, 2H). 13C{1H} NMR (CDCl3, 126 MHz) δ 171.3, 

139.9, 137.99, 137.96, 129.6 (d, J = 8.6 Hz), 128.1 (d, J = 8.4 Hz), 125.9, 122.9, 120.3, 

119.3, 116.5 (d, J = 22.6 Hz), 115.9 (d, J = 22.9 Hz), 109.0, 40.0, 33.3. IR: 3059 cm-1, 

2992 cm-1, 1659 cm-1, 1327 cm-1.   HRMS (APCI) m/z: [M+H]+ calc’d for (C27H21F2N2O+) 
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427.1616; Found 427.1641. *1H NMR and 13C{1H} NMR were run in different solvents for 

better resolution of the observed peaks 

 

General procedure A produced a white solid in 88% yield. MP: 133-134 °C. 1H NMR 

(DMSO-d6, 500 MHz) δ 8.17 (dd, J = 8.1, 1.5 Hz, 2H), 7.57 (d, J = 1.8 Hz, 1H), 7.51 (d, J 

= 8.2 Hz,    1H), 7.45-7.42 (m, 1H), 7.25-7.20 (m, 2H), 7.14-7.00 (m, 8H), 4.64 (t, J = 6.8 

Hz, 2H), 2.66 (t, J = 6.8 Hz, 2H).13C{1H} NMR (CDCl3, 126 MHz) δ 171.0, 140.4, 140.3, 

137.92, 137.89, 131.7, 129.6 (d, J = 8.6 Hz), 128.0 (d, J = 8.8 Hz), 126.2, 122.3, 121.5, 

121.2, 120.3, 119.9, 119.8, 116.6 (d, J = 22.8 Hz), 116.0 (d, J = 22.5 Hz), 109.2, 109.0, 

40.0, 33.3. IR: 3030 cm-1, 2865 cm-1, 1605 cm-1, 1320 cm-1. HRMS (APCI) m/z: [M+H]+ 

calc’d for (C27H20ClF2N2O+) 462.1227; Found 462.1157. *1H NMR and 13C{1H} NMR were 

run in different solvents for better resolution of the observed peaks. 

 

General procedure A produced a light-yellow solid (58%). MP: 129-130 °C 1H NMR 

(CDCl3, 500 MHz) δ 8.00 (dd, J = 8.1, 1.2 Hz, 1H), 7.91 (d, J = 8.2 Hz, 1H), 7.45-7.42 (m, 
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1H), 7.27-7.24 (m, 2H), 7.19 (dd, J = 8.2, 1.8 Hz, 1H), 7.16-7.09 (m, 5H), 6.97 (t, J = 8.3 

Hz, 4H), 4.92 (s, 2H). 13C{1H} NMR (CDCl3, 126 MHz) δ 167.4, 140.8, 140.6, 138.0, 136.8, 

131.5, 129.5, 127.4, 126.1, 122.6, 121.7, 121.1, 120.3, 120.2, 120.0, 117.4 (d, J = 22.5 

Hz), 116.0 (d, J = 22.8 Hz), 108.7, 108.6, 46.7. IR: 3057 cm-1, 2960 cm-1, 1670 cm-1, 1280 

cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for (C26H18ClF2N2O+) 447.1070; Found 447.1142. 

 

General procedure A produced a light-yellow solid in 38% yield. MP: 192-193 ℃.  1H NMR 

(CDCl3, 500 MHz) δ 8.82 (s, 1H), 8.51 (s, 1H), 8.19 (dt, J = 7.9, 1.0 Hz, 1H), 8.00 (d, J = 

5.0 Hz, 1H), 7.61-7.58 (m, 1H), 7.50-7.48 (m, 1H), 7.35-7.32 (m, 1H), 6.94-6.74 (m, 6H), 

6.62 (dd, J = 8.7, 4.7 Hz, 2H), 4.81 (t, J = 6.5 Hz, 2H), 2.83 (t, J = 6.5 Hz, 2H).13C{1H} 

NMR (CDCl3, 126 MHz) δ 170.7, 140.9, 139.2, 137.8, 132.8, 132.1, 129.6 (d, J = 8.5 Hz), 

128.7, 127.9 (d, J = 8.7 Hz), 121.9, 121.2, 121.1, 120.3, 120.1, 116.8 (d, J = 22.7 Hz), 

116.0 (d, J = 22.7 Hz), 111.9, 109.9, 40.1, 33.7. IR: 3078 cm-1, 2895 cm-1, 1620 cm-1, 1355 

cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for (C26H20F2N3O+) 428.1569; Found 428.1480. 
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General procedure A produced a white waxy solid in 65% yield. 1H NMR (CDCl3, 500 

MHz) δ 7.68-7.66 (m, 1H), 7.18-7.12 (m, 4H), 7.06-6.97 (m, 4H), 6.77 (t, J = 8.2 Hz, 2H), 

6.58 (dd, J = 8.6, 4.8 Hz, 2H), 6.53 (d, J = 3.1 Hz, 1H), 4.54 (t, J = 6.2 Hz, 2H), 2.70 (t, J 

= 6.2 Hz, 2H). 13C{1H} NMR (CDCl3, 126 MHz) δ 171.0, 138.1, 138.0, 135.6, 129.9 (d, J 

= 8.6 Hz), 128.7, 128.6, 128.1 (d, J = 8.5 Hz), 121.7, 121.1, 119.6, 116.7 (d, J = 22.9 Hz), 

116.0 (d, J = 22.6 Hz), 109.3, 101.4, 43.1, 35.0. IR: 3107 cm-1, 2970 cm-1, 1600 cm-1, 

1370 cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for (C23H19ClFN2O+) calc’d for (C23H19F2N2O 

+) 377.1460; Found 377.1408. 

 

General procedure A produced a white waxy solid (60%). 1H NMR (DMSO-d6, 500 MHz) 

δ 7.74 (s, 2H), 7.51 (dt, J = 7.8, 1.0 Hz, 1H), 7.39-7.29 (m, 5H), 7.22 (d, J = 3.2 Hz, 3H), 

7.12-7.09 (m, 1H), 7.01-6.98 (m, 1H), 6.39 (dd, J = 3.2, 0.9 Hz, 1H), 4.88 (s, 2H).13C{1H} 

NMR (CDCl3, 126 MHz) δ 167.8, 138.0, 137.2, 136.2, 129.9, 128.6, 128.3, 127.5, 121.9, 

121.1, 119.8, 117.3, 115.9, 108.8, 102.4, 49.5. IR: 3047 cm-1, 2960 cm-1, 1630 cm-1, 1395 
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cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for (C22H17ClF2N2O+) 363.1303; Found 363.1177. 

*1H NMR and 13C{1H} NMR were run in different solvents for better resolution of the 

observed peaks. 

 

General procedure A produced a waxy light-brown solid (62%).  1H NMR (DMSO-d6, 500 

MHz) δ 7.54 (d, J = 8.4 Hz, 1H), 7.42-7.40 (m, 1H), 7.33 (d, J = 3.1 Hz, 1H), 7.21-7.11 

(m, 8H), 7.02 (dd, J = 8.4, 1.9 Hz, 1H), 6.44 (dd, J = 3.2, 0.9 Hz, 1H), 4.41 (t, J = 6.7 Hz, 

2H), 2.62 (t, J = 6.7 Hz, 2H). 13C{1H} NMR (CDCl3, 126 MHz) δ 170.7, 138.0, 137.9, 136.0, 

129.9 (d, J = 8.3 Hz), 129.5, 128.0 (d, J = 8.2 Hz), 127.7, 127.3, 121.9, 120.3, 116.8 (d, J 

= 22.9 Hz), 116.0 (d, J = 22.5 Hz), 109.3, 101.6, 43.2, 34.9. IR: 3062 cm-1, 2941 cm-1, 

1661 cm-1, 1306cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for (C23H18ClF2N2O+) 411.1070; 

Found 411.1092. *1H NMR and 13C{1H} NMR were run in different solvents for better 

resolution of the observed peaks. 
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General procedure B produced a brown waxy solid (47%). 1H NMR (CDCl3, 500 MHz) δ 

7.20-7.17 (m, 4H), 7.06-7.03 (m, 4H), 6.82-6.77 (m, 2H), 6.71-6.69 (m, 1H), 6.57 (d, J = 

8.0 Hz, 1H), 4.25-4.23 (m, 2H), 3.68 (t, J = 6.5 Hz, 2H), 3.38-3.36 (m, 2H), 2.61 (t, J = 6.5 

Hz, 2H). 13C{1H} NMR (CDCl3, 126 MHz) δ 171.7, 144.2, 138.4, 134.0, 130.2, 128.0, 

121.7, 118.1, 117.1 (d, J = 23.0 Hz), 116.5, 116.0. (d, J = 22.4 Hz), 112.2, 64.4, 47.72, 

47.68, 31.8. (*Missing Ar-Carbon around 140 ppm) IR: 3053 cm-1, 2994 cm-1, 1655 cm-1, 

1349 cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for (C23H21F2N2O2
+) 395.1566; Found 

395.1771. 

 

General procedure B produced a brown waxy solid (70%). 1H NMR (DMSO-d6, 500 MHz) 

δ 7.68 (s, 2H), 7.33-7.18 (m, 6H), 6.75-6.72 (m, 1H), 6.64 (dd, J = 7.8, 1.5 Hz, 1H), 6.52-

6.48 (m, 2H), 4.09-4.07 (m, 2H), 3.93 (s, 2H), 3.36-3.33 (m, 2H). 13C{1H} NMR (DMSO-

d6, 126 MHz) δ 169.1, 143.9, 135.4, 134.1, 131.3, 130.2, 129.0, 121.7, 117.5, 117.2, 

116.1, 115.8, 111.8, 64.5, 53.0, 47.8. IR: 3067 cm-1, 2975 cm-1, 1700 cm-1, 1245 cm-1.  

HRMS (APCI) m/z: [M+H]+ calc’d for (C22H19F2N2O2
+) 381.1409; Found 381.1440. 
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General procedure B produced a white powder (36%) with the following modifications: 

1.1 eq of TEA and 1.2 eq of morpholine. MP: 99-101 ℃. 1H NMR (DMSO-d6, 500 MHz) δ 

7.53-7.19 (m, 8H), 3.50 (t, J = 4.6 Hz, 4H), 2.53 (t, J = 7.3 Hz, 2H), 2.32 (t, J = 7.3 Hz, 

2H), 2.22 (t, J = 4.6 Hz, 4H). 13C{1H} NMR (DMSO-d6, 126 MHz) 171.5, 139.64, 139.62, 

131.3, 129.5, 117.1 (d, J = 23.9 Hz), 116.1 (d, J = 23.7 Hz), 66.6, 54.6, 53.6, 32.3. IR: 

3150 cm-1, 2900 cm-1, 1650 cm-1.  HRMS (APCI) m/z: [M+H]+ calc’d for (C19H21F2N2O2
+) 

347.1566; Found 347.1722. 

 

General procedure B produced a white powder (30%) with the following modifications: 3 

equiv of TEA and 2 equiv of morpholine. MP: 92-94 ℃.  1H NMR (DMSO-d6, 500 MHz) δ 

7.53-7.22 (m, 8H), 3.48 (t, J = 4.6 Hz, 4H), 3.02 (s, 2H), 2.34 (t, J = 4.5 Hz, 4H). 13C{1H} 

NMR (CDCl3, 126 MHz) δ 169.2, 138.12, 138.08, 130.3, 127.8, 116.7, 115.9, 66.8, 60.8, 

53.7. IR: 3100 cm-1, 2890 cm-1, 1630 cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for 



 

120 
 

(C18H19F2N2O2
+) 333.1409; Found 333.1425. *1H NMR and 13C1H} NMR were run in 

different solvents for better resolution of the observed peaks. 

 

General procedure C produced a white solid (64%). MP:120-121 ℃. 1H NMR (DMSO-d6, 

500 MHz) δ 7.53 (s, 2H), 7.30-7.19 (m, 6H), 2.47 (t, J = 7.9, 2H), 2.28 (t, J = 7.8, 2H), 

2.01 (s, 6H). 13C{1H}NMR (DMSO-d6, 126 MHz) δ 171.6, 139.7, 139.6, 131.3, 129.5, 117.2 

(d, J = 24.3 Hz), 116.1(d, J = 24.2 Hz), 55.3, 45.4, 32.9. IR: 3060 cm-1, 2939 cm-1, 1663 

cm-1, 1495 cm-1, 1236 cm-1.  HRMS (APCI) m/z: [M+H]+ calc’d for (C17H19F2N2O+) 

305.1460; Found 305.1506. 

 

General procedure C produced a white solid (48%). MP: 118-119 ℃. 1H NMR (CDCl3, 500 

MHz) δ 7.28-7.25-7.23 (m, 4H), 7.09-7.01 (m, 4H), 3.06 (s, 2H), 2.34 (s, 6H). 13C{1H} 

NMR (DMSO-d6, 126 MHz) δ 169.7, 139.5, 139.2, 131.3, 129.5, 116.9, 116.2, 61.0, 45.4. 

IR: 3062 cm-1, 2942 cm-1, 1665 cm-1, 1232 cm-1. HRMS (APCI) m/z: [M+H]+ calc’d for 

(C16H17F2N2O+) 291.1303; Found 291.1347. *1H NMR and 13C{1H} NMR were run in 

different solvents for better resolution of the observed peaks. 
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1H and 13C NMR Spectra 
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Biological Protocols  

Fluorogenic small peptide assay with purified 20S proteasome 

The purified enzymatic activity assays were carried out in a black flat/clear bottom 96-

well plate with a reaction volume of 100 μL. Different concentrations (3.75−30 μM or 

0.16−30 μM) of test compounds were added to the wells containing 0.5 nM of human 

constitutive 20S proteasome diluted in a 38 mM Tris and 100 mM NaCl buffer with a pH 

of 7.8. The drug:proteasome mixture was incubated for 20 minutes at 37 °C. Then, 10 

µL of the fluorogenic substrates were added. The fluorogenic substrates used were a 

combination of Suc-LLVY-AMC, Z-LLE-AMC, and Boc-LRR-AMC with a final 

concentration of 6.67 µM of each. The activity was measured at 37 °C on a SpectraMax 

M5e spectrometer by measuring the change in fluorescence unit per minute for one 

hour at 380−460 nm. The rate of hydrolysis for the vehicle control was set at 100%, and 

the ratio of the treated sample over the vehicle control was used to calculate the fold 

change in rate of substrate hydrolysis by the proteasome. 

Purified α-synuclein digestion with 20S proteasome  

Proteolytic digestions of α-synuclein assays were carried out in a 25 μL reaction volume 

of 50 mM HEPES and 5 mM DTT buffer at a pH of 7.2, 300 nM of purified α-synuclein, 

and 10 nM purified human 20S proteasome. The 20S proteasome was first diluted to 

11.1 nM in the HEPES buffer, and 0.5 μL of the test compounds in DMSO or DMSO 

alone were added. The drug:proteasome solution was incubated for 45 minutes at 37 

°C. After the incubation, 2.5 μL of a 3 μM stock of α-synuclein was added, and the 

mixture was incubated at 37 °C for an additional 3.5 hours. After the second incubation, 

0.5 μM of GAPDH was added as a loading control.  A concentrated SDS loading buffer 
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was also added, then the samples were boiled for 15 minutes to stop the digestion and 

immunoblotted.*For the evaluation of series II analogs, the concentration of α-synuclein 

was 1.5 μM while the concentration of the 20S proteasome was 40 nM.  

Cell Culture 

HEK-293T cells were cultured in Dulbecco’s modified Eagle’s medium supplemented 

with 1% penicillin–streptomycin and 10% fetal bovine serum. All cell lines were 

maintained at 37 °C with 5% CO2 in 10 cm tissue treated plates. Cell lines were routinely 

tested for mycoplasma contamination. 

Cellular α-synuclein degradation 

The HEK-293T cells were plated in 60 mm plates and grown to 80% confluency. The cells 

were then transiently transfected with Xtreme gene and the desired plasmid (5 µg of DNA, 

TPPP and A53T α-synuclein, and 10 µL of transfection reagent for a 1:2 dilution) diluted 

in 500 μL Opti-mem. The expression of the target protein was conducted for 48 hours 

before treatment for an additional 16 hours. After the cells were treated with the test 

compounds or DMSO, the cells were scraped from the plate and washed with PBS.  The 

plate was washed with PBS as well. The scraped cells in media and PBS were pelleted 

(300g for 5 minutes). The supernatant was removed, and the cell pellet was washed with 

ice cold PBS and once again pelleted (300g for 5 minutes). The PBS supernatant was 

removed, and the cell pellet was lysed with RIPA buffer with added protease inhibitors. 

The cell lysate was incubated for 15 minutes on ice. The lysate was centrifuged for 25 

minutes at 500 g, then the supernatant was removed while the debris pellet was disposed 

of.  
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Immunoblotting 

For all immunoblotting, a concentrated Laemmli sample buffer supplemented with 25% 

β-mercaptoethanol was added to all the samples and boiled for 10 minutes. The samples 

were then resolved on a 4-20% Tris-glycine SDS-PAGE gel and transferred onto a PVDF 

membrane using Mini Trans-Blot Electrophoretic Transfer Cell for 1 hour and 30 minutes. 

The membranes were blocked for 30 minutes with 5% Blocking Buffer at room 

temperature. The membrane was then incubated with the desired primary antibody (listed 

in the antibody section with dilution ratios) in 10 mL of Tris-buffered saline Tween 20 

(TBST: 1x solution was made from a 10x TBS solution) at 4 ˚C for 16 hours.  The 

immunoblots were washed with 1x TBST for 3x3 minutes before being incubated with the 

corresponding secondary antibody at room temperature for 1 hour. The immunoblots 

were developed with ECL Western reagent and imaged with an Azure Biosystems 300Q 

imager. If several proteins were probed for, the immunoblots were stripped using a mild 

stripping buffer (200 mM glycine, 3.5 mM SDS, and 8 mM Tween 20 with a pH of 2.2) for 

20 minutes and then washed with TBST for 3x 5 minutes before re-probing. Immunoblots 

were then quantified using the Bio-Rad Image Lab software.  
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Replicates 

Section 2.3 Replicates  

 

 

Figure 2.13: Westerns of α-synuclein degradation by purified 20S proteasome 

treated with compounds 33, CJ-7-42, CPZ, and TCH-165 (n=3). 
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Figure 2.14: Western blots (n=3) of A53T mutated α-synuclein degradation in 

Hek293T cells treated with Vehicle (DMSO), BTZ, TCH-165, and compounds 33, 

and CJ-7-42. 
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Section 2.4 Replicates  
 

 

 

Figure 2.15: Westerns of α-synuclein degradation by purified 20S proteasome 

treated with (A) 5 µM and (B) 15 µM of compounds 36, 37, 48, 49, and TCH-165. 

The quantification values were all normalized to the GAPDH, and gels shown are 

indicative of n=3 independent experiments.   



 

202 
 

 

 

Figure 2.16: Westerns of α-synuclein degradation by purified 20S proteasome 

treated with (A) 5 µM and (B) 15 µM of compounds 38, 39, 44, 45, and TCH-165. 

The quantification values were all normalized to the GAPDH, and gels shown are 

indicative of n=3 independent experiments.   
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Figure 2.17: Western blots of A53T mutated α-synuclein degradation in HEK-293T 

cells treated with vehicle (DMSO), bortezomib (BTZ), TCH-165, and compounds 

36 and 49. The quantification values were all normalized to the GAPDH, and gels 

shown are indicative of n=3 independent experiments.  Error bars are based on 

standard deviation. 
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Figure 2.18: Western blots of A53T mutated α-synuclein degradation in HEK-293T 

cells treated with vehicle (DMSO), bortezomib (BTZ), TCH-165, and compounds 

39 and 49. The quantification values were all normalized to the GAPDH, and gels 

shown are indicative of n=3 independent experiments.  Error bars are based on 

standard deviation. 
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Figure 2.19: Western blots of A53T mutant α-synuclein degradation in HEK-293T 

cells treated with vehicle (DMSO), BTZ, TCH-165, and compounds 36 and 39 at 

lower concentrations. The quantification values were all normalized to the 

GAPDH, and gels shown are indicative of n=3 independent experiments.  Error 

bars based on standard deviation. 
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CHAPTER THREE 

Development of Cellular Models Recapitulating Proteasomal Impairment Seen in 

Synucleinopathies 
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3.1 Introduction 

Multiple system atrophy (MSA), Parkinson’s disease (PD), and dementia with Lewy 

Bodies (DLB) are members of a heterogenous class of neurodegenerative diseases, 

termed synucleinopathies.1 A pathological hallmark of synucleinopathies is the presence 

of α-synuclein.1, 2 α-synuclein is an intrinsically disordered protein highly expressed in 

neurons and comprises 1% of neuronal cytosolic proteins localized in presynaptic 

terminals.3, 4 While the exact physiological role of α-synuclein has not been elucidated, it 

has been proposed that α-synuclein regulates the release of neurotransmitters.5, 6 Due to 

the disordered nature of α-synuclein, it is prone to aggregation. To prevent α-synuclein 

aggregation, chaperones and nannies are expressed to interact with α-synuclein when it 

is not involved in the signaling pathway.7 In addition, the UPS plays a vital role in the 

clearance of monomeric α-synuclein. Under pathological conditions, either through 

aberrant expression of α-synuclein or impaired clearance, α-synuclein accumulates 

throughout the cell. The cause of α-synuclein accumulation is poorly understood, but it 

has been proposed that aging and genetic mutations are involved.8-9 Missense mutations 

of α-synuclein that increase the expression rate have been identified, such as the A53T 

mutation, often found in familial types of PD and has been observed to be prion-like when 

introduced to MSA aggregates.10-11 Furthermore, in patients diagnosed with MSA and PD, 

20S proteasome subunits are greatly diminished, which correlates to the decrease in 

proteasomal activity observed.12 In both circumstances, the cellular proteostasis is 

perturbed, aiding in the accumulation of α-synuclein.  

Once α-synuclein accumulates, aggregates can form, ultimately creating the 

characteristic α-synuclein deposits seen in synucleinopathies.13,14, 16 The cell type bearing 
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the α-synuclein deposits is linked to the differing disease patterns of PD and MSA.15 

Inclusions principally observed in neuronal cells are termed Lewy bodies and are 

associated with disorders like PD.13,14 α-synuclein inclusions localized in 

oligodendrocytes are termed glial cytoplasmic inclusions (GCIs) and are a hallmark of 

MSA.16 During the formation of these larger, insoluble aggregates, toxic oligomeric 

species of α-synuclein are created. The noxious oligomers have been identified to disrupt 

numerous cellular pathways, impairing the UPS activity.17,18,19 The impairment of the UPS 

then allows for the accumulation of α-synuclein, propagating a toxic cycle, ultimately 

leading to cell death (Figure 3.1). Preventing the propagation of this perturbed 

proteostasis cycle is required to produce viable therapeutics for neurodegenerative 

diseases, such as PD and MSA.  

 

Proteasomal impairment models must be developed to evaluate further the potential of 

20S proteasome enhancers as a therapeutic pathway to treat neurodegenerative 

diseases. While studies have successfully recapitulated the aggregation of α-synuclein in 

Figure 3.1: Schematic of the perturbed proteostasis cycle seen in 

neurodegenerative diseases, such as MSA and PD. *Created with BioRender   
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cells, these experiments require primary cells and preformed α-synuclein fibrils (PFFs).20-

21 To screen numerous molecules, the labor and cost required to use primary cells with 

PFFs would be significant. To overcome the limitations of previous methods, I developed 

an experimental method to induce α-synuclein aggregation in an immortalized cell line 

without using PFFs, described in section 3.2. Furthermore, a cellular model that directly 

evaluates the impact of diminished 20S proteasome levels on cellular proteostasis has 

yet to be developed. In section 3.3, the establishment of a cellular model to evaluate the 

impact of diminished proteasome levels on critical cellular pathways, such as the 

endoplasmic reticulum-mediated unfolded protein response, is detailed. 

3.2 Proteasomal Impairment Induced by p25α/α-synuclein 

Aggregates 

3.2.1 Rational  

Recently, it was identified that α-synuclein aggregates derived from PD and MSA patients 

structurally differ from one another.22, 23 The flexible nature of α-synuclein allows for the 

adoption of different conformations depending on the protein interacting with α-synuclein. 

The resulting differing conformations dictate the structure and the composition of the α-

synuclein deposits, which play a significant role in the pathologies of the different 

synucleinopathies. 22, 23 MSA-derived α-synuclein strains present a higher degree of β-

sheet structures,22 and are significantly more toxic and resistant to protease degradation 

than their PD-derived counterparts.24 In vivo studies established that MSA-derived fibrils 

induced more severe neurodegeneration, neuroinflammation, and motor impairment.25 

The more aggressive seeding and spreading behavior of the MSA α-synuclein fibrils 
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directly reflect the destructive nature of MSA.25 The distinctive activity and structure of the 

MSA-derived α-synuclein strains have been associated with the co-localization of an 

oligodendrocyte-specific IDP, tubulin polymerization promoting protein (TPPP/p25α), 

referred to as p25α hereafter.26, 27, 28, 29 Physiologically, p25α is solely expressed in 

oligodendrocytes and aids in neuronal myelination. 28, 30 While the mechanism of α-

synuclein entry into the oligodendrocytes is under debate, when  present, p25α migrates 

from the myelin sheaths to the cell body,25 causing loss of neuronal myelination and 

induces the rapid co-aggregation with α-synuclein.31, 32 As a consequence, the newly 

formed p25α/α-synuclein aggregates are excreted out of the oligodendrocytes and enter 

surrounding neurons in a prion-like fashion, aiding in the spread of GCI-like inclusions.33, 

34 Exploiting the co-aggregative nature of α-synuclein and p25α could lead to the 

development of a cellular model to evaluate the impact of 20S proteasome enhancement 

in the prevention of IDP aggregation. 

3.2.2 In Vitro Evaluation of the Relationship Between p25α/α-synuclein 

Aggregates and the 20S Proteasome 

Before developing a cellular model that utilized the co-aggregative nature of p25α and α-

synuclein, the relationship between p25α and the 20S proteasome had to be investigated. 

It was previously established that p25α could be degraded through both autophagy and 

the UPS.35, 36, 37 To help elucidate the potential mechanism of proteasome enhancement 

in the intervention of synucleinopathies, the ability for purified 20S proteasome to degrade 

p25α was therefore investigated in the following study. Purified 20S proteasome was 

suspended in a 120 mM NaCl, 50 mM Tris, and 0.1% β-mercaptoethanol buffer (pH 7.4) 

to a final concentration of 7.5 nM.38 The proteasome was treated with either DMSO 
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(vehicle control) or 10 µM of the following compounds: 36, 39, or inactive analog 54, at 

37 °C. In parallel, purified p25α was separately incubated with 100 µM of DTE at room 

temperature for 30 minutes.  Subsequently, the purified p25α (final concentration of 500 

nM) was added to the proteasome:drug solution for 3 hours. As depicted in Figure 3.2, 

the DMSO-treated 20S proteasome decreased the amount of p25α drastically. This 

observation suggested p25α was indeed a 20S proteasome substrate. In addition, I found 

that compounds 36 and 39 increased the degradation rate of purified p25α. Only 29% 

and 28% of p25α remained, respectively, as compared to the DMSO treated samples 

(Figure 3.2). The inactive control, 54, didn’t significantly impact the rate of p25α 

degradation. 

 

Figure 3.2: p25α is a substrate of the 20S proteasome.  

The degradation of purified p25α with purified 20S proteasome that was treated with 

15 µM of compounds 36, 39, 54, or DMSO. The assay was done in triplicate. Error 

bars denote standard deviation. One-way ANOVA statistical analysis was used to 

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

0.001, ****p < 0.0001). Error bars based on standard deviation. 
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After establishing that p25α is a 20S proteasome substrate, I moved to study whether the 

p25α/α-synuclein interaction can cause weakened proteasome activity. It has been 

shown that IDP aggregates, such as α-synuclein only aggregates, impair the activity of 

the proteasome in vitro17 and in cells.39  All samples were prepared in a similar manner; 

however, a primary incubation was performed for 45 minutes followed by a second 

incubation for 3-hours, and both occurred at 37 ˚C. After these incubation times, a 

covalent Me4BodipyFL-Ahx3Leu3VS fluorescent probe was added, and the samples were 

further incubated at 37 ˚C for 15 minutes.40 The probe was selected to visualize the 

activity of the 20S proteasome using a denaturing gel (as shown in Figure 3.3). The 

remaining levels of α-synuclein were then visualized through an immunoblot, and GAPDH 

was used as a loading control. Due to the low amounts of p25α used in this study, I could 

not able to detect any of the remaining levels of p25α on this gel. The activity of the 20S 

proteasome in each sample is depicted in Figure 3.3. Each lane represents a different 

combination and order of addition of 20S, PBS, p25α, and α-synuclein. Lane 1 shows the 

activity of the 20S proteasome first treated with PBS for 45 minutes, then treated with 

PBS for the 3-hour incubation and used as the vehicle control. Lane 2 samples were first 

treated with 700 nM of α-synuclein, followed by adding PBS. The activity displayed by the 

sample in lane 2 had no significant difference compared to lane 1. The activity of the 20S 

proteasome in a sample that was first treated with 150 nM of p25α, followed by the 

addition of PBS, is shown in lane 3. In this experiment, I saw a noticeable trend of reduced 

proteasome activity. However, this trend was identified as non-significant after the 

experiment was triplicated, using the one-way ANOVA statistical analysis (p-value of 

0.4693). In lane 4, the 20S proteasome was treated first with 700 nM of α-synuclein, 
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followed by the addition of 150 nM of p25α after the first incubation. After the 3-hour 

incubation, the activity of the 20S proteasome did not significantly differ from that 

observed in lane 1. Inversely, lane 5 represents the activity of the 20S proteasome when 

treated first with 150 nM of p25α, followed by the addition of 700 nM of α-synuclein. The 

lane 5 samples showed a significant decrease (74%) in proteasome activity. The 

reduction in activity seen in the lane 5 sample was linked to the decline in α-synuclein 

degradation, with 197% α-synuclein remaining compared to lane 2 (Figure 3.3). In lane 

6, 700 nM of α-synuclein and 150 nM of p25α were added for the first 45-minute 

incubation, followed by the 20S proteasome and an additional 3-hour incubation. Like 

lane 5, the sample in lane 6 displayed impaired proteasome activity with a 59% decrease 

in proteasome activity. The degradation of α-synuclein was also prevented, with 175% α- 
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Figure 3.3: p25α/α-synuclein aggregates impair the activity of the proteasome.  

Proteasomal impairment by p25α/α-synuclein aggregates, visualized using 

Me4BodipyFL-Ahx3Leu3VS probe in an SDS-Page gel and levels of α-synuclein using 

immunoblotting.  The assay was done in triplicate. Error bars denote standard 

deviation. One-way ANOVA statistical analysis was used to determine statistical 

significance (ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

Error bars based on standard deviation. 
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synuclein remaining compared to samples treated with α-synuclein and PBS (lane 2) 

(Figure 3.3).  

3.2.4 Identification of the Impact of p25α/α-synuclein Aggregation on 

Proteasomal Function and Cell Viability 

In the next set of studies, I moved to a cellular system to investigate the impact of 20S 

proteasome enhancement on p25α levels. It has been reported that proteasome 

inhibitors, such as BTZ, can impair the clearance of p25α in cells, implicating the role of 

the UPS in the degradation of p25α.29 I transiently transfected HEK-293T cells with a 

p25α plasmid for 48 hours before treatment with 10 µM of 36, 39, and 54 for 16 hours. In 

these studies, I substituted compound 54 for 49 as the inactive control due to the 

accessibility of compound 54. Due to findings in previous studies,31 I also treated samples 

with 30 nM of BTZ (Figure 3.4A).  While there was a slight decrease in p25α levels in the 

HEK-293T cells treated with 54; however, this decrease was identified as non-significant 

when triplicated. Samples treated with 10 μM of compound 36 had a 45% reduction of 

p25α, which contrasts the much more efficient 20S-mediated degradation of A53T α-

synuclein induced by compound 36 (< 1 μM).  The samples treated with proteasome 

inhibitor, BTZ, displayed a modest 142% increase of p25α as compared to the DMSO-

treated samples (Figure 3.4A). When the degradation of p25α was evaluated in PC12 

cells, both compounds 36 and 39 were able to enhance the 20S proteasome-mediated 

degradation of p25α at relatively high (10 µM) concentrations (Figure 3.4B). Compound 

36 outperformed compound 39 with 40% and 67% p25α remaining.  



 

216 
 

 

Figure 3.4: Compounds 36 can enhance the degradation of p25α. 
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It has been reported that p25α/α-synuclein aggregates can be degraded through the 

autophagy pathway.31 To validate that compounds 36 and 39 prevent the accumulation of 

α-synuclein through the UPS, I again transfected HEK-293T cells with the A53T α-

synuclein plasmid. Following the 48-hour protein expression period, I treated the cells 

with 500 nM of an autophagic flux inhibitor, Bafilomycin A1,41 for 1 hour. After the 

treatment with Bafilomycin A1, I treated the cells with 10 µM of 36 and 39  (Figure 3.4C). 

Both compounds enhanced degradation the of A53T α-synuclein (16% and 28% 

remaining, respectively) despite the pretreatment with Bafilomycin A1, suggesting that the 

UPS is the main target of modulation for this class of small molecules. I next sought to 

identify if the modulation of the UPS was specific to the 20S proteasome or if the 

compounds were impacting the ubiquitin-dependent pathways.  I treated unmodified 

Figure 3.4 (cont’d) 

The impact of 10 µM of compounds 36, 39, and 54 on the 20S proteasome mediated 

degradation of p25α in (A) HEK-293T cells and (B) PC12 cells. (C) Levels of  A53T α-

synuclein  in HEK-293T cells that were pre-treated with 500 nM of Bafilomycin A1 and 

10 µM of either compound 36 or 39. (D) Levels of ubiquitin in HEK-293T cells treated 

with 10 µM of compounds 36, 39, and 54. The quantification of the target protein 

remaining was normalized using the GAPDH levels, and compared to a DMSO treated 

control. Each set of assays were done in triplicate. Error bars denote standard 

deviation. One-way ANOVA statistical analysis was used to determine statistical 

significance (ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

Error bars based on standard deviation. 
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HEK-293T cells with 10 µM of 36, 39, and 54 and 100 nM of BTZ, and the ubiquitin levels 

were visualized and quantified using immunoblotting (Figure 3.4D). Unsurprisingly, BTZ 

treated samples had 298% ubiquitin as compared to the vehicle, while 36, 39, and 54 

didn’t impact the levels of ubiquitin significantly, further supporting 36 and 39 as 

modulating the activity of the ubiquitin-independent pathway. 

The co-enrichment of the α-synuclein and p25α, by adding the purified IDPs directly into 

the cell culture media, leads to aggregation, mimicking the pathological state.31, 42, 43 The 

pheochromocytoma of the rat adrenal medulla cells, PC12, has been previously used to 

evaluate the impact of α-synuclein aggregates in cellular systems.44, 45 Furthermore, 

PC12 cells have been identified to take up IDPs from the media,46 making them an ideal 

cell line to observe the impact of extracellular p25α on cellular α-synuclein. Using PC12 

cells transfected with the A53T α-synuclein plasmid, I investigated the effect of 20S 

proteasome enhancement on p25α-induced α-synuclein aggregation. I transfected PC12 

cells with the A53T mutant plasmid, and the protein was expressed for 48 hours. To 

investigate whether my small molecules assist in the prevention of p25α/A53T α-

synuclein aggregation, cells were treated with 10 µM of 36, 39, and 54 for 2 hours. Then, 

I treated the transfected PC12 cells with purified p25α (final concentration of 160 nM) for 

an additional 24 hours. PC12 cells that were either not transfected, only expressed A53T 

α-synuclein, or treated with purified p25α were used as control samples. The PC12 cells 

were plated in a black opaque-bottom 96-well plate (10,000 cells/well).  

To each well in the 96-well plate, I added 800 nM of the RB1 probe47  to evaluate the 

degree of α-synuclein fibrillization. The change in fluorescence observed is attributed to 

the degree of aggregation and fibrillization of α-synuclein. PC12 cells that only expressed 
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A53T α-synuclein showed no significant increase in RB1 fluorescence compared to the 

unmodified vehicle. In contrast, cells treated with p25α had a 234% increase in the 

observed fluorescence (Figure 3.5A). The fluorescence observed in the non-transfected 

cells was attributed to the basal levels of α-synuclein expressed in PC12 cells. However, 

this increase in α-synuclein fibrillization fluorescence was relatively mild compared to the 

samples expressing A53T α-synuclein with p25α treatment, which showed an increase of 

512%. When these cells were treated with 36 and 39, there was a significant reduction in 

α-synuclein fibrillization with 157% and 173% fluorescent signal remaining, respectively. 

The inactive analog 54 showed no impact on fibrillization levels.  

The degree of fibrillization was then related to proteasomal function by utilizing a 

luciferase-based assay, Proteasome Glo, to quantify the overall cellular proteasome 

activity. In contrast to the fibrillization studies, regular cells treated with p25α didn’t display 

a significant alteration of proteasome activity (Figure 3.5B). After treatment with purified  

p25α, PC12 cells expressing A53T α-synuclein showed a 42% reduction in proteasome 

activity. Compounds 36 and 39 restored proteasomal activity to 86% and 70%, 

respectively. These results were further supported by the levels of A53T α-synuclein and 

ubiquitin present in each sample (Figure 3.5C).  I lysed the remaining cells, and the A53T 

α-synuclein and ubiquitin levels were visualized and quantified via immunoblotting 

(Figure 3.5C). Samples containing both α-synuclein and p25α displayed 155% of α-

synuclein and 148% of ubiquitin as compared to the vehicle sample. Compounds 36 and 

39 were again able to reduce the levels of both. Cells treated with 36 and 39 showed  
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Figure 3.5: Compounds 36 and 39 combat p25α/α-synuclein aggregates. 

(A) The impact of 160 nM of purified p25α addition on A53T α-synuclein RB1 fibrillization 

associate fluorescence in PC12 after a two hour incubation with 10 μM of compounds 

36, 39, and 54. (B)  The proteasome activity in PC12 cells expressing A53T α-synuclein 

when cells treated with 10 μM of compounds 36, 39, and 54 and then 160 nM of purified 

p25α, quanitified via Proteasome Glo based lumuinescence. (C) Immunoblots of A53T 

α-synuclein and ubiquitin in PC12 cells that were treated with 10 μM of compounds 36, 

39, or 54 for two hours before added 160 nM of purified p25α. The quantification of the 

target protein remaining was normalized using the GAPDH levels, and compared to a 

DMSO treated control, in triplicate.   Each set of assays were done in triplicate. Error 

bars denote standard deviation. One-way ANOVA statistical analysis was used to 

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

****p < 0.0001).  
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reduced levels of α-synuclein (39% and 48% remaining, respectively) and a restoration 

in ubiquitin levels (Figure 3.5C).  

Next, I evaluated the ability of compounds 36 and 39 to prevent p25α-induced cell death 

in A53T α-synuclein expressing PC12 cells. PC12 cells were plated in a white 384 well-

plate (2,500 cells/well) and then immediately transfected with the A53T α-synuclein 

plasmid for 24 hours. I treated the cells with 3 µM of 36, 39, and 54. The cells were also 

treated once every 24 hours with purified p25α (160 nM daily concentration) for 72 hours. 

Cell Titer Glo was used to assess the cell viability. Cells solely expressing A53T α-

synuclein had a cell viability of 61%, while cells repeatedly treated with p25α showed 

significant cell death (28% cell viability) (Figure 3.6A). Only 36 prevented cell death in 

the PC12 cells, with 72% cell viability, while 39 and 54 could not rescue the cells 

systematically treated with p25α (Figure 3.6A). The inability 39 to prevent cell death in 

this system can be related to compound 39’s moderately enhanced 20S proteasome-

mediated degradation of p25α displayed in HEK-293T and PC12 cells. 

With the observed impairment of the proteasome, I explored the cytotoxicity of these 

p25α/A53T α-synuclein aggregates. Furthermore, I wanted to evaluate if proteasome 

enhancers could prevent the observed cytotoxicity. Previous studies have suggested 

MSA-like aggregates are cytotoxic through co-transfection of α-synuclein and p25α 

plasmids.48 Using a similar co-transfection protocol, I plated PC12 and HEK-293T cells in 

a white 384-well plate (2,500 cells/well) and then co-transfected with the two plasmids for 

24 hours. I then treated these co-transfected cells with 3 µM of 36, 39, and 54 for 72 

hours. The cell viability was then observed using Cell Titer Glo (Figure 3.6B). In a second 

384-well plate, I examined the overall proteasome activity, utilizing Proteasome Glo  
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Figure 3.6: Compounds 36 and 39 protect cells from p25α/α-synuclein aggregates 

toxicity.  

(A) The cell viability of PC12 cells that were transfected with an A53T α-synuclein 

plasmid for 24 hours before the one-time treatment of 3 μM of compounds 36, 39, and 

54 and a daily treatment of 160 nM of purified p25α for 3 days. (B) The cell viability and 

(C) proteasome activity of PC12 cells that were co-transfected with a p25α and an A53T 

α-synuclein plasmid for 24 hours before treatment with 3 μM of compounds 36, 39, and 

54. (D) The toxicity of the compounds in unmodified PC12 cells. (E) The cell viability 

and (F) proteasome activity of HEK-293T cells that were co-transfected with a p25α and 

an A53T α-synuclein plasmid for 24 hours before treatment with 3 μM of compounds 

36, 39, and 54. Error bars denote standard deviation, in triplicate . One-way ANOVA 

statistical analysis was used to determine statistical significance (ns = not significant, 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).  
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(Figure 3.6C). The co-transfected PC12 cells displayed a 25% cell viability and 8% 

proteasome activity remaining, which was lower than the vehicle and cells transfected 

with either plasmid. The co-transfected cells treated with 36 and 39 increased the cell 

viability to 76% and 75%, respectively (Figure 3.6B). The proteasome activity in these 

samples increased, with 36 displaying 29% activity and 39 showing 34% activity 

remaining (Figure 3.6C). The impact of the compounds alone on un-modified cells is 

shown in Figure 3.6D with no observed cytotoxicity. The cytotoxicity was observed in 

HEK-293T cells as well; however, it became apparent that HEK-293T cells were much 

more sensitive to the co-expression of the two proteins with a 17% cell viability remaining, 

given a significantly reduced plasmid load and treatment time (Figure 3.6E-3.6F). 

3.3 Proteasomal Impairment Model Through Interruption of 

20S Assembly  

3.3.1 Rational  

As mentioned, the α-synuclein oligomeric species have been identified to impair several 

critical cellular pathways. Along with the UPS, the α-synuclein oligomers also alter the ER 

activity regarding protein trafficking,49, 50 synaptic vesicle transport,51 and Ca2+ 

homeostasis.52, 53  The ER is one of the biggest organelles in the cell and is a significant 

site of protein synthesis and folding,54 carbohydrate metabolism,55 lipids and steroid 

synthesis,56 and calcium storage.57 Thus, the disruption of the activity of the ER has 

devastating consequences.58, 59 Often, ER stress leads to the activation of what is known 

as the unfolded protein response (UPR).60, 61  The activation of the UPR is a commonality 
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seen across the synucleinopathy class of neurodegenerative diseases.62, 63, 64  The UPR 

is a series of complementary adaptive mechanisms that deal with the disruption of protein 

folding.60, 61 The early stages of the UPR are mediated through the activation of three 

major stress sensors.60, 61 The first is the attenuation of protein synthesis through 

inhibiting the translation of most proteins.65 The inhibition of protein translation is achieved 

through the protein RNA-like ER kinase (PERK) mediated phosphorylation of a translation 

initiator factor 2α (eIF2α).65 The second branch is the initiation of mRNA decay, which is 

regulated by inositol-requiring protein 1 (IRE1) dependent decay (RIDD).66-67 The last is 

the transformation of the activating transcription factor 6 cytosolic protein (ATF6) to its 

fragmented version, ATF6f (Figure 3.7).61, 68 Once these initial signaling pathways are 

underway, the final responses depend on the duration and intensity of the ER stress.64 

While the immediate result of activation of the UPR is the inhibition of the translation and 

folding of most proteins.,65 there is an upregulation of the expression of proteins that 

would aid in eliminating the accumulation of unfolded proteins. The expression of proteins 

involved in the ER-associated degradation (ERAD) machinery is typically upregulated, 

increasing their expression. 69, 70 The proteasome is an essential ERAD component 

responsible for degrading misfolded or unfolded proteins that accumulate in the ER. 69, 70  

Proteasomal impairment has been linked to prolonged activation of the UPR, leading to 

irreversible ER stress.71, 72 Moreover, the long-term activation of the UPR leads to the 

induction of apoptosis73 and is intertwined with chronic inflammation and numerous 

human diseases, including neurodegeneration.74, 75, 76  

Activation of the UPR presents an excellent marker to identify an imbalance of 

proteostasis in cells, as it is a direct result of the accumulation of misfolded protein in the 
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ER.77 Thus, a cellular model mirroring the activation of the UPR through proteasomal 

impairment presents a novel method for assessing the effect of enhancing the activity of 

the 20S proteasome on cellular proteostasis. Currently, the mainstay method of 

recapitulating impaired proteasome activity that induces UPR activation is through the 

direct inhibition of the proteasome using small molecules, such as BTZ.78, 79 The small 

molecule proteasome inhibitors are often covalent and bind directly to the catalytic sites, 

presenting a limitation to their use in models designed to evaluate the activation of the  

 

 

20S proteasome.80 Using siRNA to reduce cellular proteasome levels offers an alternative 

paradigm to recapitulate activation of the UPR through proteasomal impairment and 

Figure 3.7: A schematic of the signaling cascades of the unfolded protein 

response and the outcome in realtionship to the time and intensity of the ER 

stress. *Created with BioRender   
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mimic the reduced concentration of proteasome seen in MSA and PD. SiRNA, also known 

as silencing RNA, directly interacts with mRNA, causing its degradation and preventing 

the translation of the intended protein.81 As mentioned in Chapter 1, the assembly of the 

20S proteasome is dependent on the formation of the α-ring.82. 83, 84, 85 The construction 

of the α-ring is subject to the stability of the α4 subunit86 and the formation of the α4-α5-

α6-α7 intermediate.87, 88, 89, 90 In addition, α4 can insert into the precursor α-ring in place 

of α3, creating larger α-ring intermediates.91, 92 Thus, I wanted to evaluate siRNA that 

targets three α-ring subunits and its direct impact on proteasome assembly. Furthermore, 

the employment of siRNA presents a system to evaluate the impact of 20S proteasome 

enhancers on short- and long-term activation of the UPR and proteostasis. 

3.3.2 Identification of siRNA to Lower Proteasome Abundance and 

Activity  

To efficiently screen different α-subunit siRNA that would diminish proteasome levels and 

activity, I used the ZsGreen HEK-293T proteasome sensor cell line. The HEK-293T cells 

stably express ZsGreen, which is a green fluorescent protein, modified through the 

addition of a PEST region. The PEST region is a sequence of four amino acids, proline 

(P), glutamic acid (E), serine (S), and threonine (T), that significantly destabilizes proteins, 

ultimately decreasing the proteins half-life.93 When the proteasome is fully functional, the 

modified ZsGreen protein will be rapidly degraded, providing a low baseline 

fluorescence.94 However, if the activity of the proteasome is impaired, the ZsGreen 

protein will accumulate, increasing the cell’s fluorescence. I first transfected the ZsGreen 

HEK-293T cells with siRNA that would silence PSMA7 (α4), PSMA1 (α3), or PSMA4 (α6). 

In addition, I treated the cells with a known proteasome inhibitor, BTZ, as a control to 
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visualize the accumulation of the ZsGreen protein in cells. Using a plate imager, the 

associated fluorescence after 24 hours (Figure 3.8A) and 48 hours (Figure 3.8B) was 

measured and quantified. The BTZ control had apparent fluorescence after 24 hours, but 

none of the siRNA transfected cells showed any marked change in fluorescence. 

However, after 48 hours, there was a significant increase in fluorescence in the cells 

transfected with the PSMA7 (α4) siRNA (Figure 3.8B), indicating that the silencing of the 

α4 subunit negatively impacts the activity of the proteasome.  

 

Figure 3.8: PSMA7 siRNA leads to impaired the activity of the proteasome.  

Levels of ZsGreen fluorescence in ZsGreen HEK-293T cells transfected with either 

PSMA7 (α4), PSMA1 (α6), or PSMA4 (α3) siRNA at (A) 24 hours and (B) 48 hours. (C) 

The fluorescence of ZsGreen HEK-293T cells that were transfected with PSMA7 (α4) 

siRNA and then treated with either DMSO or 10 μM of TCH-165. *Note n:2 
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With the proteasome impairment seen in cells transfected with the PSMA7 (α4) siRNA, I 

moved forward with investigating if the 20S proteasome enhancer, TCH-165, could 

overcome the diminished proteasome levels by enhancing the 20S-mediated degradation 

of ZsGreen. The HEK-293T cells were transfected again with the PSMA7 (α4) siRNA, 

and after 24 hours, I treated the cells with 10 µM of TCH-165 for an additional 24 hours. 

In parallel, I also performed a cell viability assay to determine if the decrease in 

fluorescence was due to proteasome activation or cell death (Figure 3.8C). Samples 

were included that were transfected with the PSMA7 (α4) siRNA, but then treated with 

DMSO in place of TCH-165 as the vehicle control and I included cells that were 

completely unmodified. TCH-165 decreased the fluorescence by 85% compared to the 

DMSO control and had a 63% cell viability. These results were exciting, demonstrating 

that proteasome activity can be impaired by silencing the α-subunits and that small 

molecule 20S proteasome enhancers can compensate for the diminished proteasome 

concentration. While these results were encouraging, I wanted to ensure that these 

findings were due to a decreased level of the proteasome and not through a separate 

mechanism.  

The relationship between the increased ZsGreen fluorescence and diminished levels of 

the proteasome was investigated next. I transfected the ZsGreen HEK-293T cells with 

the PSMA7 (α4) siRNA and conducted a weeklong time course to identify the time point 

with the lowest expression of PSMA7. The first time point was two days due to the 

fluorescence increase in my previous experiments, followed by four, five, and seven-day 

time points. I harvested the cells after each time point and lysed them with 20 mM Tris-

HCl, 5 mM MgCl2, 1 mM ATP, 0.5 mM EDTA, and 10% glycerol lysis buffer. Using 
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immunoblotting, the levels of the α3 subunit and total ubiquitin were quantified. Day four 

and day five had the lowest concentration of the α3 subunit. Interestingly, there was not 

a substantial impact on the overall concentration of ubiquitinylated proteins (Figure 3.9), 

suggesting that the cells are maintaining proteostasis through alternative pathways. The 

minimal impact on the levels of ubiquitin may be due to the activation of the autophagy 

pathway, which can overcompensate when there is prolonged proteasomal 

dysfunction.75, 76 It is important to note that I evaluated the α3 subunit first, to identify the 

impact that silencing the α4 subunit had on other α-subunits. I did attempt to visualize the 

α4 subunit as well, however, the antibody we had at the time did not work well. In the 

future, this experiment should be redone to evaluate several proteasome subunits, 

particularly the α4 subunit. 

 

 

Figure 3.9: PSMA7 siRNA reduced the levels of the α3 subunit and leads to an 

increase in ubiquitin.  

The levels of α3 and total ubiquitin in ZsGreen HEK-293T cells that were transfected 

with PSMA7 (α4) siRNA for 2, 4, 5, and 7 days as compared to cells that were not 

transfected. α3 subunit and ubiqutin were visualized using immunoblotting with GAPDH 

used as the loading control. *Note this is an n:2. 
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3.3.4 Evaluation of Lowered Proteasome Levels and the Unfolded 

Protein Response 

With the results from the studies conducted with the ZsGreen HEK-293T cells, I was 

interested in evaluating if lowering proteasome concentrations would activate the UPR. I 

conducted the following assays with PC12 cells, which are suspension cells. The use of 

suspension cells is advantageous due to the ability to easily use the same sample of cells 

for several experiments, allowing for a direct comparison of the data obtained from each 

study with a high degree of continuity. For example, one could evaluate intact cells' 

proteasome activity and the directly compare its impact on specific protein levels using 

cell lysates. Thus, PC12 cells were transfected with the PSMA7 (α4) siRNA for zero, two, 

four, and six days. After each time point, I plated 15,000 cells/well in a white 384-well 

plate from the samples and quantified the proteasome activity using Proteasome Glo. The 

day zero time point acted as the vehicle control. It is important to note that this is 

preliminary data and only an n of 1 and that these studies must be replicated to identify if 

the trends are significant. Two days after transfecting the cells with the PSMA7 (α4) 

siRNA, 93% proteasome activity was observed compared to the zero day time point. 

However, the four and six day time points displayed 73% and 59% proteasome activity 

remaining, respectively (Figure 3.10A). The PC12 cells were lysed in a non-denaturing 

buffer (20 nM Tris-HCl, 5 mM MgCl2, 1 mM ATP, 0.5 mM EDTA, and pH 8), and the cell 

lysate was first used to evaluate the levels of α4 and proteins ubiquitinated at the K48 

position through western blot analysis. The decline in activity was closely mirrored by the 

levels of α4 remaining visualized through immunoblotting (Figure 3.10B). PC12 cells 

exposed to the PSMA7 (α4) siRNA for two days did not have an observable difference 
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compared to the zero day time point (Figure 3.10B). In contrast, the four and six day time 

points were observed to have 71% and 49% α4 present, respectively. Interestingly, the 

increase in K48 ubiquitin was only observed in the four day samples, with a 156% 

increase of K48 ubiquitinated proteins. Inversely, the six day sample had 80% total 

ubiquitin compared to the vehicle (Figure 3.10B). This trend could be associated with the 

synergetic relationship between the autophagy pathway and the UPS if reproducible. It 

has been identified that the autophagy pathway can compensate for the loss of 

proteasome activity.95, 96 Further studies should be conducted to evaluate if the activity of 

the autophagy pathway is enhanced during long periods of diminished proteasome levels.  

 

Figure 3.10: Silencing of the α4 subunit with siRNA leads to decreased proteasome 

activity.  

(A) The activity of the proteasome and (B) α4 and total ubiquitin levels in PC12 cells that 

were transfected with PSMA7 (α4) siRNA for 0, 2, 4, and 6 days. GAPDH was used as the 

loading control. *Note n:1.  
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Next, I evaluated the level of unfolded proteins in PC12 cells that were exposed to the 

PSMA7 (α4) siRNA. An increase in the mis and unfolded protein levels would indicate 

perturbed proteostasis and could be a marker for UPR activation. Typically, cysteine 

residues are protected through protein folding, preventing aberrant oxidation of cysteine 

residues exposed to the solvent.97 However, in the case of the UPR activation, mis- or 

unfolded proteins accumulate, often exposing a free and reactive cysteine residue.98 The 

TPE-MI probe can react with the exposed cysteine residues, and the conjugation enables 

a fluorescent emission, allowing for the relatively easy quantification of mis- and unfolded 

proteins in cell samples.98 I hypothesized that the concentration of unfolded proteins 

would increase with the impaired activity of the proteasome (caused by reduced 

proteasome levels rather than direct inhibition). I tested my hypothesis by first transfecting 

PC12 cells with the PSMA7 (α4) siRNA for five days. I included samples of unmodified 

PC12 cells, which were treated with 100 nM of 4μ8C, 2.5 µM of Eeyarestatin I, or DMSO 

for 24 hours. The IREα RNAse inhibitor, 4μ8C, can partially inhibit the induction of the 

UPR through the inhibition of the most conserved UPR sensor, the IREα branch, 99, 100 

The second molecule that was included as a control was an ERAD inhibitor, Eeyarestatin 

I.79 While Eeyarestatin I is not a direct proteasome inhibitor, it does impair the activity of 

the ERAD, leading to the activation of the UPR.101  The samples treated with DMSO acted 

as the vehicle control. 

After the treatment and transfection period, I plated 10,000 cells/well in 99 μL of media in 

a black 96-well plate and added 1μL of TPE-MI in PBS (final concentration of 50 μM). The 

cells and TPE-MI were incubated for 30 minutes at 37 °C before evaluating the 

fluorescent emission using a plate reader. The cells transfected with PSMA7 (α4) siRNA 
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had a 297% increase in the unfolded protein-associated fluorescence compared to the 

vehicle control. The results of the two control compounds were as expected; there was a 

minor increase in fluorescence in the samples treated with 4μ8C (137%). In comparison, 

there was a 589% increase in cells treated with Eeyarestatin I (Figure 3.11A). The 

increase in the levels of unfolded proteins in the cells was then compared to the level and 

activity of the proteasome through immunoblotting. The PC12 cells were lysed using the 

non-denaturing lysis buffer, and the levels of α4 and K48 ubiquitinated proteins were 

visualized through immunoblotting (Figure 3.11B). In agreement with my previous 

studies, cells transfected with the PSMA7 (α4) siRNA for four days had 44% α4 compared 

to the untreated and unmodified vehicle control. In addition, PSMA7 (α4) siRNA 

transfected samples had a 186% increase in K48 ubiquitin. Interestingly, both the 

samples treated with 4μ8C and Eeyarestatin I slightly decreased the levels of α4, with 

79% and 87% compared to the vehicle control, respectively (Figure 3.11B). However, 

this trend may not be significant once replicated. Furthermore, the samples treated with 

4μ8C showed a 48% decrease in the ubiquitin levels while samples treated with 

Eeyarestatin I displayed a 363% increase in ubiquitin (Figure 3.11B). The results from 

the sample treated with Eeyarestatin I was unsurprising due to the ubiquitin-dependent 

degradation that the ERAD of misfolded proteins conducts from the ER.102  
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3.3.5 Future Work  

While this project's preliminary data looks promising, several studies must be conducted 

to finish this story. The results must be replicated to ensure that the trends are significant 

and reproducible. Ideally, an inducible PSMA7 (α4) siRNA cell line would be created to 

eliminate transfection-associated toxicity and allow for constant reduction of the α4 

subunit. This system would be great for evaluating the long-term induction of the UPR 

Figure 3.11: Silencing of PSMA7 (α4) leads to increased levels of misfolded 

proteins.  

(A) The level of unfolded associated fluorescence of the TPE-MI probe in PC12 cells 

that were transfected with PSMA7 siRNA or treated with 100 nM of 4µ8C or 2.5 µM of 

Eeyarestatin I. (B) The levels of α4 and ubiquitin in PC12 cells that were transfected 

with PSMA7 siRNA or treated with 100 nM of 4µ8C or 2.5 µM of Eeyarestatin. GAPDH 

was used as the loading control. *Note n:1.  
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and associated apoptosis. Furthermore, the activation of the three main UPR branches 

should be evaluated using immunoblotting. Once this model is firmly established, the 

impact of 20S proteasome enhancers on the activation and chronic induction of the UPR 

could be investigated. The TPE-MI probe could screen small molecules to reduce mis- 

and unfolded proteins within the system. Then, the levels of UPR markers could be 

evaluated using immunoblotting or ELISA. 

3.4 Conclusion 

A defining feature of the heterogeneous class of synucleinopathies is the formation of α-

synuclein aggregates. However, other characteristics are standard in this class of 

neurodegenerative diseases, such as the diminished levels of proteasome subunits12 and 

the activation of the UPR through ER stress.62, 63, 64  In developing therapeutics to treat 

complex neurodegenerative diseases, the ability to alleviate several cellular dysfunctions 

is needed. Thus, cellular models that recapitulate these cellular dysfunctions must be 

designed to identify the therapeutic potential of 20S proteasome enhancers. Using the 

co-aggregative nature of α-synuclein and p25α, I developed a cellular model that 

recapitulated MSA-like aggregation and proteasomal impairment. With the addition of 20S 

proteasome enhancers, the aggregation between α-synuclein and p25α can be disrupted, 

thus restoring proteasome activity, and preventing the associated cytotoxicity. 

Furthermore, using siRNA to reduce the levels of proteasome within the cell shows 

promise in developing a cellular model that mirrors the chronic activation of the UPR 

through constant stress to the ER. While this model is still in development, these two 

cellular models could be used to thoroughly evaluate the potential of 20S proteasome 

enhancement for treating neurodegenerative diseases such as MSA and PD.   
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APPENDIX 

Methods  

Cell Culture 

HEK-293T cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 

1% penicillin–streptomycin and 10% fetal bovine serum. PC12 cells were cultured in 

RPMI 1640 supplemented with 1% penicillin–streptomycin, 5% fetal bovine serum and 

10% horse serum. All cell lines were maintained at 37 °C with 5% CO2 in 10 cm tissue 

treated plates. Cell lines were routinely tested for mycoplasma contamination. 

Section 3.2 Associated Methods 

Antibodies 

Primary antibodies used for the immunoblotting of the purified α-synuclein degradation, 

in vitro proteasome impairment, and the HEK-293T cellular studies were mouse 

monoclonal anti-α-synuclein IgG (1:1333) and anti-mouse HRP-linked IgG (1:1000). For 

the in vitro degradation of p25α, rabbit monoclonal anti-p25α IgG (1:1000) and anti-rabbit 

HRP-linked IgG (1:1000), were used. The PC12 cellular studies utilized rabbit anti-α-

synuclein IgG (1:1000) and HRP tagged anti-ubiquitin (1:1000). For all studies the HRP 

tagged anti-GAPDH (1:1333) was used.  

DNA transfection and immunoblotting 

The HEK-293T cells were plated in 60 mm plates and grown to 80% confluency. The cells 

were then transiently transfected with Xtreme gene and the desired plasmid (5 µg of DNA, 

TPPP and A53T α-synuclein, and 10 µL of transfection reagent for a 1:2 dilution) diluted 

in 500 μL Opti-mem. The expression of the target protein was conducted for 48 hours 

before treatment for an additional 16 hours. After the cells were treated with the test 
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compounds or DMSO, the cells were scraped from the plate and washed with PBS.  The 

plate was washed with PBS as well. The scraped cells in media and PBS were pelleted 

(300g for 5 minutes). The supernatant was removed, and the cell pellet was washed with 

ice cold PBS and once again pelleted (300g for 5 minutes). The PBS supernatant was 

removed, and the cell pellet was lysed with RIPA buffer with added protease inhibitors. 

The cell lysate was incubated for 15 minutes on ice. The lysate was centrifuged for 25 

minutes at 500 g, then the supernatant was removed while the debris pellet was disposed 

of. Like the experiments with the HEK-293T cells, the PC12 were plated in 60 mm plates 

after being strained with Flowmi® Cell Strainers. The PC12 cells were then transfected in 

the same manner as the HEK-293T cells, using the same protein expression and 

treatment period. After the treatments, the cells were collected with media and pelleted 

(300g for 5 minutes). The supernatant was removed, and the cell pellet was washed with 

ice cold PBS and pelleted again (300g for 5 minutes). The PBS supernatant was removed, 

and the cell pellet was resuspended with PBS that contained protease inhibitors and lysed 

using sonication. The lysate was centrifuged for 25 minutes at 1000 g, then the 

supernatant was removed while the debris pellet was disposed. The concentration of total 

protein in each sample was calculated using the Pierce BCA Protein Analysis Kit, and 

lysates were standardized to the lowest total protein concentration.  

For all immunoblotting, a concentrated Laemmli sample buffer supplemented with 25% 

β-mercaptoethanol was added to all the samples and boiled for 10 minutes. The samples 

were then resolved on a 4-20% Tris-glycine SDS-PAGE gel and transferred onto a PVDF 

membrane using Mini Trans-Blot Electrophoretic Transfer Cell for 1 hour and 30 minutes. 

The membranes were blocked for 30 minutes with 5% Blocking Buffer at room 
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temperature. The membrane was then incubated with the desired primary antibody (listed 

in the antibody section with dilution ratios) in 10 mL of Tris-buffered saline Tween 20 

(TBST: 1x solution was made from a 10x TBS solution) at 4 ˚C for 16 hours.  The 

immunoblots were washed with 1x TBST for 3x3 minutes before being incubated with the 

corresponding secondary antibody at room temperature for 1 hour. The immunoblots 

were developed with ECL Western reagent and imaged with an Azure Biosystems 300Q 

imager. If several proteins were probed for, the immunoblots were stripped using a mild 

stripping buffer (200 mM glycine, 3.5 mM SDS, and 8 mM Tween 20 with a pH of 2.2) for 

20 minutes and then washed with TBST for 3x 5 minutes before re-probing. Immunoblots 

were then quantified using the Bio-Rad Image Lab software.  

Purified p25α digestion with 20S proteasome 

The degradation of p25α was carried out in a total reaction volume of 25 μL. A solution of 

an 8.5 nM proteasome stock was made in 120 mM NaCl, 50 mM Tris, and 0.1% β-

mercaptoethanol buffer with a pH of 7.2. A final concentration of 7.5 nM of 20S 

proteasome was treated with 0.5 μL of either DMSO or 10 µM of 36, 39, or 54 for 30 

minutes at 37 °C. During this 30-minute incubation, a 5,000 nM stock of purified p25α 

was incubated with 100 µM of DTE for 30 minutes at room temperature. After incubation, 

the purified 2.5 μL p25α (final concentration of 500 nM) was added to the 

drug:proteasome solution for an additional 3 hours. Then, 0.5 μM of GAPDH  was added 

as a loading control. A concentrated SDS loading buffer was also added, then the 

samples were boiled for 15 minutes to stop the digestion and immunoblotted. 
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Purified 20S proteasome impairment by p25α/α-synuclein aggregates 

Proteasome impairment was evaluated in a 50 μL reaction volume, and a stock solution 

of 18.75 nM of 20S proteasome was made in a 120 mM NaCl, 50 mM Tris, and 0.1% β-

mercaptoethanol buffer with a pH of 7.2. Samples were then made with 40 μL of a 20S 

proteasome solution (final concentration of 15 nM) and then 5 μL of either PBS, α-

synuclein (final concentration of 700 nM), or p25α (final concentration of 150 nM) for 45 

minutes at 37 ˚C. An additional sample of 700 nM α-synuclein and 150 nM p25α were 

incubated for 45 minutes at 37 ˚C. After this incubation, 1 μL of Me4BodipyFL-

Ahx3Leu3VS fluorescent probe was added to a final concentration of 1.5 µM. Then, 0.5 

μM of GAPDH was added as a loading control. A concentrated SDS loading buffer was 

also added, then the samples were boiled for 15 minutes to stop the digestion. The 

samples were then resolved on a 4-20% Tris-glycine SDS-PAGE gel, and the 

fluorescence was visualized using Azure Biosystems 300Q imager at an excitation of 524 

nm and emission of 572 nm. The samples were then immunoblotted. 

P25α induced α-synuclein fibrillization and proteasome impairment in PC12 cells 

The PC12 cells transiently transfected with the A53T α-synuclein plasmid were treated 

with either DMSO or 10 μM of compounds 36, 39, or 54 for 2 hours, or cells were treated  

with  purified p25α (final concentration of 160 nM, diluted in PBS) for 2 hours (after the 

48-hour expression period). After this incubation, the cells treated with the compounds 

first were treated with purified p25α. The cells treated with p25α first were then treated 

with DMSO or 10 μM of compounds 36, 39, or 54 (0.1 % final DMSO concentration). After 

this second treatment, cells were incubated for an additional 24 hours. 
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RB1 Probe Fibrillization 

Prior to being lysed, PC12 cells were once again strained with the tip cell strainer and 

plated to 10,000 cells/well (100 μL volume) in a black opaque bottom 96-well plate. Then, 

1 μL of the RB1 probe (final concentration of 800 nM, synthesized following reported 

protocol)64 were added to each plate and incubated for 45 minutes at 37 ˚C. After this 

incubation, the fluorescence of each well was evaluated using a microplate reader at an 

excitation of 561 nm and emission of 589 nm.  

Proteasome Glo  

Like the RB1 probe assay, prior to lysis, the PC12 cells were strained and plated to 3,000 

cells/well in a white 384-well plate at a 20 μL volume. Then, 10 μL of the Proteasome Glo 

reagent was added and incubated at room temperature for 20 minutes. The luminescence 

for each well was identified using the microplate reader.  

Cytotoxicity 

The PC12 cells were plated in a white 384-well plate (2,500 cells/well at a 15 µL total 

volume) after being strained with a cell strainer. Each well was either transfected with no 

plasmid, 0.5 µg of an A53T α-synuclein plasmid, 0.1 µg of a p25α plasmid, or a 

combination of the A53T α-synuclein and p25α plasmids and 1.2 µL of the transfection 

reagent (diluted in a final volume of 15 µL in the Opti-mem). After a 24-hour transfection, 

DMSO and 3 µM of 36, 39, and 54 were added (DMSO samples of each treatment were 

diluted in Opti-mem to a final DMSO concentration of 0.03%) for an additional 72 hours. 

Then, 10 µL of the Cell Titer Glo reagent or 10 µL of the Proteasome Glo reagent were 

added, and the luminescence per well was recorded.  The cell viability and proteasome 

activity assays for the HEK-293T cells were conducted in the same manner, but with the 



 

250 
 

following alterations. The A53T α-synuclein plasmid was lowered to 0.1 µg with 0.02 µg 

of the p25α plasmid. The treatment time was lowered to 48 hours from 72 hours. 

Systematic treatment with purified p25α.  

PC12 cells were plated at 2,500 cells/well in a white 384-well plate to a volume of 15 µL. 

Cells were then transfected with either no plasmid or 0.5 µg of the A53T α-synuclein 

plasmid and 1 µL of the transfection reagent (diluted up to 15 µL of Opti-mem). After 24 

hours, cells were treated with DMSO or 3 µM of compounds 36, 39, and 54. The cells 

were also treated with 160 nM of p25α, which was done every 24 hours for 3 days. Then, 

10 µL of the Cell Titer Glo reagent was added, and the luminescence per well was 

recorded.  

Section 3.3 Associated Methods 

Antibodies  

Primary antibodies used for the immunoblotting of the cell-based assays were a rabbit 

monoclonal anti ZsGreen  IgG (1:2000), HRP tagged anti-ubiquitin (1:1000),  mouse anti- 

α3 (1:1000), mouse anti-α4 (1:1000), anti-mouse HRP-linked IgG (1:1000), and an anti-

rabbit HRP-linked IgG (1:1000). For all studies the HRP tagged anti-GAPDH (1:1333) 

was used. 

siRNA transfection and immunoblotting 

The HEK-293T cells were plated in 60 mm plates and grown to 30% confluency. The cells 

were then transiently transfected with Xtreme gene and the desired plasmid. 0.5 µg of 

PSMA7, PSMA1, or PSMA4 siRNA was diluted in 50 μL Opti-mem. Then 2.5 μL of the  

transfection reagent was diluted in 50 μL Opti-mem. The transfection reagent dilution was 

then added to the siRNA dilution. The silencing of the target protein was conducted for 
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24 and 48 hours or for 2, 4, 6, and 8 days for the time trials. 24 hours before the time 

point was finished, the compound of interest was added. For immunoblotting the cells 

were scraped from the plate and washed with PBS.  The plate was washed with PBS as 

well. The scraped cells in media and PBS were pelleted (300g for 5 minutes). The 

supernatant was removed, and the cell pellet was washed with ice cold PBS and once 

again pelleted (300g for 5 minutes). The PBS supernatant was removed, and the cell 

pellet was lysed with RIPA buffer with added protease inhibitors. The cell lysate was 

incubated for 15 minutes on ice. The lysate was centrifuged for 25 minutes at 500 g, then 

the supernatant was removed while the debris pellet was disposed of. Like the 

experiments with the HEK-293T cells, the PC12 were plated in 60 mm plates after being 

strained with Flowmi® Cell Strainers. The PC12 cells were then transfected in the same 

manner as the HEK-293T cells, silencing the PSMA7 gene for 2, 4, and 6 days. Then the 

cells were collected with media and pelleted (300g for 5 minutes). The supernatant was 

removed, and the cell pellet was washed with ice cold PBS and pelleted again (300g for 

5 minutes). The PBS supernatant was removed, and the cell pellet was resuspended with 

PBS that contained protease inhibitors and lysed using sonication. The lysate was 

centrifuged for 25 minutes at 1000 g, then the supernatant was removed while the debris 

pellet was disposed. The concentration of total protein in each sample was calculated 

using the Pierce BCA Protein Analysis Kit, and lysates were standardized to the lowest 

total protein concentration.  

For all immunoblotting, a concentrated Laemmli sample buffer supplemented with 25% 

β-mercaptoethanol was added to all the samples and boiled for 10 minutes. The samples 

were then resolved on a 4-20% Tris-glycine SDS-PAGE gel and transferred onto a PVDF 
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membrane using Mini Trans-Blot Electrophoretic Transfer Cell for 1 hour and 30 minutes. 

The membranes were blocked for 30 minutes with 5% Blocking Buffer at room 

temperature. The membrane was then incubated with the desired primary antibody (listed 

in the antibody section with dilution ratios) in 10 mL of Tris-buffered saline Tween 20 

(TBST: 1x solution was made from a 10x TBS solution) at 4 ˚C for 16 hours.  The 

immunoblots were washed with 1x TBST for 3x3 minutes before being incubated with the 

corresponding secondary antibody at room temperature for 1 hour. The immunoblots 

were developed with ECL Western reagent and imaged with an Azure Biosystems 300Q 

imager. If several proteins were probed for, the immunoblots were stripped using a mild 

stripping buffer (200 mM glycine, 3.5 mM SDS, and 8 mM Tween 20 with a pH of 2.2) for 

20 minutes and then washed with TBST for 3x 5 minutes before re-probing. Immunoblots 

were then quantified using the Bio-Rad Image Lab software.  

ZsGreen HEK-293T siRNA screening  

In a 6 well plate, Hek-293T cells that stably express ZsGreen protein were plated and 

grown to 30% confluency. Then following the siRNA transfection protocol, the cells were 

transfected with  PSMA7, PSMA1, and PSM4 siRNA or treated with 500 nM of BTZ. The 

fluorescent signal of the cells was evaluated 24 and 48 hours after the transfection using 

a Biotek Cytation 3 plate imager. Using PSMA7 as the ideal siRNA to lower proteasome 

activity, the cells plated on a 24 well plate and grown to a 30% confluency,  were 

transfected using the transfection protocol. After 24 hours, the cells were treated with 10 

μM of TCH-165. Then using the Biotek Cytation 3 plate imager, the fluorescence of each 

well was recorded. Then samples of each cell were analyzed for cell viability using 10 uL 
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of the cell culture and 10 uL of the Cell Titer Glo reagent. The fluorescent signal observed 

in cells that were transfected with the PSMA7 siRNA acted as the vehicle control.  

Proteasome Glo 

Following the transfection protocol, PC12 cells were transfected with the PSMA7 siRNA 

for 0, 2, 4, and 6 days. To ensure that the studies were finished at the same time, the 6-

day time point were the first samples transfected and then the 4-day followed by the 2-

day time point. The transfected PC12 cells were plated on a white 384 well plate and 

15,000 cells/well in 25 μL of media. Then 25 μL of the proteasome glo reagent was added. 

The plate was incubated for 15 minutes at room temperature and then read using the 

plate reader. The cells that were transfected for the 0-day time point was used as the 

vehicle control.  

UPR evaluation in PC12 with PSMA7 siRNA 

Following the transfection protocol, PC12 cells were transfected with the PSMA7, the 

PSMA7 gene was silenced for 5 days. At day 4, cells were treated with 100 nM of 4μ8C 

and 2.5 μM of Eeyarestatin I for 24 hours. Then 10,000 cells/well were added to black 96-

well plates in 99 μL of media. Then 1 μL of TPE-MI (final concentration of 50 μM) is added. 

The cells were then incubated for 45 minutes at 37 °C and then read using a plate reader, 

with excitation of 350 nm and emission of 470 nm. The cells that were unmodified acted 

as the vehicle control.  

  



 

254 
 

Replicates 
 

Section 3.2 

 

 

Figure 3.12: Westerns of p25a degradation by purified 20S proteasome treated 10 

μM of compounds 36, 39, and 54. The quantification values were all normalized 

to the GAPDH, and gels shown are indicative of n=3 independent experiments.   
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Figure 3.13: Activity gel of the 20S proteasome when treated with different orders 

of addition of purified p25α and α-synuclein compared to the remaining levels of 

α-synuclein. The quantification values were all normalized to the GAPDH, and 

gels shown are indicative of n=3 independent experiments.   
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Figure 3.14: Western blots of p25a degradation in HEK-293T cells treated with 

vehicle (DMSO), BTZ, and 10 μM of compounds 36, 39, and 54. The quantification 

values were all normalized to the GAPDH, and gels shown are indicative of n=3 

independent experiments.  Error bars based on standard deviation. 
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Figure 3.15: Western blots of p25a degradation in PC12 cells treated with vehicle 

(DMSO), BTZ, and 10 μM of compounds 36, 39, and 54. The quantification values 

were all normalized to the GAPDH, and gels shown are indicative of n=3 

independent experiments.  Error bars based on standard deviation. 
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Figure 3.16: Western blots of ubiquitin levels in HEK-293T cells that were treated 

with DMSO and 10 μM of compounds 36, 39, and 54. The quantification values 

were all normalized to the GAPDH, and gels shown are indicative of n=3 

independent experiments.  Error bars based on standard deviation. 
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Figure 3.17: Western blots of A53T mutated α-synuclein degradation in HEK-293T 

cells that were pretreated with 500 nM Bafilomycin A1 and then treated with 

DMSO and 10 μM of compounds 36 and 39. The quantification values were all 

normalized to the GAPDH, and gels shown are indicative of n=3 independent 

experiments.  Error bars based on standard deviation. 
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Figure 3.18: Western blots of A53T α-synuclein and ubiquitin levels in PC12 cells 

that were treated with DMSO and 10 μM of compounds 36, 39, and 54 for two 

hours before the addition of 160 nM purified p25α. The quantification values were 

all normalized to the GAPDH, and gels shown are indicative of n=3 independent 

experiments.  Error bars based on standard deviation. 
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Section 3.3 Replicates 
 

 

Figure 3.19: Western blots of ZsGreen HEK-293T cells that were transfected with 

PSMA7 (α4) siRNA for 2, 4, 5, and 7 days as compared to cells that were not 

transfected. α3 subunit and ubiqutin were visualized using immunoblotting with 

GAPDH used as the loading control. *Note this is an n:2. 
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CHAPTER FOUR 

Development and Utilization of the First Cell-Based High-Throughput Screen for 

20S Proteasome Enhancers 
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4.1 Introduction 

IDPs have become a focus in the development of therapeutics for a range of diseases, 

yet the innate flexibility of IDPs poses a significant obstacle in the development of direct 

small molecule modulators.1, 2 Preventing IDP accumulation by enhancing the proteolytic 

activity of the 20S proteasome using small molecules and peptides is therefore 

considered a promising alternative.3, 4, 5, 6, 7 While there has been significant progress in 

the development of small molecule and peptide 20S proteasome enhancers, the chemical 

space is limited, and few molecules display potent cellular activity. Novel classes of 20S 

proteasome enhancers must be identified to evaluate this new therapeutic strategy further 

in cell models and in vivo. To address this need, cellular activity assays must be 

developed to meet the demands of high-throughput screening.  

Standard proteasome activity measurement assays utilize a modified small peptide 

substrate conjugated to a 4-amino-7-methylcoumarin (AMC) probe.8 Although the AMC 

probes are valuable tools, their small size allows them to enter the 20S proteasome core 

without the gate being fully open, leading to poor sensitivity.9 Furthermore, the AMC-

based small peptide probes are not cell permeable, limiting their use to cell lysates or 

purified enzymatic assays.10 With the limitations in mind, Forester Resonance Energy 

Transfer (FRET) based probes were designed to evaluate proteasome activity in vitro.11 

The sensitivity of the FRET probes makes them an ideal choice for high-throughput 

assays when using purified 20S proteasome.12 However, similarly to the AMC probes, 

the FRET probes are not cell permeable, limiting their use to examining non-cellular or 

cell lysate proteasomal activity.10, 12 In addition, small peptide probes are designed to 

mimic the preferred cleavage site of each proteasomal catalytic site.9 Moreover, all three 
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probes must be combined to evaluate the overall proteasome activity. The protocols of 

proteasome inhibition and enhancement often differ drastically. For example, the 

proteasome must be artificially activated with a detergent, like sodium dodecyl sulfate 

(SDS), to test for proteasome inhibition.13 Furthermore,  the proteolytic degradation of the 

small peptide probes (with 3-5 amino acids) doesn’t necessarily recapitulate the 

endogenous proteosome-mediated degradation of full-size proteins. To address the 

shortcomings, we sought to develop a cellular high-throughput assay capable of detecting 

small molecules that induce 20S proteasome-mediated degradation of intact intrinsically 

disordered proteins.  

The two-bead assay, known as an AlphaLISA (Amplified Luminescent Proximity 

Homogeneous Assay Linked Immunosorbent Assay), provides an ideal platform to 

evaluate the total concentration of the full-length GFP-ODC protein due to its high 

sensitivity and ease of modification. Herein, we describe the development of a cell-based 

AlphaLISA designed to measure the proteolytic degradation of a well-known IDP, 

ornithine decarboxylase (ODC), that is tagged with a green fluorescent protein 

(GFPSpark) on its N-terminus (Figure 3.1A).7  Compared to other GFP types, GFPSpark 

folds more quickly and maintains its exceptionally stable β-barrel structure, resulting in a 

high degree of stability that proves difficult for even the 19S cap’s unfolding abilities to 

overcome.14 ODC is a homodimeric enzyme that plays a vital role in the biosynthesis of 

polyamines. In its monomeric form, ODC is inactive, intrinsically disordered, and can be 

degraded by the 20S proteasome.7, 15 The opposing structural characteristics of 

GFPSpark and ODC make their conjugated protein combination an ideal substrate for the 

evaluation of 20S proteasome modulation by small molecules. Utilization of the cell based 
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AlphaLISA enabled us to screen the NIH Clinical Library and the Prestwick Library, 

identifying erlotinib as a new 20S proteasome enhancer.   

4.2 Development and Utilization of AlphaLISA Based High-

Throughput Screen 

4.2.1 Rational  

AlphaLISA assays rely on an electron transfer between two beads: a donor and an 

acceptor bead.16, 17 When the donor bead is excited with 680 nm of light, a singlet oxygen 

species is produced.16, 17 The oxygen species can travel approximately 200 nm and add 

across an alkene double bond of a thioxene derivative on the acceptor bead.18 The energy 

released during this reaction then excites a Europium chelate, ultimately emitting a signal 

around 615 nm.16, 17, 19 However, if the acceptor bead is not within 200 nm, the reaction 

will not occur, and no signal will be emitted at 615 nm (Figure 3.1B).  

The distance dependency of the AlphaLISA is advantageous in developing a proteasome 

activity assay. Here, the donor bead was coated with streptavidin and conjugated with a 

biotinylated anti-ODC antibody, while the acceptor bead was coated with an anti-GFP 

antibody. When the full-length conjugated protein is present, the two beads are brought 

together, causing the AlphaLISA signal observed at 615 nm. In a cellular setting, the 

proteasome can readily degrade the ODC portion of the conjugated protein, lowering the 

concentration of the full-length GFP-ODC in the cell lysate. The degradation of the GFP-

ODC protein prevents the beads from being kept within 200 nm, decreasing the emission 

signal at 615 nm. Thus, when introducing a proteasome modulator, the degree to which 

ODC is proteolytically degraded will be readily altered. If a proteasome inhibitor is present, 
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the AlphaLISA signal should be increased compared to the signal resulting from the basal 

degradation of untreated proteasomes. Inversely, if a proteasome enhancer is in the 

system, the signal should decrease compared to the untreated control due to enhanced 

proteolysis of ODC.   

 

 

4.2.2 Assay Development  

Before evaluating proteasome modulators, the AlphaLISA assay was optimized to ensure 

the signal is stable and reproducible. To screen the concentrations of both beads and the 

Figure 3.1: Schematic of the GFP-ODC AlphaLISA. 

(A) Schematic of theorized cleavage pattern of the GFP-ODC conjugated protein by 

the 20S proteasome and (B) the interaction between the donor and acceptor beads 

when brought together by the GFP-ODC conjugated protein. 

*Created with BioRender   
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antibodies needed for the highest and most consistent AlphaLISA signal, HEK-293T cells 

transiently expressing GFP-ODC were used. Cells were seeded at 1,000 cells/well in 

white, opaque bottom, 384-well plates. The cells were incubated for 12 hours for cellular 

adherence and recovery from the plating process.  The cells were then directly lysed in 

the assay plate, and eight different combinations of concentrations of the acceptor bead 

(10 µg/mL or 5 µg/mL), streptavidin donor bead (40 µg/mL or 20 µg/mL), and the 

biotinylated anti-ODC antibody (1 nM or 3 nM) were screened. Cell lysates not treated 

with the biotinylated anti-ODC antibody served as the negative control.20 The AlphaLISA 

signal of each condition was then compared to the negative control. All the combinations 

produced a significant signal-to-noise ratio over the negative control; however, cell lysates 

treated with 10 µg/mL anti-GFP acceptor bead, 40 µg/mL Streptavidin donor bead, and 3 

nM of the biotinylated anti-ODC antibody displayed the highest signal-to-noise ratio of 41 

over the negative control. The 10 µg/mL anti-GFP acceptor bead, 40 µg/mL Streptavidin 

donor bead, and 3 nM of the biotinylated anti-ODC antibody conditions were carried 

forward to optimize cell type and number.20 

While the transiently transfected cell line produced a high signal-to-noise ratio, a stable 

cell line would ensure signal stability and reproducibility. Furthermore, a stable cell line 

would be needed to adapt our assay for high-throughput screening.  Using flow cytometry, 

a pool of HEK-293T cells that were stably transfected with the GFP-ODC construct were 

sorted into medium (light green box) and high GFP (dark green box) expressors (Figure 

4.2A). The resulting cell populations were seeded at 2,500 cells/well in the white 384-well 

plates. The AlphaLISA was performed using the previously optimized bead concentration. 

Interestingly, the cells that expressed high levels of GFP did not produce any AlphaLISA 
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signal (Figure 4.2B), while the medium expressors displayed a significant signal-to-noise 

ratio of 15. At substantially high concentrations of the analyte (GFP-ODC), non-productive 

complexes can be formed i.e., GFP-bound beads or ODC-bound beads only, but not the 

ternary complex, which is known as the Hook effect. 

Using the “pool of medium expressers,” the optimal number of cells/well was determined 

(Figure 4.2C-E). The HEK-293T cells were seeded at 2,500 cells/well, 5,000 cells/well, 

and 10,000 cells/well in a white 384-well plate. As the cells were plated, samples from 

each seeding condition were also treated with a proteasome inhibitor, Bortezomib (BTZ), 

and a known 20S proteasome enhancer, TCH-165 7  to identify which cell number would 

produce the most significant signal difference between the two proteasome modulators 

and the untreated vehicle. In parallel, we conducted the assay with and without 

cycloheximide (CHX) to visualize whether halting protein production is needed to observe 

a significant effect by proteasome modulators (Figure 4.2C-E).20  

While all three seeding conditions displayed a high AlphaLISA signal, the non-CHX 

treated samples seeded at 10,000 cells/well displayed a signal-to-noise ratio of 23 over 

the negative control, making the 10,000 cells/well seeding conditions optimal (Figure 

4.4E). The CHX-treated samples seeded at 10,000 cells/well only had a signal-to-noise 

ratio of 6. The percent change observed with the proteasome inhibitor, BTZ, and the 

proteasome activator, TCH-165,7 were comparable between the CHX-treated and non-

treated cells. Therefore, eliminating the addition of CHX streamlines the assay workflow 

without affecting the magnitude difference that the proteasome modulators have on the 

AlphaLISA signal.20  
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Upon optimization of the AlphaLISA, we executed a Z’ test to evaluate the robustness of 

the assay, allowing for validation that the AlphaLISA could be employed in a high-

throughput screen. A Z’ test measures the Z’ factor which is a function of assay quality. 

The Z’ factor describes the separation between the positive and negative control, giving 

an indication of the likelihood of false negatives or positives.21 Assays that have a Z’ factor 

of 0.5 of higher are considered to be excellent candidates for high-throughput screening. 

The AlphaLISA assay was carried out in a white 384-well plate, and half of the wells were 

not treated with the biotinylated anti-ODC antibody to act as our negative control. The Z’ 

factor was determined using the data collected from these experiments (Figure 4.2F). 

Using the median values and median absolute deviation, the Z’ robust factor was 

calculated to be 0.69, indicating the high reproducibility and robustness of the assay. The 

robust Z’ factor reduces the influence of outliers, while the standard Z’ factor equation  

would have to be manually manipulated to account for them.22 While the Z’ factor was 

excellent, we still needed to validate a dose-response signal decrease with a proteasome 

activator, TCH-165 (Figure 4.2G). Using optimized conditions, the assay produced a 

clear dose-response decrease when subjected to a range of TCH-165 concentrations, 

resulting in an IC50 of 10 µM (Figure 4.2G), deeming the assay optimized and ready to 

use in a 2,000-compound screen.20  
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Figure 4.2: Optimization of the GFP-ODC AlphaLISA. 

(A) Distribution of GFP expressors sorted using Flow Cytometry. The lighter green box 

represents cells that display a “medium” GFP signal (mGFP+), while the dark green 

box are the cells that display a “high” GFP signal (hGFP+). (B) The AlphaLISA signal 

of each of the cell populations. AlphaLISA signal of (C) 2,500 cells/well, (D) 5,000 

cells/well, and (E) 10,000 cells/well when treated with DMSO, 10 µM TCH-165, and 2 

µM of BTZ in two conditions, with and without cycloheximide (CHX).  
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4.2.3 Prestwick and NIH Clinical Compound Library Screening 

With the successful development of the AlphaLISA and the validation of its reproducibility 

and robustness, the Prestwick and the NIH Clinical compound libraries were screened. 

Prior to beginning the screen, we established the criteria required for a molecule to be 

considered a hit: compounds that reduced the AlphaLISA signal by >35% with >90% cell 

viability in a parallel Cell Titer Glo assay. We also established the orthogonal assays 

needed to evaluate the hit compounds and the activity that they must exhibit to be 

considered a lead compound (Figure 4.3). The AlphaLISA was performed using the 

optimized conditions, and once the cells were plated in a white 384-well plate, we 

immediately treated samples with 15 µM of each of the test compounds for 16 hours.  Of 

the 2,000 compounds screened from the two libraries, 62 compounds lowered the 

AlphaLISA signal by 35% while maintaining at least 90% cell viability and were carried 

forward.    

To eliminate false positives, we used a TrueHits assay to evaluate the interaction of the 

62 compounds with the AlphaLISA signal itself. Compounds that inhibited the AlphaLISA 

signal by 25% or more were removed, leaving 36 compounds. The 36 compounds were 

Figure 4.2 (cont’d) 

(One-way ANOVA statistical analysis was used to determine statistically significant. 

(ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (F) The sample 

distribution from a full 384 well plate to examine the Z’-score, which was calculated to 

be 0.635. (G) The dose-response inhibition of the AlphaLISA signal by TCH-165. (H) 

Structure of TCH-165. 
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then evaluated in a GFP-ODC AlphaLISA using an 8-point titration (80 μM-0.625 μM) 

using solutions made from the original library compound plates.  

Of the 36 compounds, 11 displayed a 35% inhibition of the GFP-ODC AlphaLISA signal 

at 15 μM. Fresh powder stocks of the 11 compounds and a 20S activator identified in our 

2017 screen,6 chlorpromazine (CPZ), were re-evaluated again in an 8-point GFP-ODC 

AlphaLISA (Figure 4.4). CPZ was used as a direct way to compare a successful lead  

identified in the 2017 high-throughput screen and our novel cell-based high-throughput  

 

screen.6 As mentioned, ODC can exist as a disordered monomer or as a structure 

homodimer.15, 23 The structural alterations between the two states may explain the 

inability for the signal to rarely decrease below 50%. The 20S proteasome is responsible 

for the degradation of the disordered monomeric ODC species, but would be unable to 

degrade the larger, structured ODC homodimers.6, 7, 24  Thus, enhancing the activity of the 

Figure 4.3: Screening funnel for the screening of the Prestwick and NIH Clinical 

Libraries, which consist of 2,000 compounds, using the optimized AlphaLISA.   
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20S proteasome is limited to the enhanced degradation of one of the two ODC species 

present, causing the AlphaLISA signal to never reach baseline in samples treated with 

small molecule 20S proteasome enhancers. 

Of the 11 compounds and CPZ, only five compounds displayed a reduction in the GFP-

ODC AlphaLISA signal that could not be directly attributed to decrease in cell number 

(Figure 4.4). Hycanthone, a frame-shift mutagen used to treat schistosomiasis,25 

displayed an IC50 of the AlphaLISA signal of 15.1 µM with a CC50, or the concentration at 

which there is 50% cell death, of 69.7 µM (Figure 4.4A). The EGFR kinase inhibitor,26 

erlotinib, displayed a promising dose response in the AlphaLISA, with no significant cell 

cytotoxicity (Figure 4.4B), but did display poor solubility at the higher concentrations. 

Quinacrine, an antimalarial medication,27 was more cytotoxic with a CC50 of 16.0 µM but 

showed similar potency in the AlphaLISA as erlotinib (IC50 of 4.8 µM, Figure 4.4C). The 

last two compounds, a commonly used mineralocorticoid and androgen receptor 

antagonist, spironolactone,28 and an antibiotic, nifuroxazide,29 showed a decrease in the 

AlphaLISA signal with low cytotoxicity values. However, they did not reduce the signal by 

50% (Figure 4.4D-E). The 8-point titration curves of the remaining six compounds and 

CPZ are displayed in Figure 4.4F. Two compounds, homoharringtonine and triptolide, 

significantly decreased the AlphaLISA signal but not in a dose-dependent manner. 

Homoharringtonine and triptolide are both natural products that have been evaluated for 

treating a variety of cancers, and both natural products inhibit the expression of 

proteins.30, 31 Homoharringtonine inhibits protein translation by preventing the initial 

elongation step through the interaction with the ribosomal A-site,30 while triptolide inhibits 

RNA polymerase II-mediated transcription (Figure 4.4G-H).31 Although the two 
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compounds will not become lead compounds, they represent great controls for our screen 

and emphasize the importance of orthogonal assays to validate our lead compounds. The 

remaining compounds, prazosin, thiothixene, bromocriptine, and fluoxetine, either did not 

reduce the AlphaLISA signal below 50% (Figure 4.4I-L) or did not reduce the AlphaLISA 

signal without significant cell death.20 

Figure 4.4: The 8-point dose response curves of lead compounds.  

Dose response curves  of (A) hycanthone, (B) erlotinib (C) quinacrine, (D) 

spironolactone, (E) nifuroxazide, (F) chlorpromazine, (G) triptolide, (H) 

homoharringtonine, (I) fluoxetine, (J) thiothixene, (K) bromocriptine, (L) prazosin. The 

green line represents cell viability, and the blue line represents percent of the 

AlphaLISA signal, data was graphed with GraphPad Prism 9 [Nonlinear regression: 

Log agonist vs. response-variable slope (3parameters)] 
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4.2.4 Hit Validation  

To ensure direct activation of the 20S proteasome was occurring, the 20S proteasome 

activities of all five compounds and CPZ (as a control) were assessed by utilizing the 

standard fluorogenic 7-amino-methylcoumarin (AMC) in a purified proteasome assay. 

The conjugated small peptide substrates that correspond to each one of the catalytic sites 

in the 20S proteasome were used: chymotrypsin-like site (Suc-LLVY-AMC), caspase-like 

site (Z-LLE-AMC), and trypsin-like site (Boc-LRR-AMC).32 The 20S proteasome was 

treated with a range of concentrations of the compounds and a vehicle control and 

subsequently incubated at 37 °C for 20 minutes. After incubation, an equimolar mixture 

of the three fluorogenic peptide probes (13.3 µM of each) was added, and the fluorescent 

output was recorded every 5 minutes for an hour. The rate of 20S proteasome-mediated 

proteolysis induced by the small molecules was evaluated at varying concentrations to 

determine the EC200. Compounds were added to wells that contained 1 nM of purified 

human 20S proteasome in an 8-point titration with concentrations ranging from 1.25 µM 

to 80 µM. The compounds deemed active were retested at a 10-point concentration 

titration of 0.32 µM to 80 µM.20 

Of the 5 compounds evaluated for purified 20S proteasome activation, only erlotinib 

satisfied our final screening funnel criteria (Figure 4.5A, EC200 < 20 μM). Prazosin was 

also evaluated for the 20S proteasome enhancement due to its structural similarity to 

erlotinib (Figure 4.5A). The 20S proteasome treated with erlotinib and prazosin displayed 

a max-fold increase of 5.7 and 4.5, respectively. Of the three catalytic sites in the 20S 

proteasome, CPZ only activated the chymotrypsin-like site while having an overall max-

fold increase of 6.3.6  The three catalytic sites in the 20S proteasome allosterically 
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communicate with one another.8 CPZ’s selective activation of a single-site may interfere 

with its ability to effectively cleave the GFP-ODC substrate. Unlike CPZ, both prazosin 

and erlotinib were observed to activate more than one catalytic site. Prazosin activated 

two catalytic sites: the caspase-like site (max fold increase of 5.8) and the chymotrypsin-

like site (max fold increase of 4.5) (Figure 4.5B-D). Erlotinib, however, activated the 

trypsin-like, chymotrypsin-like, and caspase-like sites, with max fold increases of 5.9, 5.1, 

and 3.1, respectively (Figure 4.5B-D). The activities of the remaining 4 compounds are 

depicted in Figure 4.5E.20 
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The selectivity of the three compounds for purified 20S proteasome over purified 26S 

proteasome was then evaluated using the same fluorogenic small peptide assay. Only at 

Figure 4.5: Erlotinib and prazosin enhance the activity of the 20S proteasome.  

The activation of the overall 20S proteasome through substrates that evaluate the (A) 

combination catalytic, (B) chymotrypsin-like catalytic site, (C) trypsin-like catalytic site, 

and (D) caspase-like catalytic site by CPZ, erlotinib, and prazosin.  (E) The activity of 

quinacrine, hycanthone, nifuroxazide, and spironolactone towards the 20S 

proteasome. (F) Activation of the 26S proteasome when treated with erlotinib, 

prazosin, and CPZ. 
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the highest concentration, erlotinib and prazosin were able to modestly activate the 26S 

proteasome between 2.5 to 3-fold, with CPZ only enhanced the 26S proteasome 2-fold 

(Figure 4.5F), indicating that the primary enhanced proteolytic activity resides with the 

20S proteasome. 

Due to its efficient proteasome enhancement in vitro, erlotinib was the most promising 

novel proteasome enhancer. To determine if the proteasome activity displayed by 

erlotinib translates to a full-length and pathologically relevant protein, we evaluated if 

erlotinib-treated 20S proteasome enhanced α-synuclein degradation in vitro. We treated 

purified 20S proteasome with two concentrations of erlotinib (10 µM and 20 µM) and a 

DMSO control. After a 45-minute incubation at 37 °C, purified α-synuclein was added, 

and the mixture was incubated for an additional three hours. The levels of α-synuclein 

were visualized and quantified using a western blot, and the level of GAPDH was used 

as the loading control. As compared to the untreated proteasome, the samples treated 

with 10 µM of erlotinib had 68% α-synuclein remaining(Figure 4.6B-C). The proteasome 

incubated with 20 µM of erlotinib had 48% α-synuclein remaining, indicating erlotinib’s 

ability to enhance the proteolytic activity of the proteasome translates to full-length IDPs 

other than ODC.20  
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Finally, the ability of erlotinib to enhance the degradation of ODC in an assay orthogonal 

to the AlphaLISA was evaluated to verify the mechanism of the reduction of the AlphaLISA 

signal seen by the lead compounds. The HEK-293T cells that stably expressed the 

conjugated GFP-ODC used in the high-throughput screen were treated with two 

concentrations of erlotinib and prazosin (10 and 20 µM), 20 µM of CPZ, and 5 µM of a 

Figure 4.6: Erlotinib enhances the 20S proteasome mediated degradation of 

purified α-synuclein. 

(A) The structure of erlotinib. (B) The proteolytic degradation of purified α-synuclein by 

the 20S proteasome when treated with DMSO or erlotinib (10 µM or 20 µM). One-way 

ANOVA statistical analysis was used to determine statistically significant. (ns = not 

significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) with error bars denoting 

SD. 
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proteasome inhibitor, Bortezomib (BTZ).  CPZ was used again to directly compare the 

hits from the two screens while BTZ was used as a negative control. The levels of GFP-

ODC were visualized and quantified using a western blot with the band at 75 kDa 

representing the full-length conjugated protein and the band at 35 kDa a fragment of GFP 

ODC (Figure 4.7A), but only the full-length protein band was quantified. Both 

concentrations of prazosin and the CPZ control did very little in enhancing the degradation 

of ODC. CPZ had 97% of the full length GFP-ODC remaining, and prazosin at the same 

concentration had 84% of ODC remaining. Erlotinib, in contrast, showed a significant 

enhancement in the degradation of the full length GFP-ODC. At 10 µM, only 34% of the 

intact conjugated protein remained, while at 20 µM, only 16% remained (Figure 4.7A).  

To ensure we were solely observing 20S proteasome activation, we evaluated ubiquitin 

levels in the same cell lysates (Figure 4.7B). None of the compounds had any effect on 

K48 ubiquitin except for the proteasome inhibitor, BTZ, supporting that erlotinib does not 

impact the ubiquitin-dependent pathway and rather enhances degradation through the 

ubiquitin-independent pathway.  
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Figure 4.7: Erlotinib reduces the GFP-ODC AlphaLISA signal through the 

degradation of full-length GFP-ODC.  

(A) The degradation of GFP-ODC by the lead hits, visualized and quantified using a 

western blot. There were two significant bands identified. The band at 75 kDa was 

identified as the full-length GFP-ODC and the band at 35 kDa is predominantly GFP, 

with a small fragment of ODC remaining. Cells were treated with 10 µM or 20 µM of 

erlotinib and prazosin. As controls, 5 µM of a proteasome inhibitor, Bortezomib (BTZ), 

was used and 20 µM of CPZ was added. Quantification of the full length GFP-ODC 

was done in triplication. (B) The effects of overall ubiquitinoylation in cells that are 

treated with erlotinib, prazosin, and CPZ. Quantification of α-synuclein degradation by 

each compound was done in triplicate. One-way ANOVA statistical analysis was used 

to determine statistically significant. (ns = not significant, *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001) with error bars denoting SD. 
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4.3 Screening of 25,000 Compounds 

4.3.1 Rational  

Using the GFP-ODC AlphaLISA assay to screen the Prestwick and NIH Clinical library, a 

novel 20S proteasome enhancer, erlotinib, was identified. While erlotinib’s in vitro activity 

is comparable to the lead compound CPZ, erlotinib is a more efficient cellular 20S 

proteasome enhancer. The identification of erlotinib signifies that the cell-based nature of 

the GFP-ODC AlphaLISA aids in identifying non-cytotoxic molecules that can efficiently 

enhance the proteasome-mediated degradation of proteins in cells. With this success, we 

felt confident to begin screening more extensive libraries. Dr. Lisabeth and I moved to 

screen 25,000 compounds and validate the lead molecules. Screening a large and 

diverse set of chemical libraries can expand the chemical space of 20S proteasome 

enhancers.  

4.3.2 Re-Optimization Through Antibody Screening  

Dr. Lisabeth and I prepared to screen the 25,000 compounds in batches of around 3,000 

compounds daily. Sadly, on the first day of screening, only one plate out of ten plates 

tested displayed any AlphaLISA signal, which was an unexpected result due to the 

consistent AlphaLISA signal we had obtained in the previous screen. While analyzing 

what could account for this disparity between the plates, we identified that we had used 

different batches of the anti-ODC antibody purchased from the same vendor. With the 

purchase of a large quantity of the anti-ODC antibody, the efficiency of the antibody to 

recognize the ODC epitope may have decreased, diminishing the AlphaLISA signal. To 

investigate our theory, we conducted an AlphaLISA to compare the negative control with 
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a titration of increasing concentration of the anti-ODC antibody (ranging from 0.06 μg/mL 

to 16 μg/mL) (Figure 4.8A). We expected an increase in the AlphaLISA signal with the 

increasing antibody concentrations; however, this was not the case. The AlphaLISA 

signal with or without the anti-ODC antibody was the same, signifying that the anti-ODC 

antibody was either not interacting with the donor bead through the binding of the biotin 

to the streptavidin, or the antibody was unable to recognize the ODC portion of the 

conjugate protein. In either case, we had to pivot and identify an alternative path forward. 

To solve the abolished AlphaLISA signal problem, I first obtained anti-ODC antibodies 

through different vendors to identify if altering the anti-ODC antibody all together would 

restore the AlphaLISA signal. We screened three concentrations (0.12 μg/mL, 0.24 

μg/mL, and 0.47 μg/mL) of the new anti-ODC antibody (labeled antibody A) and compared 

the AlphaLISA signal to that of the original anti-ODC antibody, labeled antibody B. The 

antibody that was used for the 2,000-compound screen, labeled antibody C, was included 

at the highest concentration (0.47 μg/mL) to directly compare the difference in activity of 

the different batches of anti-ODC antibody from the same vendor. With the addition of 

antibody A, the AlphaLISA signal was over 600,000 counts at all three concentrations. In 

comparison, antibody C displayed an AlphaLISA signal of 40,000 counts, which is 

consistent with the AlphaLISA signal we observed in the 2,000-compound screen. In 

contrast, at every concentration, antibody B had an AlphaLISA signal comparable to that 

of the negative control, or 4,000 counts (Figure 4.8B). Thus, with the replacement of the 

anti-ODC antibody we were able to restore the AlphaLISA signal and further support that 

the original anti-ODC antibody was the cause of the decreased AlphaLISA signal. In 

addition, with the efficiency of antibody A, we needed to decrease the concentration 
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significantly. The slight increase of AlphaLISA signal with the reduced antibody 

concentrations suggests that the system may be over-saturated with anti-ODC antibodies 

and could negatively impact the efficacy of the assay (Figure 4.8B). To ensure that we 

used the optimal concentration of antibody A, we further screened three lower 

concentrations (0.12 μg/mL, 0.06 μg/mL, and 0.03 μg/mL) of the antibody in the 

AlphaLISA assay. With the lower concentrations of antibody A, there was a dose-

dependent decrease in the AlphaLISA signal, with 0.12 μg/mL providing the highest 

AlphaLISA signal of over 150,000 counts.  

We wanted to reassess the Z’ factor at three cell seeding conditions before moving onto 

the final screen. Using the 0.12 μg/mL concentration of antibody A, we evaluated the Z’ 

factor for the AlphaLISA when 10,000 cells/well, 5,000 cells/well, and 2,500 cells/well 

were used (Figure 4.8C). The original seeding condition, 10,000 cells/well, performed the 

best, with a Z’ robust factor of 0.726 and an AlphaLISA signal of over 300,000 counts. 

However, with the reduced cell number, the screening time would be significantly 

shortened due to the decreased time needed to grow an adequate number of cells. 

Additionally, the seeding condition of 5,000 cells/well still provided an excellent Z’ robust 

factor of 0.617 and a high signal-to-noise ratio (83). The excellent Z’ factor gave us the 

confidence to begin screening the 25,000 compound libraries with 0.12 μg/mL of antibody 

A and reduced the cell seeding number from 10,000 cells/well to 5,000 cells/well.  
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4.3.3 Screening Funnel  

Once the re-optimized conditions were identified, 25,000 compounds were screened 

utilizing the GFP-ODC AlphaLISA. A similar screening funnel as the 2,000-compound 

screen was used (Figure 4.9). Of the original 25,000 compounds, 305 compounds 

Figure 4.8: AlphaLISA signal is extremely dependent on the efficiency of the anti-

ODC antibody.  

(A) Evaluating AlphaLISA signal with the use of a concentration titration of antibody A. 

(B) The comparison of the AlphaLISA signal with the use of antibody A vs the response 

with antibody B and C. (C) The AlphaLISA signal response with decreasing 

concentrations of antibody A. (D) The Z’ test with 10,000 cells/well, 5,000 cells/well, 

and 2,500 cells/well seeding conditions with the use of 0.12 μg/mL of antibody A.   
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displayed 35% reduction in the AlphaLISA signal, while maintaining over 90% cell 

viability. The remaining compounds were then evaluated in a True Hits assay that would 

test the compound’s ability to interfere with interaction of the donor and acceptor beads 

or the AlphaLISA signal itself, reducing the number of compounds to 64. The GFP-ODC 

AlphaLISA was utilized again to evaluate the 64 compounds in a dose-response assay. 

Those molecules that had a dose-dependent decrease in the AlphaLISA signal with a 

reduction of at least 35% at 15 μM were carried forward. The ability of the remaining 13 

compounds to enhance the activity of the 20S proteasome was then determined. Of the 

13 compounds, five compounds had an EC200 of 20 μM or below. The compounds 

identified in the 25,000 screen have now become new projects for the Tepe lab and on-

going SAR studies are being conducted to further expand the chemical space of small 

molecule 20S proteasome enhancers.  

 

Figure 4.9: Screening funnel for the screening of a variety of compound libraries, 

which totaled 25,000 compounds, using the optimized AlphaLISA.   
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4.4 Conclusion  

The UPS is responsible for the degradation of most intracellular and soluble proteins.33 

Dysregulation of the expression or degradation of proteins, including IDPs, can cause 

fatal cellular system failures.34 Recently, enhancement of the 20S proteasome has 

provided a promising therapeutic pathway for diseases such as neurodegeneration and 

cancers such as multiple myeloma.3-6, 35 Despite the potential of the innovative 

therapeutic pathway, limited cell-based high-throughput assays are available to identify 

novel proteasome modulators. Herein, we describe the successful optimization of a cell-

based AlphaLISA assay that evaluates the increased or decreased degradation of ODC, 

a model IDP. We readily modified the AlphaLISA assay to meet the demands of a high-

throughput screen and successfully screened two compound libraries: the Prestwick and 

NIH Clinical Libraries. From screening of the two libraries, we identified 11 hit compounds. 

Of the 11 compounds, only erlotinib was identified as a new 20S proteasome enhancer. 

While erlotinib is an EGFR tyrosine kinase inhibitor, the reported IC50 for this activity is 2 

nM,39 which is drastically lower than the IC50 of 9.4 µM in the AlphaLISA. The μM 

concentration range of erlotinib’s IC50 suggests that the increased proteolytic degradation 

of ODC is not through its EGFR activity. Furthermore, erlotinib’s ability to enhance the 

activity of the proteasome was confirmed through the fluorogenic small peptide assay. 

Erlotinib was able to enhance all three catalytic sites of the 20S proteasome with an 

overall max fold increase of 5.7, which translated to the enhanced proteolytic degradation 

of purified full-length α-synuclein with 68% α-synuclein remaining in samples treated with 

10 µM of erlotinib and only 48% remaining when treated with 20 µM of erlotinib. The 

proteasome enhancement by erlotinib was selective for the 20S proteasome as displayed 
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both in the purified small peptide assay and in the HEK-293T cells expressing GFP-ODC. 

While both 10 µM and 20 µM of erlotinib readily enhanced the degradation of ODC (34% 

and 16% remaining, respectively), it had no impact on the levels of ubiquitinylated 

proteins, making erlotinib the only lead compound identified. The development of the 

GFP-ODC AlphaLISA assay will readily allow for the identification of novel proteasome 

modulators, such as erlotinib. The newly identified compounds can now be further 

developed to diminish any non-proteasome related biological activity and allow for the 

synthesis of more potent and efficient 20S proteasome enhancers. 
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APPENDIX 

Methods 

GFP-ODC Transfection 

HEK-293T cells were seeded at a density of 1x105 cells/mL in a 24-well plate overnight. 

DNA (1ug of GFPSpark-ODC plasmid) was mixed with 250 µL of serum free-DMEM 

medium. Sinofection transfection reagent (5 µL) was mixed with 250 µL of serum free-

DMEM medium in a separate vial. The two vials were then combined and incubated at 

room temperature for 15 minutes. The mixture was then added to the HEK-293T cells in 

the 24-well plate and incubated for 4 hours at 37 °C with 5% CO2. After this incubation, 

the media was replaced with fresh DMEM. After three days, cells were removed from the 

plate with trypsin (0.25%) and resuspended in hygromycin selection media (100 µg/mL). 

The surviving clones were picked and expanded in the selection media for six weeks. 

After three passages, stable expression was confirmed by confocal fluorescent imaging, 

using standard GFP filters. The stable clones were then further sorted using Flow 

Cytometry, using the standard GFP filters to make pools of “high” and “medium” GFP 

expressors.  

Bead Concentration Optimization 

HEK-293T cells that transiently expressed GFP-ODC were seeded at 500 cells/well in a 

solid bottom white 384-well plate in 20 µL of DMEM media for 12 hours. The cells were 

then lysed with 5 µL of the AlphaLISA lysis buffer. The lysate was then diluted in the 1x 

AlphaLISA immunoassay buffer to the desired 10x final concentration. 5 µL of each 

sample was transferred into a solid-bottom white 384 well plate. Then, 10 µL of the anti-

GFP acceptor bead and biotinylated anti-ODC were added in different ratios and 
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incubated for one hour at room temperature. After this incubation, 25 µL of the donor 

beads were added for each of the screened concentrations and incubated for a further 30 

minutes. The AlphaLISA signal was measured using the BioTek plate reader equipped 

with an Alpha filter.   

AlphaLISA 

HEK-293T cells that stably expressed GFP-ODC were plated 10,000 cells/well in a 384-

well plate in 20 μL of phenol red free DMEM. The cells were then immediately treated 

with either DMSO or TCH-165. After 18 hours, 5 μL of the 5x AlphaLISA Surefire lysis 

buffer was added to each well, then the plate was incubated on a shaker (400 rpm) at 

room temperature for 30 minutes. During this first incubation, a 10x mix of either a mixture 

of biotinylated anti-ODC (4.7 μg/mL) and anti-GFP (100 μg/mL) in 1x AlphaLISA 

immunoassay buffer or just anti-GFP (100 μg/mL) in 1x AlphaLISA immunoassay buffer 

was made under limited light conditions. After the lysis was complete, 5 μL of either 

mixture was added to each well using an automated dispenser. After this addition, the 

plate was incubated at room temperature and in the dark for one hour. Then, a 2.5x mix 

was made with the streptavidin donor bead (100 μg/mL) in 1x AlphaLISA immunoassay 

buffer in a limited fluorescent light setting. From this 2.5x mix, 20 μL was added to each 

well using the automated dispenser, and the plate was incubated again at room 

temperature in the dark for 30 minutes. The AlphaLISA signal was measured using 

BioTek plate reader equipped with Alpha filter. *Note the assay is very sensitive to light. 

However, one can use filtered light, such as seen in Figure 4.10. 
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TrueHits Screen 

In the white 384-well assay plate, 20 μL of clear DMEM was added. Then, a 1.7x stock 

solution of Biotin (final concentration of 10 μM) was added. The desired drugs were then 

added at the same concentration that the screen was run (15 μM). 5x of the AlphaLISA 

donor bead stock was then added (for a final concentration of 10 μg/mL) and incubated 

for one hour at room temperature. Then, a 5x solution of the AlphaLISA acceptor bead 

was added (final concentration of 10 μg /mL), and the mixture was incubated in the dark 

for 30 minutes at room temperature. The AlphaLISA signal was measured using BioTek 

plate reader equipped with Alpha filter. 

Small Peptide Assay 

Activity assays were carried out in a 100 μL reaction volume using a black flat/clear 

bottom 96-well plate. Different concentrations (1.25−80 μM) of test compounds were 

added to the wells containing 1 nM of human constitutive 20S proteasome in a 38 mM 

Figure 4.10: Lamp used to conduct the GFP-ODC AlphaLISA.  
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Tris-HCl and 100 mM NaCl buffer at a pH of 7.8. The mixture was allowed to incubate for 

15 min at 37 °C. After this incubation, 5 µL of the fluorogenic substrates were added. The 

fluorogenic substrates used were either one of the following or a combination of all three 

(final concentration of 6.67 µM of each): Suc-LLVY-AMC (CT-L activity, final concentration 

of 20 μM), Z-LLE-AMC (Casp-L activity, final concentration of 20 μM), Boc-LRR-AMC (T-

L activity, final concentration of 40 μM).  The activity was measured at 37 °C on a 

SpectraMax M5e spectrometer by measuring the change in fluorescence unit per minute 

for 1 hour at 380−460 nm. The rate of hydrolysis for the vehicle control was set at a 100%, 

and the ratio of the treated sample over the vehicle control was used to calculate the fold 

change in rate of substrate hydrolysis by the proteasome. The same protocol was used 

for the activity assays involving the 26S proteasome, but 2.5 mM ATP and 5 mM 

Magnesium chloride were added to the assay buffer in the place of NaCl. 

In Vitro Degradation of α-synuclein 

Degradation assays were carried out in a 25 μL reaction volume using a 50 mM HEPES 

and 5 mM DTT buffer at a pH of 7.2, 0.3 μM of purified α-synuclein, and 10 nM of purified 

human 20S proteasome. The 20S proteasome was first diluted to 45.5 nM in the HEPES 

buffer, and 0.5 μL of the test compounds or DMSO was added. This mixture was 

incubated for 45 minutes at 37 °C. After this incubation, 2.5 μL of a 15 μM stock of α-

synuclein was added. The degradation mixture was incubated at 37 °C for 3 hours, then, 

0.5 μM of GAPDH was added as a loading control. The reaction was stopped with the 

addition of concentrated SDS loading buffer and boiled for 20 minutes. The samples were 

then resolved on a 4-20% Tris-glycine SDS-PAGE gel and immunoblotted with mouse 

monoclonal anti-α-synuclein IgG (1:2000) and anti-mouse HRP-linked IgG (1:2000). The 
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immunoblots were developed with ECL Western reagent and imaged with an Azure 

Biosystems 300Q imager.  

Cellular Degradation of GFP-ODC  

In 60 mm plates, HEK-293T cells that stably expressed GFP-ODC were grown to 80% 

confluency. Then, the cells were treated with 3 μL of either DMSO or the test compound 

at the desired concentration. The cells were treated for 16 hours and then scraped and 

pelleted (300g for 5 minutes). The supernatant was taken off, and the cell pellet was 

washed with ice cold PBS then lysed with the addition of RIPA buffer containing protease 

inhibitors. The cell lysate was incubated for 20 minutes on ice. The lysate was centrifuged 

for 15 minutes at 500g, and then the supernatant was collected. A concentrated SDS 

loading buffer was added, and the samples were boiled for 10 minutes. The samples were 

then resolved on a 4-20% Tris-glycine SDS-PAGE gel and immunoblotted with mouse 

monoclonal anti-ODC IgG (1:2000) and anti-mouse HRP-linked IgG (1:2000). The 

immunoblots were developed with ECL Western reagent and imaged with an Azure 

Biosystems 300Q imager. 
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Replicates 
 

 

Figure 4.11: Westerns of α-synuclein degradation by purified 20S proteasome 

treated with 10 µM and 15 µM of Erlotinib (n=3). One-way ANOVA statistical 

analysis was used to determine statistically significant. (ns = not significant, *p 

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) with error bars denoting SD. 
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Figure 4.12: Westerns of the cellular degradation of GFP-ODC in HEK293T cells 

when treated with either BTZ (5 µM), CPZ (20 µM), Erlotinib (10 µM and 20 µM), 

or Prazosin (10 µM and 20 µM) (n=3 except 10 µM of Prazosin). One-way ANOVA 

statistical analysis was used to determine statistically significant. (ns = not 

significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) with error bars 

denoting SD. 
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Figure 4.13: Westerns on Ubiquitin build-up in HEK293T cells when treated with 

either BTZ (5 µM), CPZ (20 µM), Erlotinib (10 µM and 20 µM), or Prazosin (10 µM 

and 20 µM) (n=3 except 10 µM of Prazosin). One-way ANOVA statistical analysis 

was used to determine statistically significant. (ns = not significant, *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001) with error bars denoting SD. 
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CHAPTER FIVE 

Materials and Miscellaneous 
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5.1 Materials 
 

5.1.1 Antibodies 
 

 

 

Table 5.1 Antibodies used within this work.  
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5.1.2 Recombinant DNA/Oligonucleotides 
 

 

 

Table 5.2 Recombinant used herein.  
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5.1.3 Recombinant Proteins and Peptides 
 

 

 

Table 5.3 Recombinant proteins and peptides used.  

 

5.1.4 Bacterial Strains 
 

 

 

Table 5.4 Bacterial strains utilized.  
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5.1.5 Mammalian Cell Lines 
 

 

 

Table 5.5 Mammalian cell lines utilized herein.  
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5.1.6 Reagents and Chemicals 
 

 

 

Table 5.6 Reagents and chemical used.  
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Table 5.7 Further reagents utilized.  

 

5.1.7 Instrumentation  
 

 

 

Table 5.8 Instrumentation utilized in this work.  
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5.1.8 Software 
 

 

 

Table 5.9 Software used within this work. 

 

5.2 Miscellaneous 

5.2.1 Quantification and Statistical Analysis 

Data are presented as mean ± standard deviation (SD). For each figure, the number of 

replicates is indicated in the figure legends. Statistical analysis was only performed on 

experiments with three or more replications or “n”s. Western blot quantifications were 

performed with Bio-Rad Image Lab software. Statistical analysis was performed with 

GraphPad Prism 8 software. One-way ANOVA analysis with appropriate post-hoc 

analysis was used for multiple comparisons of means. Effect was considered significant 

for *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001. 

5.2.2 Note 

Section 2.3 of chapter 2 is reprinted with permission from J. Med. Chem. 2022, 65, 9, 

6631-6642 Publication Date: April 27, 2022. Copyright 2023 American Chemical Society. 
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https://doi.org/10.1021/acs.jmedchem.1c02158 Sections 2.4 of chapter2 and section 3.2 

of chapter 3 are a part of a paper submitted and under revision to iScience.  

Section 4.2 of chapter 4 is reprinted with permission from ACS Omega 2023, 8, 17, 

15650–15659 Publication Date: April 21, 2023. Copyright 2023 American Chemical 

Society. https://doi.org/10.1021/acsomea.3c01158 
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