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ABSTRACT 

The ubiquitin-proteasome system is responsible for cellular protein recycling, and it is a 

crucial system to maintain proper protein balances in cells. Proteasome is the main component of 

the system, and the system is tightly related to multiple cellular processes. Malfunction of the 

proteasome could lead to various diseases including cancer, neurodegenerative diseases and 

autoimmune diseases. As a result, researchers have been developing small molecules to target the 

proteasome to regulate its function. Currently, three small molecules have been approved by FDA 

as proteasome inhibitors to treat hematological cancer multiple myeloma. However, these small 

molecules inhibit the same enzymatic subunit on the proteasome and drug resistance has been 

observed among patients administrating these proteasome inhibitors. To develop new small 

molecules to target the proteasome, we started to investigate the 19S regulatory particle of the 

proteasome. In this work, we presented a workflow of discovering a small molecule selective 

binder, TXS-8, to 19S regulatory particle subunit Rpn-6. We also developed a series of assays to 

investigate the impact of small molecule on proteasome activity. At last, we introduced the binding 

site study of TXS-8, development of TXS-8-based PROTAC and new proteasome probe 

development. 

We first developed a one-bead-one-compound (OBOC) library to screen with Rpn-6 to 

discover potential binders to Rpn-6. After careful evaluation and validation, TXS-8 was discovered 

as the best hit from the screening. Our covalent pull-down experiment with cell lysate later 

confirmed TXS-8 as a selective binder of Rpn-6 and proteomic analysis of the pulled down protein 

also validated Rpn-6 as the major target of TXS-8. 

We then investigated the impact of TXS-8 in Rpn-6 overexpressed cancer cells like Ramos 

B-cell and multiple myeloma. TXS-8 was four-fold more toxic in these cells comparing to our 

control HEK-293T cells. To understand the cause of cell death when dosed with TXS-8, we began 

to investigate the impact of TXS-8 on proteasome activity, but some preliminary results were 

inconsistent. By the same time, there is also lack of a general workflow to investigate the impact 

of small molecules on proteasome activity. Therefore, we developed a three-step process to 

illustrate the general workflow using TXS-8 as an example. We first knocked down Rpn-6 in HEK-

293T cells and monitored proteasome activity changes with a cell permeable probe our lab 

developed. We then transfected HEK-293T cells with a full-length foreign protein and knocked 
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down Rpn-6 in these cells. We later monitored the degradation of the foreign protein when dosed 

with TXS-8. In the last step, we monitored the proteasome activity changes in primary cell lines 

when dosed with TXS-8. From these three steps, we successfully demonstrated a general workflow 

to investigate if a small molecule can affect proteasome activity. We also concluded that TXS-8 

was unable to affect proteasome activity at non-lethal concentration. 

 To further investigate TXS-8 and provide guidance for future structural optimization to 

improve potency, we proposed two methods on investigating the general binding site of TXS-8 on 

Rpn-6 using cross-linking techniques that is currently ongoing. We also modified TXS-8 into 

proteolysis targeting chimeras (PROTACs) to investigate if TXS-8-based PROTAC can improve 

toxicity and selectively induce Rpn-6 degradation in cells. However, no significant cell toxicity or 

Rpn-6 degradation was observed when dosed with TXS-8-based PROTACs. 

 Finally, Due to limitation of cell permeable probes, we were unable to investigate the 

impact of TXS-8 on the caspase-like β1 and trypsin-like β2 subunit of the proteasome in our 

previous studies. Although TXS-8 did not alter the chymotrypsin-like activity at non-lethal 

concentration, examining the effect of TXS-8 on the caspase-like and trypsin-like activity could 

still benefit our research. Besides, we also desire to expand our proteasome activity toolbox by 

developing more sensitive proteasome probes. Therefore, by analyzing and combing the 

commercially available proteasome probes and LLVY-Rh probes, we decided to develop selective 

proteasome probes for the β1 and β2 subunit to provide useful tools for future potential small 

molecule proteasome regulator characterization. 
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 THE PROTEASOME AND ITS SMALL MOLECULE 
REGULATORS. 

1.1 Overview of the ubiquitin-proteasome system. 

 Introduction to the ubiquitin-proteasome system. 

Cells produce significant amount of proteins at any given time, but most of them are considered as short-

life proteins and require rapid degradation and recycling once the protein has fulfilled its job.1,2  This task 

is performed by the ubiquitin-proteasome system (UPS) where the target protein is poly-ubiquitinated by a 

repeated step involving multiple E1, E2 and E3 ligases (Figure 1.1). Ubiquitin is a multifaceted post-

translational modification protein that can be involved in most eukaryotic biology.3,4 Ubiquitin contains 

seven lysine residues in its sequence and a methionine at its N-terminal, where one or multiple ubiquitins 

can be further added to another ubiquitin on the above residues. By repeating the step multiple times, a 

polyubiquitin chain is formed. Among various polyubiquitin chains, the Lys48 (K48) polyubiquitin chain 

on the target protein can be specifically recognized by the proteasome and the chain will be removed and 

Figure 1.1 The ubiquitin-proteasome system (UPS). By a series transfers, E1, E2 and E3 ligase label the 
target protein with a ubiquitin protein. The process could be repeated several times until a minimum of four
ubiquitins are attached to the target protein. The poly-ubiquitinated protein is recognized by the proteasome
followed by poly-ubiquitin chain removal and the degradation of the target protein in peptide fragments. 
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recycled for labeling other proteins later.3–8 The detailed mechanism of what determines if a protein will be 

poly-ubiquitinated is still under investigation, but research has shown that modifications on the 

polyubiquitin chain could potentially determine the fate of the protein.9,10 On the other hand, the recognition 

of the poly-ubiquitinated protein by the proteasome will trigger a series of conformational changes on the 

proteasome, which will then remove the poly-ubiquitin chain as well as the tertiary structure on the target 

protein to allow for protein degradation.11–13 The ubiquitin-proteasome system is crucial for the proliferation 

and survival of cells as more than 80% of cellular protein degradation is accomplished by the system.14,15 

The degradation of proteins is also related to immune response as some partially degraded peptide 

fragments will be presented on the cell surface forming major histocompatibility complex class I (MHC-

I).16–18 These MHC-I complexes are examined by immune cells like T-cells or macrophages. When 

pathogenic infection happens, the degradation of foreign protein by the proteasome will generate foreign 

antigenic peptide fragments presented on the MHC-I complexes and will be recognized by immune cells to 

trigger immune response.16,18–22 Since ubiquitin-proteasome system plays crucial role to maintain proper 

protein balance in cells, further studies have been put forward to investigate its role regarding cell 

proliferation, DNA damage repair, cancer developments etc.23–27 These researches have demonstrated the 

importance to better understand the ubiquitin-proteasome system and the possibility of utilizing the system 

for various disease treatments like neurodegenerative disease and cancer.28–31 

 The UPS and the 26S proteasome. 

The main component of the UPS is the 26S 

proteasome which it is made up of a 20S core particle 

(20S CP) and a 19S regulatory particle (RP or known 

as PA700). 12,15,32,33 The 26S proteasome is normally 

referred as the standard proteasome or in some cases 

as the proteasome. The 19S RP on the 26S 

proteasome is responsible for recognizing the poly-

ubiquitin chain from the target protein, removing the 

poly-ubiquitin chain and the tertiary structure of the 

target protein, opening the gate of the 20S CP and translocating the polypeptide into the 20S CP for 

degradation.12,34–38 The 20S CP is the catalytic portion of the 26S proteasome responsible for protein 

degradation. Since first discovered in 1970s, proteasome has gained great interest among researchers, as 

the proteasome has been found to be implicated in various cellular process including transcriptional 

regulation, cell differentiation, DNA damage repair etc.23–26,39,40 As mentioned in Chapter 1.1.1, UPS is 

Figure 1.2 Isoforms of the Proteasome. The
proteasome exists in equilibrium mainly between two
isoforms, the 26S and the 20S. The 26S is composed
of the 19S regulatory particle (RP) and the 20S core
particle (CP) where the 19S RP recognizes
ubiquitinated protein and unfolds the protein to allow
the 20S CP to degrade the target. PDB:5GJR 
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responsible for more than 80% of protein degradation and recycling in cells which requires a significant 

amount of proteasome and regulating proteins to achieve the task. An estimation of around 2% of cellular 

proteins are related to UPS.41 

 The 19S and 11S RP. 

 The 19S RP is made up of 19 individual 

proteasome subunits that can be briefly 

separate into two groups, the 19S RP base 

subunits and the 19S lid subunits (Figure 

1.3).35–37,42 The base subunits include Rpt-

1 to Rpt-6, these subunits belong to the 

AAA-ATPase protein family, utilizing 

ATP hydrolysis to adopt conformational 

changes to open the gate of the 20S CP allowing the target polypeptide being translocated for degradation.43–

47 Rpn-1 and Rpn-2 are the two largest subunits on the 19S RP, and they provide protein-protein interactions 

scaffolds for other 19S RP subunits as well as ubiquitin processing platform. They also provide protein-

protein interactions for other non-proteasome regulating proteins like Usp14 and they are also considered 

a part of the base of the 19S RP.48–52 The remaining 11 subunits including Rpn3, Rpn-5 to Rpn-13 and Rpn-

15 are considered as the lid subunits of the 19S RP.53–55 Among them, Rpn-10 and Rpn-13 are recognized 

as the ubiquitin receptor and Rpn-11 is recognized as the deubiquitinating subunit (DUB).56–60 To sum up, 

the lid of the 19S RP is responsible to bind with the poly-ubiquitinated protein and remove the ubiquitin 

from the target. The base of the 19S RP removes the tertiary structure of the protein making it into a linear 

polypeptide and opening the gate of the 20S CP for translocation.  

Beside the 19S RP, another form of 

the regulatory particle 11S RP (or PA28) 

also exists in cells (Figure 1.4).42,61 The 

11S RP can promote the gate-opening of 

the 20S CP in a similar way as the 19S RP 

but structurally the 11S RP is a cone-

shaped structure complex made of 

heteroheptameric α, β or homoheptameric 

γ subunits and 11S RP does not contain any 

ATPase subunits like the base of 19S 

Figure 1.3. Bottom view and side view of 19S RP. The ATPase
ring is labeled in red. Several subunits are also labeled on the
structure. PDB:5GJR 

Figure 1.4 Bottom view and side view of 19S RP. The ATPase
ring is labeled in red. Several subunits are also labeled on the
structure. PDB:5GJR 
 



 
 

27 

RP.62,63 The PA 28γ is mainly located around the nucleus and is involved in cell apoptosis and proliferation, 

and some research has also suggested it may to have additional functions related to DNA double-strand 

breaks. The PA 28αβ exists mostly in the cytoplasm and can be overexpressed when stimulated by cytokine 

interferon (IFN-γ). Researchers have shown that the activity of the PA 28αβ is linked with effective immune 

response with selectively upregulation in MHC-I complexes antigen presentation.64,65 Both the PA28 and 

19S RP can bind with the 20S CP to form various proteasomes complexes like PA28αβ-20S, PA28γ-20S 

and a hybrid version of the proteasome as PA28-20S-19S with different pattern of cleavage products. To 

sum up, both 11S RP and 19S RP are important components of the proteasome, although structurally 

different, they are involved in various cellular processes like protein degradation, antigen presentation.33,66 

 The 20S CP and 20S iCP. 

Multiple steps are involved for 

target protein degradation and these 

steps are accomplished with various 

proteasome subunits while 

polypeptide hydrolysis takes place 

in the 20S CP. The 20S CP (or the 

20S proteasome) presents a barrel-

like structure composed of four α, β, 

β, α stacked rings (Figure 1.5). 

Each of the α and β rings is made up 

by seven subunits from α1-α7 and 

β1-β7, respectively. The α ring of 

the 20S CP forms the gate of the 20S CP complex and exists mostly in closed form with an 

approximate diameter of 9 Å.15,42,67–70 The closed form of the α ring keeps most folded cellular 

proteins from entering the gate of the 20S CP. However, some proteins that are oxidatively 

damaged, or intrinsically disordered can still enter the gate of the 20S CP. These proteins are 

missing proper tertiary structure and are able to enter the gate of the 20S proteasome without being 

poly-ubiquitinated. Once these proteins enter the 20S CP, it can undergo ubiquitin independent 

degradation pathway to be hydrolyzed.71–73  

Figure 1.5. The 20S CP. Left: Bottom view on the β ring (α ring 
removed) and side view of 20S CP. Right: Side view of 20S CP, the β1, 
β2 and β5 subunits were colored orange, yellow and red, respectively.
The gate of the α ring is around 9 Å diameter in closed gate form.
PDB:5GJR 
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The β ring of the 20S CP resides the protease-like catalytic β1, β2 and β5 subunits. These 

subunits use the N-terminal threonine as the nucleophilic warhead to attack and hydrolyze amide 

bonds from the target polypeptide. The β1, β2 and β5 subunits present caspase-like, trypsin-like 

and chymotrypsin-like activities, respectively. The above three subunits are responsible for the 

degradation for the target protein and producing various peptide fragments for further degradation 

or antigen presentation onto the MHC-I complexes.42,61,69 

 When cells are under stress conditions like elevated 

reactive oxygen species (ROS) damage or pathogenic 

infection, the cell will express another isoform of the 20S 

CP called 20S immunoproteasome (iCP) upon 

encountering cytokines like IFN-γ (Figure 1.6).74–76 The 

β1, β2 and β5 subunits synthesis will be switched to β1i, 

β2i and β5i synthesis presenting lower caspase-like but 

higher trypsin-like and chymotrypsin-like activities 

compared to the 20S CP . Theseβ subunits will be 

incorporated into the newly synthesized 20S iCP.77,78 

However, the incorporation and maturation of the β1i, β2i 

subunits are dependent on the incorporation of β5i while 

β5i can be incorporated independently to the 20S iCP. 

The 20S iCP can degrade oxidatively damaged or foreign proteins and produces basic C-termini 

or hydrophobic peptides which can be presented by the MHC-I complexes for antigen 

presentation.20,22,77,79 The 20S iCP can form hybrid proteasome with either the 19SRP or the 11S 

RP except the PA 28γ and its function plays a crucial role in cell immune response. 

Consistent expression of the immunoproteasome subunits are also observed in some immune 

cells like B cells and macrophages likely due to permanent activation of signaling pathways.20 

However, during some viral infections like human immunodeficiency virus (HIV), the virus 

produces proteins that downregulate the β2i and β5i subunits and inhibit the 20S iCP to prevent 

the degradation of the viral proteins and subsequent peptide fragment loading on to the MHC-I 

complex. HIV-1 Tat protein interacts with β2i and β5i of the 20S iCP and six β subunits of the 20S 

CP to decrease proteasome activity. Tat protein can also bind with the α subunits to prevent the 

interaction between 20S CP or 20S iCP and regulatory particles. The interaction of the Tat protein 

Figure 1.6 The Immunoproteasome. When 
encountering IFN-γ, cells start producing new
catalytic proteasomal subunits as β1i, β2i, and
β5i and replace corresponding β subunits to
form the immunoproteasome (iCP). The iCP 
will degrade oxidatively damaged proteins
more efficiently and produce C-
termini/hydrophobic peptides to be presented
at the MHC-I complex for immune response.
Normal tissue cells produce iCP only at
specific circumstances but some immune cells
endogenously express iCP. 
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with the α subunits also blocks the gate of the α ring and prevents proteins from entering the 

proteasome.80–82 

1.2 Proteasome affects cell function. 

 Tumorigenesis and proteasome. 

Among the targets of proteasome, cell cycle related proteins are included like cyclins, p27, 

p53, mTOR, c-Myc. These proteins can significantly regulate various signaling pathways upon 

expression and eventually affect cell cycle and cellular differentiation.23,24,83 Cell cycle progression 

requires sophisticated and precise protein expression/degradation. Environmental changes like 

encountering reactive oxygen species or gene mutation during replication can cause disruptions in 

proteostasis, leading to abnormal protein accumulation and subsequent increase in cell stress. 

Appropriately eliminating the cellular stress by increasing the amount of proteasome complexes 

may restore the cell. But cell apoptosis will also be observed if the cellular stress overwhelms the 

cell. Besides recovering or dying from the stress, some cells upregulate multiple transcription 

factor proteins like HIF-1α, JNK that will lead to the expression of growth factors, cell cycle 

regulatory molecules etc.76,84,85 Although proteasome is responsible for degrading these proteins, 

the production of these proteins may exceed the capacity of proteasome degradation, resulting in 

abnormal cell activity.  

The cells that survive the harsh environment have lost control of general cycle regulation 

processes, resulting uncontrolled cell division and tumorigenesis. In response to elevated 

expression of transcriptional proteins, rapid degradation of these proteins is also required to avoid 

cell apoptosis. Therefore, some cancer cells significantly upregulate proteasome activity to avoid 

apoptosis caused by protein accumulation. Among them, hematological cancers like non-

Hodgkin’s lymphoma (NHL), multiple myeloma (MM), acute myeloid leukemia (AML) have 

shown strong relationship between proteasome activity and tumor survival/progression.86–88 Taken 

B-cell lymphoma and multiple myeloma as examples, these cells belong to cancers of the blood 

and can affect different parts of the body. Multiple myeloma strikes the plasma cells where the 

normal cells secret immunoglobulins to fight with pathogens but the disease cells will compete off 

the normal cells due to their fast proliferation rate. The disease cells will also produce abnormal 

immunoglobulins which will both impair the immune system and damage bones.89 B-cell 



 
 

30 

lymphoma on the other hand, hits the lymphatic system where normally B cells mature and 

contribute to immune system. However, B-cell lymphoma patients will produce a large quantity 

of immature B cells that cannot secret immunoglobulins and they can easily spread through the 

entire body by lymphatic system.90 Since either these cells produces a large amount of proteins or 

replicate rapidly, they are extremely sensitive on proteasome activity for survival. Based on the 

high dependency on proteasome activity for cell survival, hypothesis on inhibition of proteasome 

activity to treat these types of cancer has been put forward.91–93 Extensive research has been 

conducted on developing small molecules to inhibit proteasome activity which will be discussed 

in Chapter 1.3.1. To briefly summarize the development of proteasome inhibitors, researchers 

have demonstrated the inhibition of proteasome activities using small molecules is a plausible 

method for cancer treatment and apoptosis in cancer cells treated with proteasome inhibitors has 

been observed. Food and Drug Administration (FDA) has approved three proteasome inhibitors 

for multiple myeloma treatment indicating proteasome as a valued target for drug development. 

 Aging, neurodegenerative diseases and failure of the proteasome system. 

Aging is an inevitable event for all living species and 

will significantly change the cellular processes and 

activities.94 Several hypotheses have been proposed to 

provide feasible explanations for the phenomenon including 

accumulated oxidative damaged proteins, loss of proteostasis, 

telomere shortening or programmed aging etc.95 Although 

the detailed mechanism of aging remains unclear, research 

has shown that there is a strong relationship between aging and decreased proteasome function as 

aged cells express less proteome activities. Besides, researchers have also demonstrated that the 

progressive decline in cellular proteostasis and accumulation of unwanted proteins is a hallmark 

of aging.96–98 This has been proven in animal based studies where increased proteasome activity 

provides longer lifespan for animals like naked mole rat and giant clam comparing to other similar 

size mammals.99–102 Tissue experiments from human and rat also demonstrate that the proteasome 

activity in younger donor cells are 2-6 fold higher comparing to older biopsies.95,103 The impact of 

declined proteasome activity during aging is profound and lasting as protein accumulation in cells 

could potentially contribute to multiple neurodegenerative diseases such as Parkinson’s disease 

Figure 1.7. α-synuclein structure. α-
synuclein is a highly disordered protein
that has been identified mainly expressed
in neuron cells. The aggregation of α-
synuclein contributes to the development
of Parkinson’s disease. PDB: 4BXL 
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and Alzheimer’s disease.29,104–106 Taken Parkinson’s disease as an example, decreased proteasome 

activity results in the aggregation of α-synuclein to form various species of oligomers and fibrils 

in neuron cells (Figure 1.7). The primary biological function of α-synuclein in cells is still under 

investigation, but it is relatively specifically expressed in neurons. Researches have shown α-

synuclein can bind to lipids in the plasma membrane and can interact with synaptic 

vesicles.104,107,108 α-synuclein is a highly disordered protein in unbound state and is prone to form 

aggregates by itself. Among different aggregates of α-synuclein, the oligomers are considered as 

the toxic species that will impact various cellular pathways and result in neuronal cell death. 

Failure of the proteasome system in Parkinson’s disease is supported by the presence of 

ubiquitinated protein, 11S RP and 19S RP in Lewy Bodies, which is the final form of protein 

aggregation, indicating the unsuccessful rescue from the cell to clear the aggregates.109,110 To fight 

against decreased proteasome activity and aging, researchers have been developing new models 

for study and investigating small molecules that can restore proteasome activities, which will be 

discussed in Chapter 1.4. Yeast, as an example, has been used for aging studies as its proteasome 

is structurally similar to human’s and yeast undergoes similar aging process as human cells.111–113 

1.3 Small molecule inhibitors of proteasome. 

 Discovery of 20S proteasome inhibitors for cancer treatment. 

As mentioned in Chapter 1.2.1 that the proteasome activity is crucial for cell survival and 

proliferation, cancer cells need to be more careful on maintaining the balance of protein synthesis 

and degradation than surrounding normal cells. Researchers have started to investigate using small 

molecules to inhibit the proteasome activity to treat cancer. It is hypothesized that inhibiting 

proteasome activities in cancer cells will induce protein accumulation and result more severe 

consequences like apoptosis. Currently, three small molecules have been approved by FDA for 

proteasome inhibition to treat multiple myeloma and they represent the development of novel 

chemotherapy molecules for cancer treatment. 
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After scientists better understood the NF-κB pathway in 

pathogenesis, the first proteasome inhibitor named, MG-132, was 

developed by modifying existing serine protease inhibitors (Figure 

1.8).91,114,115 It is a tripeptide aldehyde (carbobenzyl-leu-leu-leu-

aldehyde) and is still the most widely used proteasome inhibitor in 

research because it is inexpensive, potent and quickly reversible. 

The molecule structure mimicked the preferred substrate of the 

chymotrypsin-like β5 subunit and the aldehyde group covalently 

inhibited the activity of the subunit by forming hemiacetal with the hydroxyl group of the active 

site N-terminal threonine. Given that the precursor of MG-132 regulated the NF-κB pathway in 

serine protease, researchers had also demonstrated that treatment of MG-132 blocked the 

activation of the NF-κB pathway by preventing the degradation of IκB and induced ER stress to 

cause NF-κB suppressors protein accumulation.114 However, MG-132 still showed some 

limitations as aldehyde inhibitors had a relative short live-span and did not show activity in mice 

models. 

With the success of developing MG-132 as the first 

proteasome inhibitor, researchers started to investigate using 

other warheads for proteasome inhibitor development to acquire 

higher selective and bioavailability where peptide boronates 

were introduced. The first FDA approved small molecule 

proteasome inhibitor was bortezomib (Velcade) in 2003 in 

United States for multiple myeloma and mantle cell lymphoma 

treatment (Figure 1.9).92,116,117 It was a dipeptide that presented 

a boronic acid warhead to bind with the β5 subunit of the proteasome. Unlike previously 

discovered aldehyde proteasome inhibitor MG-132 with a fast dissociation rate, bortezomib had a 

much slower dissociation rate, such that it could even be considered as an irreversible proteasome 

inhibitor in a period of time.118 It was one of recommended treatments for multiple myeloma and 

research had shown bortezomib induced cell apoptosis in cancers. Similar to MG-132, bortezomib 

not only inhibited the NF-κB pathway, but it also prevented the degradation of cell cycle regulating 

proteins like p53. However, as the first generation proteasome inhibitor on market, bortezomib 

suffered off-target effects especially on other serine protease like HtrA2/Omi.119 Heart related 

Figure 1.8. MG-132. MG-132 was 
discovered as the first covalent
inhibitor of the proteasome. The
aldehyde group can be attached to
the catalytic threonine of β
subunits. 
 

Figure 1.9. Bortezomib. Bortezomib 
was the first proteasome inhibitor
approved by FDA for cancer
treatment. 
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damage after administrating bortezomib was also observed among patients indicating other 

potential off-target effects from bortezomib.120–122 Bortezomib had also been reported to inhibit 

the caspase-like β1 subunit and trypsin-like β2 subunit at higher concentration of dosage.120–122  

In addition to potential off-target induced side effects, some patients administrating 

bortezomib also acquired drug resistance. The exact mechanism of resistance development was 

still under investigation, but several phenomena were observed. Overexpression of the β5 and β5 

mutant subunits with Ala49Thr were found in bortezomib resistant patients where researchers had 

hypothesized that these overexpressed β5 subunits were used as “decoys” to bind with bortezomib 

and attenuate inhibition effect.123–125 These bortezomib-resistant cells also displayed significant 

resistance to other peptide-based proteasome inhibitors making them difficult to treat. It is likely 

that the resistance of bortezomib is acquired by a combined complex mechanism so more research 

is needed to further explain the detailed mechanism. 

The off-target and drug resistance problem led some 

research groups to focus on developing second-generation 

proteasome inhibitors with better selectivity and potency 

where carfilzomib was discovered (Figure 1.10). Using an 

epoxyketone warhead, carfilzomib showed better 

selectively and potency to proteasome inhibition. Unlike 

aldehyde and boronate proteasome inhibitors, the 

epoxyketone warhead formed a morpholine ring when reacting with the active N-terminal 

threonine of the β5 subunit resulting in an irreversible proteasome activity inhibition. It was 

approved in 2012 by FDA for patients with multiple myeloma. Side effects have also been 

observed in patients as well as drug resistance of carfilzomib.119,126 

Finally, ixazomib was approved by FDA in 2015 to treat 

multiple myeloma as the third proteasome inhibitor (Figure 

1.11). Ixazomib was a second-generation proteasome inhibitor 

and it was a boronic acid derivative just like bortezomib. It 

inhibited proteasome activity similarly to bortezomib but with 

a much faster dissociation rate than bortezomib. The biggest 

advantage of applying ixazomib for multiple myeloma treatment was its oral availability as the 

previous two proteasome inhibitors had to be administrated through injection. The molecule was 

Figure 1.10 Carfilzomib. Carfilzomib was
discovered as the second-generation
proteasome inhibitor. 
 

Figure 1.11. Ixazomib. Ixazomib was 
the first orally available proteasome
inhibitor on market. 
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made into a citrate prodrug where upon administration the citrate was hydrolyzed to release the 

ixazomib.127,128 Ixazomib is friendly for elder or frail patients with limited access to frequent clinic 

appointments. 

 Discovery of 19S RP inhibitors. 

As mentioned in Chapter 1.3.1, currently the FDA has 

approved proteasome inhibitors that only target the 20S CP, 

specifically the chymotrypsin-like β5 subunit. However, off-

target effect and drug resistance effects have been observed 

among patients administrating these proteasome 

inhibitors.118,124 Proteasome is a macromolecular protein 

complex with multiple subunits, and the 19S RP is an important 

component of the 26S proteasome as described in Chapter 1.1.3 

to recognize the ubiquitinated protein, unfold the target protein 

and translocate the target polypeptide into the 20S CP for 

degradation. Therefore, researchers have turned to focus on 

developing small molecule inhibitors to disrupt the 19S RP 

function and eventually affect the proteasome activity. 

The 19S RP can be divided into the lid and the base parts 

where the base is composed of Rpt-1 to Rpt-6 ATPases and the 

lid is composed of other 19S RP subunits (Figure 1.12). The 

ATPases of the base are classified as the AAA ATPase and the 

proteins in this family are highly conserved from archaeal to 

eukaryotic cells.43,44 The Rpt-1 through Rpt-6 form a 

heterohexameric ring-like structure sitting on top of the α ring. 

Currently, there was only one known compound, RIP-1, 

screened from a one-bead-one-compound library that targeted 

Rpt-4.129 However, further research of the compound is needed 

to determine if the compound really inhibits Rpt-4 function and contribute to observed cell toxicity. 

 Other than the Rpt ATPase ring incorporated into the 26S proteasome, p97 is another 

ATPase complex that is highly involved in the UPS. However, p97 is not “fixed” onto proteasome 

Figure 1.12. 19S base ATPase ring.
Bottom view of the 19S base ATPase
ring. A heterohexmeric complex 
responsible for target protein tertiary
structure removal and gate opening of
the 20S CP. 
 

A.

B.

Figure 1.13. p97 inhibitors. (A) EerI 
was discovered in 2004. (B) DBeQ 
was discovered in 2011. 
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for its function. Instead, p97 complex is considered as the transportation protein that “carries” the 

ubiquitinated protein to the proteasome.130–132 Unlike ATPase ring on the 19S RP made of six 

different subunits, p97 forms a homohexmeric structure consists of a N-terminal domain, two 

ATPase domains and a C-terminal domain.133 Research of investigating p97 inhibitors had been 

more successful comparing to the Rpt subunit inhibitor study.134 Eeyarestatin I (EerI) was 

discovered in 2004 that showed the ability to trigger MHC-I turnover and recruited p97 to interact 

with ER (Figure 1.13A). Cell death observed when treated with EerI was similar to that caused by 

bortezomib.135–137 DBeQ was discovered later in 2011 during competitive ATP inhibition assay 

(Figure 1.13B). This molecule was found to be selective towards p97. Several analogs of DBeQ 

had been reported that were orally bioavailable and can selectively inhibit the ATPase domain of 

p97 to induce proteotoxic stress.138 

 The lid of the 19S RP contains all other non-ATPase 

subunits, and inhibitors of several Rpn subunits have been 

discovered. The 26S proteasome has two ubiquitin receptors: 

Rpn-10 and Rpn-13. These two subunits facilitate the 19S 

RP function as they recognize the poly-ubiquitin chain on 

the target protein. Despite the existence of two ubiquitin 

receptors, Rpn-10 is an essential subunit where mutation of 

Rpn-10’s ubiquitin-interacting-motifs result in lethal 

consequences in mouse studies.58,139,140 Although Rpn-13 is 

nonessential for cell survival in normal cells, Rpn-13 

knockdown by small interfering RNA still significantly 

decrease the viability in multiple myeloma cells highlighting 

the possibility of inhibiting Rpn-13 function as potential 

cancer treatment.57 Earlier research has shown that Rpn-10 undergoes Rsp-5 meditated mono-

ubiquitination resulting in subunit deactivation. Subsequently de-ubiquitination of Rpn-10 will 

then result in subunit activation. It is hypothesized that the target protein either binds to Rpn-10 

first then Rpn-13 or binds cooperatively to both subunits.59,139 However, Rpn-10 inhibitor research 

tends to be difficult since Rpn-10 is an essential subunit of the proteasome and inhibiting Rpn-10 

could lead to severe consequences to healthy cells. On the other hand, there are two inhibitors of 

Rpn-13 discovered. RA190 was discovered in 2013 and it is a covalent inhibitor of Rpn-13. It 

A.

B.

Figure 1.14. Rpn-13 inhibitors. (A)
RA190 was discovered in 2013. (B) KDT-
11 was discovered in 2015. 
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covalently bound to Cys88 on the PRU domain of Rpn-13 via Michael addition (Figure 1.14A). 

It was observed to induce ubiquitinated protein accumulation and eventually triggered apoptosis 

in multiple myeloma cells. RA190 had shown promising anticancer activity in multiple myeloma 

and can overcome bortezomib-resistance.56 

Another noncovalent reversible inhibitor of Rpn-13 was KDT-11 discovered in 2015 through 

a one-bead-one-compound peptoid library screening (Figure 1.14B). It was also observed to 

induce ubiquitinated protein accumulation in multiple myeloma cells and resulted in cell apoptosis. 

Although the binding site of KDT-11 remains unknown, research had shown that it did not bind to 

the same surface as RA190 or Lys48-linked ubiquitin chains. Due to the fact that KDT-11 is a 6-

mer peptoid with poor solubility in water, further improvement on physical properties of KDT-11 

is required for future in vivo studies.141 

Rpn-10 and Rpn-13 are the ubiquitin receptor proteins of the 19S 

RP, other proteins are required for de-ubiquitination of the target protein. 

Three de-ubiquitinases (DUB) are involved in the process including 

USP14, Uch37 and Rpn-11 where both Uch37 and USP14 are thiol 

protease recruited to the 19S RP and released after de-ubiquitination 

while Rpn-11 is an intrinsic 19S RP subunit. Although all three proteins 

function as DUBs, they act differently to remove the ubiquitin chain 

from the target protein. The Uch37 is activated when binding to Rpn-13 

and is only capable of trimming small adduct from ubiquitin. USP14 

binds to the Rpn-1 subunit and can remove di and tri or the entire 

ubiquitin chain from the target protein. Rpn-11 is different from both 

USP14 and Uch37 as research has shown that the early removal of the 

ubiquitin chain from the target protein will weaken the binding of the 

substrate to the 19S RP. Rpn-11 removes at the proximal end of the poly-ubiquitin chain and is 

proposed that the de-ubiquitination by Rpn-11 is started after the target protein is committed to 

degradation when the 19S RP ATPase ring has engaged with 20S CP gate opening and the substrate 

translocation.11,49,142–145 

IU1 was discovered from a fluorescence assay screening where it was found to preferentially 

bind USP14 (Figure 1.15). Recent research demonstrated the inhibition mechanism of IU1 using 

co-crystal structure of IU1 with the catalytic domain of USP14 where the small molecule bound 

Figure 1.15 F. Rpn-13 
inhibitors. (A) Structure of 
IU1 (B) Co-crystal structure
of IU1 with USP14. 
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to the catalytic cysteine residue of the USP14 and blocked ubiquitin 

binding.146–150 The co-crystal structure also facilitated the optimization 

of IU1to IU1-248 which showed a ten-fold improvement in potency. 

Other USP14 inhibitor had also been developed like VLX1570, using 

α, β-unsaturated ketone as Michael acceptor for catalytic cysteine 

binding, similar to the binding mechanism of RA190 onto Rpn-13 

(Figure 1.16A).151 Uch37 currently has no selective inhibitors 

discovered. The precursor of VLX1570, b-AP15 was discovered as a 

dual inhibitor of both Uch37 and USP14.152 Understanding the 

mechanism of current non-selective Uch37 inhibitors is necessary to 

advance future studies into selective Uch37 inhibitor. 

Quinoline-8-thiol (8TQ) was discovered during a fragment-

based drug screening of Rpn-11 binder.60 Structural optimization of 8TQ to increase selectivity 

and potency led to the discovery of capzimin (Figure 1.16B). Treatment of capzimin was shown 

to induce ubiquitinated protein accumulation and the expression levels of HIF-1α and p53.153,154 

However, further in vivo studies on capzimin is required to evaluate the impact of the small 

molecule. 

1.4 Conclusion. 

Proteasome is a crucial protein complex in cells to maintain the proteostasis and regulate 

various cellular process. 1,2 Composed by a 20S CP and a 19S RP, the proteasome utilize the 19S 

RP to recognize the poly-ubiquitinated protein and the 20S CP degrades the protein into peptide 

fragments. 11–13 The activity of proteasome is strictly regulated to keep the cells healthy and 

sustainable. Therefore, proteasome malfunction could lead to serious consequences including 

tumorigenesis, cancer progression, aging and neurodegenerative diseases.96–98 To combat with 

various proteasome dysfunction induced diseases, scientists have devoted tremendous amount of 

effort in understanding the UPS and how proteasome works.  

In some cancer cell lines, proteasome activity is significantly increased to satisfy the unlimited 

demand for cell metabolism and proliferation. Inhibiting 20S CP activity becomes a potential 

therapeutic method of treating these cancers. The approval of bortezomib, carfilzomib and 

ixoazomib by FDA have demonstrated the success in developing small molecule covalent 

A.

B.

Figure 1.16. Other USP14 
and Rpn11 inhibitors. (A)
VLX1570 was discovered in
2008 (B) Capzimin was
discovered in 2017. 
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inhibitors of the 20S CP that can significantly interfere with cellular proteostasis and induce cancer 

cell apoptosis. 91,114,115  However, drug resistance has also been observed among patients 

administrating these proteasome inhibitors, raising the demand for novel proteasome inhibitor 

discovery and development. 

 19S RP on the other hand, has gained more attention in recent research for inhibitor 

development. Although 19S RP does not degrade protein, it is still considered as a vital component 

of the proteasome for its assistant function on the 20S CP. Multiple inhibitors of 19S RP has been 

discovered targeting either the base or the lid subunits. However, none of the inhibitors has been 

approved by FDA for cancer treatment. Further investigation into the 19S RP is required to fully 

understand the role of each subunit of the 19S RP for future drug discovery. 

 When cell ages, the proteasome activity also decrease accordingly and could potentially 

result in neurodegenerative diseases. Various mechanisms have been proposed to explain the 

deterioration of proteasome function but a comprehensive theory is still missing. Restoring the 

proteasome activity with small molecules is a promising therapeutic approach to alleviate the 

impact of proteasome function decrease. Gating opening small molecules like SDS, TCH-165 have 

been discovered to increase all three protease-like activities on the proteasome.155 Other small 

molecule stimulators like MMk-886, AM-404 and miconazole are also discovered using newly 

developed proteasome probes and some have shown promising stimulation effect on proteasome 

activities.156,157 However, stimulating proteasome activity is still a relative underexplored field. 

Multiple questions remain to be answered: (1) Can these small molecules induce protein 

degradation in vivo. (2) Will increasing proteasome activity benefit proteasome activity decreased 

neuron cells but deprave normal tissue cells. (3) Will increasing proteasome activity break the 

balance among tumor suppressor proteins and result in tumorigenesis etc. It is important to have 

multiple proteasome stimulators with various stimulating ability to be used as tools for cross 

checking and future stimulator evaluation.  

 The development of proteasome inhibitors and stimulators have demonstrated proteasome 

as a highly potential candidate for small molecule development. Either to inhibit or stimulate the 

proteasome depends on the circumstance and the goal to achieve. With advanced understanding of 

the proteasome, drug discovery and development will take place in a more convenient and efficient 

way. 
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 DISCOVERY OF TXS-8, A SELECTIVE BINDER OF 
PROTEASOMAL SUBUNIT RPN-6. 

2.1 Introduction of proteasomal subunit Rpn-6. 

Rpn-6 (PSMD-11) is a subunit of the 19S RP and is 

considered a part of the 19S RP lid (Figure 2.1). It is a 47 kDa 

protein made of 422 amino acids. The protein presents an α-

solenoid horseshoe shaped N-terminal domain while the C-

terminal of Rpn-6 contains the proteasome-CSN-eIF3 (PCI) 

domain.1,2 According to reported crystal structure of Rpn-6 

from Drosophila melanogaster (D. melanogaster), the protein 

presents a right-handed super-helical turn made of five 

double-helix repeats structurally similar to tetratricopeptide 

repeats (TPR).3–5 The C-terminal region of Rpn-6 consists of 

a PCI domain with three antiparallel β-sheets.6 Structural 

similarities are shared among other RP non-ATPase subunits 

of the 19S lid, including Rpn-3, Rpn-5 and Rpn-7.7–10 

Although no crystal structure of human Rpn-6 alone has been 

solved, putative comparisons to other species can be drawn as the proteasome is a highly conserved 

protein complex through evolution.11–14 The human 26S proteasome shares structural similarities 

with the D. melanogaster 26S proteasome, making it reasonable to speculate that Rpn-6 also shares 

similarities across the two. Besides being a part of the 19S RP, Rpn-6 has a recognition helix in 

the canonical winged-helix region which can be placed in the major groove of DNA.3,7 Considering 

that the proteasome plays a role in DNA double-strand repair, we can reasonably speculate that 

Rpn-6 may bind with DNA to allow physical contact between the 26S proteasome and DNA.15–19 

Further investigation is required to fully understand how the 26S proteasome is involved with 

DNA damage repair and if there are physical contacts between them. 

 With the development of cryogenic electron microscopy (cryo-EM) technology, the 26S 

proteasome has been resolved at higher resolution in the past several years.20–23 Some of these 

resolved structures have reached atomic level and revealed a detailed structural composition of the 

26S proteasome. These exciting discoveries not only help researchers to understand the formation 

PKA

α-2

Rpt-6

Rpn-5

Rpn-7

Figure 2.1. Extracted structure of
Rpn-6 from 26S proteasome. Rpn-6 
makes multiple protein-protein 
interactions with other proteasome
subunits and the relative position of these
subunits are labeled. PDB:5GJR 
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of the 26S proteasome, but also demonstrate the dynamic movement of the 26S proteasome during 

target protein translocation and degradation. Although a human Rpn-6 crystal structure has not 

been resolved yet, the extracted Rpn-6 from these cryo-EM structures indicate strong structural 

similarity compared to previous D. melanogaster Rpn-6.  

As some researchers have pointed out, the interaction between Rpn-6 and other proteasome 

subunits are crucial and maintain the structural integrity of the 26S proteasome. Rpn-6 is also 

identified as the molecular clamp, holding the 19S RP and 20S CP together by presenting critical 

protein-protein interactions.1–3,24  

During the assembly of the 19S RP lid, 

the interaction between Rpn-6 and Rpn-7 at 

the PCI domain connects the Rpn-3/Rpn-

7/Rpn-15 protein complex with the Rpn-

6/Rpn-5/Rpn-8/Rpn-9 protein complex via a 

stable coil-coil interaction at the C-terminal 

PCI domains of these subunits. Rpn-6 is not 

only a vital subunit that participates in the 

assembly of the 19S RP lid, but it also 

interacts with both Rpt-6 and Rpt-3 on the 

ATPase ring of 19S RP base and the α2 

subunit on the 20S CP.3,25–28 Structurally, six 

ATPase subunits asymmetrically interact 

with seven α ring subunits, resulting in each 

ATPase subunit “sitting” on the interface between two α subunits. During the assembly of the 19S 

RP, the tail of Rpt-6 is inserted into the α2-α3 pocket with high specificity and affinity, but this 

interaction is attenuated in mature 26S proteasomes, where the tail of Rpt-6 is placed away from 

the pocket, causing a decrease in structural stability. However, the decreased interaction between 

Rpt-6 and the α subunit is compensated by the interactions among Rpt-6/Rpn-6/α2 subunits where 

Rpn-6 connects Rpt-6 and α2 by using itself as a bridge. The weakened interaction between the 

tail of Rpt-6 and α2-α3 subunit pockets creates a cavity between the ATPase ring and the α ring, 

resulting in the ATPase ring tilting on top of the α ring (Figure 2.2).29–31 This cavity provides 

some space for conformational changes but additional spaces are provided during target protein 

Figure 2.2. The interface between the α ring and the
ATPase ring. The interaction between Rpt-6, Rpn-6 and α2
subunits tilts the ATPase ring on the α ring (shown by the
angle between two planes) and provides space for mechanical
movement of the subunits during target protein degradation. 
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degradation where the interactions between Rpn-5/Rpt-3 and Rpn-7/Rpt-2 disappear to allow 

drastic conformational changes in both the ATPase ring and α ring.9 However, the interaction 

between Rpn-6 and Rpt-6 remains, highlighting Rpn-6 as a crucial subunit to hold the 19S RP and 

20S CP together. Meanwhile, the C-terminal tails of other ATPase subunits including Rpt2, Rpt-3 

and Rpt-5 are inserted into the α subunit pockets; recent cryo-EM based dynamic studies have 

demonstrated that the insertion of the ATPase subunit tails into the α subunit pockets upon ATP 

hydrolysis could be the major driving force of the gate opening of the 20S CP.32–34 To summarize, 

during the gate opening process, multiple protein-protein interactions between 19S RP subunits 

diminish to allow conformational changes on the 19S RP and 20S CP. Rpn-6 serves as the anchor 

to connect the lid and base of the 19S RP with the α ring of the 20S CP to maintain the structural 

integrity of the 26S proteasome. The low-resolved N-terminal α-solenoid region of Rpn-6 in the 

proteasome cryo-EM based dynamic study also demonstrated the drastic conformational change 

of the protein through the recruitment, irreversible commitment and substrate processing steps as 

about half of the N-terminal region of Rpn-6 remains unsolved.20,35,36 

Rpn-6 can also be phosphorylated at Ser14 by protein kinase A (PKA) near the N-terminal 

region.37,38 Researches have shown that the phosphorylation of Ser14 enhances proteasome 

activity in human stem cells and Caenorhabditis. elegans (C. elegans).39 The phosphorylation of 

Rpn-6 also promotes the formation of doubly capped 30S proteasomes that can clear short-lived 

proteins more rapidly than the 26S proteasome.REF here for this statement A mutagenesis study 

confirmed the proteasome activity enhancement upon Ser14 phosphorylation: mutating Ser14 into 

phosphomimic Asp14 still maintained proteasome activity enhancement but mutation into Ala14 

decreases proteasome activity and clearance of aggregated proteins in cells. As mentioned in 

Chapter 1.2.1, some cancers, such as hematological cancers, significantly upregulated proteasome 

activity for survival.40–42 It is not surprising to observe that Ser14 phosphorylation of Rpn-6 is also 

upregulated in cancer cells, which again stresses the importance of the function of Rpn-6 in cellular 

processes.38 

2.2 Central hypothesis and rationale regarding the discovery of a small molecule binder 
of proteasomal subunit Rpn-6. 

Rpn-6 is a subunit of the 26S proteasome which maintains the structural integrity of the 26S 

proteasome during the translocation of the target peptide. Phosphorylation of Ser14 on Rpn-6 
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boosts proteasome activity by enhancing the formation of the 30S proteasome to clear short-lived 

proteins. Rpn-6 is also upregulated in some cancer cells, making Rpn-6 a potential target for drug 

development. As previously mentioned in Chapter 1.3, all current FDA approved proteasome 

inhibitors target the same enzymatic region on the 20S CP. Drug resistance and cancer relapse has 

been observed among patients having been treated with these proteasome inhibitors. Therefore, it 

is urgent to discover other proteasome inhibitors targeting different regions on the proteasome to 

overcome drug resistance with current proteasome inhibitors. We and other researchers have 

turned our attention to the 19S RP of the 26S proteasome. We concluded Rpn-6 is a crucial 

component of the 26S proteasome and by binding Rpn-6, we would be capable of interfering with 

26S proteasome hydrolysis activity therefore significantly affecting cellular processes in cancer 

cells. Since Rpn-6 makes multiple protein-protein interactions with other proteasomal subunits, 

we hypothesized that using a small molecule binder of Rpn-6 could disrupt the protein-protein 

interaction of Rpn-6 with other subunits and decrease proteasome activity. We anticipate a 

proteasome activity decrease could be harmful or even fatal for some cancer cells over expressing 

Rpn-6. Combined with the current proteasome inhibitors, our Rpn-6 binder could be used to 

provide an alternative strategy to treat proteasome inhibitor resistant cancer patients and serve as 

a tool to further understand the assembly of the 19S lid. 

2.3 One-bead-one-compound library design and screening. 

 One-bead-one-compound library design. 

 To test Rpn-6 with more compounds, we decided to generate an one-bead-one-compound 

(OBOC) peptoid library for Rpn-6 and screen the library via differential scanning fluorimetry (also 

known as thermal shift assay). An OBOC library utilizes the split-and-pool method to create a 

library in a short amount of time.43–45 Specifically, we performed solid-phase synthesis on Rink-

amide resin by first functionalizing with bromo-acetic acid. Then the resin was separated into 

different reaction vessels for amine coupling. After coupling, the resin fractions were then 

combined for bromo-acetic acid coupling and the splitting process was repeated. The peptoid 

compounds were designed as a 3-mer peptoids with seven potential amines at each position 

(Figure 2.3A). In total, we designed a library of 7*7*7=343 compounds to maximize the number 

of peptoids for testing and screening. After the library was synthesized, a small portion of the resin 
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beads were placed individually in a well of a 96-well plate and the peptiod was cleaved using 

trifluoroacetic acid (TFA) cocktail. 47 The cleaved product was analyzed by matrix-assisted laser 

desorption/ionization (MALDI) for sequence identification. The purpose of the step was to 

examine the synthesis efficiency of the OBOC library, with the library quality only being 

considered sufficient for screening if 80% of the sequences could be identified. After analyzing all 

the sequences, we acquired from MALDI, we were able to determine 88% of the sequences 

analyzed and moved forward to use for screening for Rpn-6 binding. 

 
Figure 2.3. General structure of peptoid and workflow of OBOC library screening. (A) General structure of 3-
mer peptoid. Peptoids could be viewed as N-substituted glycine (B) Workflow of testing the library with Rpn-6 using 
a thermal shift assay and identification of hit compounds. 

 One-bead-one-compound library screening via thermal shift assay. 

 To generate a master plate for library screening, we transferred 420 beads into seven 96-

well plates. The excess 22% beads compared to the 343 designed compounds were meant to 

compensate for the 12% loss of the synthesis efficiency and to cover all compounds we synthesized 

so we could test them at least once. The beads were cleaved by TFA cocktail and dried under 

vacuum. A stock solution of 250 μM in dimethyl sulfoxide (DMSO) was prepared for screening. 

Since Rpn-6 does not exhibit enzymatic function like the β5 subunit on the 20S CP, we screened 
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for Rpn-6 ligands by utilizing differential scanning fluorimetry, or more commonly referred to as 

a thermal shift assay (Figure 2.3B).48–51 This screening method has previously been used to 

discover a BET inhibitor and is commonly used in small molecule or fragment-based library 

screening.52–55 Briefly, the target protein is mixed with a hydrophobic dye and the mixture is slowly 

heated to allow the protein to unfold, thus exposing its hydrophobic core for dye binding. The 

binding of the protein with dye will generate an increase in fluorescence signal, followed by signal 

decrease as protein starts to aggregate, burying the dye into the aggregate (Figure 2.4). By 

analyzing the signal increase and decrease, the melting temperature of the target protein can be 

calculated. When investigating small molecules, the ligand will be mixed with the target protein 

and the hydrophobic dye. Upon heating, the protein will start to unfold and expose its hydrophobic 

core as described above. However, if the small molecule binds to the target protein, it could alter 

the structural integrity of the target protein such that stabilizing molecules will increase the melting 

temperature of the target protein (Figure 2.4). This approach for discovering the protein-ligand 

interactions can be high throughput and it requires relatively less protein compared to other 

screening methods. Recent developments in this technology has even allowed for thermal shift 

assay in living cells for ligand screening.56,57 

 
Figure 2.4. Example of thermal shift assay. Green line shows Rpn-6 with DMSO as the control. Two ligands were 
included in the example as one of them did not alter the melting temperature of Rpn-6 at all while the other one 
increased the melting temperature, suggesting it stabilized the protein.  
 

The qPCR plate for the thermal shift assay was prepared by mixing Rpn-6 with the 

hydrophobic dye (Spiro Orange) and an aliquoted peptoid from the master plate to reach a final 

concentration of 10 μM. The plate was heated over time and fluorescent signal from the dye was 

monitored at excitation of 490 nm and emission of 594 nm. The melting point for Rpn-6 in each 
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well was determined, and after the assay was finished any well which showed a melting 

temperature shift of 2 ºC or more was considered a primary hit from the library. The peptoid was 

transferred from the corresponded well on the master plate onto a MALDI plate for MALDI-TOF 

analysis. 36 compounds were identified as initial hits from the thermal shift assay with Rpn-6. 

 Thermal shift results and MALDI-TOF analysis. 

The MALDI plate was sent to the 

Purdue Proteomics Facility (PPF) for 

analysis. The MS of each potential hit 

was identified, and MS-MS was also 

performed on these compounds for 

peptoid sequencing. We listed all 

possible ligand masses and cross-checked 

the data from MALDI with our list to 

reconstruct the compound based on the 

MALDI mass.58 However, multiple 

compounds on the list exhibited identical 

masses, requiring MS-MS from MALDI to analyze the composition of the compound and to 

determine the structure of the peptoid (Figure 2.5). MS-MS based peptoid structure reconstruction 

was also applied for hit compounds with unique masses to validate the MS result. In total, we were 

able to identify the composition of 27 compounds from 36 initial hit compounds and the hit 

percentage from the 420-compound library was calculated as 6%.  

  

Figure 2.5. Example of a potential hit molecule identified from
MALDI. The MS-MS profile of the molecule was analyzed to
confirm the composition of the peptoid. 
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 Compound sequence analysis and new compound 
design. 

After obtaining the structures of 27 hits from the 

previous step, we summarized the frequency of each amine 

from each hit and generated a list of amine frequency for 

comparison. Peptoids are essentially modular compounds, 

where each module is composed of various N-substituted 

glycine moieties (Figure 2.3A).59 We hypothesized that 

the position of the specific amines was crucial to the 

ligand’s ability to bind with Rpn-6. As shown in Table 2.1, 

certain amine moieties appeared more frequently than 

others at specific positions, indicating the possibility of 

designing new compounds for further testing. Therefore, 

instead of resynthesizing the identified hits, we chose to 

build new testing molecules based on the frequency of amines at each position. For position one, 

no significant preference was observed among the top three amines, so we decided to include all 

three for new compound designs. For the second and third position, two amines showed up more 

frequently among the hits. Therefore, the first along with the second most observed amines were 

included in both positions. Eventually, we constructed 3*2*2=12 compounds for further testing  

 
Figure 2.6. New peptoids for binding test. 12 new peptoids generated from Table 2.1. A fluorescein is included for 
a fluorescence polarization assay to determine binding affinities. 
 

TXS-1-FP TXS-2-FP TXS-3-FP TXS-4-FP

TXS-5-FP TXS-6-FP TXS-7-FP TXS-8-FP

TXS-9-FP TXS-10-FP TXS-11-FP TXS-12-FP

Fluorescein tag

Table 2.1. Summary of frequency of each
amine on every position.  
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(Figure 2.6). To evaluate the exact binding affinity of each compound towards Rpn-6, a 

fluorescein was incorporated on each molecule to allow us to perform a fluorescence polarization 

assay later. These 12 peptoids were resynthesized by solid-phase synthesis and purified by HPLC. 

2.4 Discovery of TXS-8 and derivative studies. 

 Fluorescence polarization assay on the peptoids. 

 To evaluate the binding affinity of each peptoid with Rpn-6, we performed a fluorescence 

polarization assay (FP assay). Fluorescence polarization is a traditional method of monitoring the 

binding affinity of a substrate to a protein.60–63 Briefly, fluorescence is the radiation emitted by a 

substance due to incident radiation of a shorter wavelength. In this experiment, the signal is 

generated by the fluorescein moiety on the peptoid. Polarization stands for the restriction of a 

transverse wave wholly or partially to one direction. Generally, the sample is first excited with 

polarized light. Then, the sample would emit the absorbed light in both the parallel and 

perpendicular directions which the intensity of the light could be recorded. In the case of unbound 

small molecules, the rotation of the ligand itself would be rapid, causing light to be emitted in all 

directions and resulting in a low polarization. However, when a ligand binds with a protein like  

Rpn-6, the relatively larger size of the 

protein makes the protein-ligand 

complex rotate slower as compared to 

unbound ligand and resulting in a high 

polarization. The tighter the binding is, 

the higher the polarization reading is 

observed. By using FP a assay, all 12 

compounds were tested with the same 

batch of Rpn-6 and the result of the 

experiment was analyzed and graphed to calculate a Kd of each compound (Figure 2.7). The 

experiment was repeated with another batch of freshly made Rpn-6 to validate the previous result. 

The assay results indicated various binding affinities of different peptods to Rpn-6 and controls 

were performed to exclude the possibility of the fluorescein moiety binding to Rpn-6. We 
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concluded this because peptoid 9 (TXS-9) showed no polarization reading at all and indicated 

neither fluorescein nor peptoid 9 bound to Rpn-6 during the experiment. 

 Discovery of TXS-8 and derivative designs. 

Among all 12 peptoids, we discovered that TXS-8 showed 

the best binding affinity towards Rpn-6 in triplicate (Figure 

2.8). TXS-7 showed the second-best binding affinity towards 

Rpn-6 in the first test, but the second test results were 

inconsistent and we decided to exclude TXS-7 from further 

study. Therefore, TXS-8 was identified as the best hit from the FP assay 

screening with a Kd of ~14 µM. The discovery of TXS-8 was an exciting 

result as our top hit was already in the low micromolar range for binding 

to Rpn-6.  

As mentioned in Chapter 2.3.4, peptoids are module compounds 

composed with various N-substituted glycine moieties. We wanted to 

investigate if all three amines were essential for TXS-8 binding to Rpn-6. 

A N-methylamine scan was performed on TXS-8 where three additional 

peptoids were designed with each of the amine on TXS-8 replaced with 

N-methylamine; the experiment shares a similar concept to an alanine scan 

for peptide ligands. In an alanine scan,  individual amino acids are 

replaced with an alanine to investigate whether the peptide ligand loses or 

maintains its binding affinity towards the target protein.64 The alanine scan 

is meant to discover the essential amino acid(s) of the peptide ligand 

responsible for binding for future investigations. To perform the N-methylamine scan on TXS-8, 

we designed three derivatives as TXS-13/14/15 (Figure 2.9). In addition to the N-methylamine 

scan, we also investigated if inserting additional amines at either N- or C-termini would increase 

the affinity of TXS-8 towards Rpn-6, as a previous protein binding peptoids utilized by our lab 

was a 6-mer peptoid.65 TXS-16 to TXS-36 were designed for the insertion experiments. All 

Figure 2.8. Structure of TXS-8 
 

TXS-13

TXS-14

TXS-15

Figure 2.9. Structure of 
TXS-8 derivatives. TXS-
13/14/15 for the N-
methylamine scan. 
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peptoids were designed to include the fluorescein for the FP assay, synthesized by solid-phase 

synthesis, purified by HPLC, and tested with Rpn-6 via the FP assay for binding affinity. 

 TXS-13 – TXS-36 screening 
and results. 

Our FP assay results indicated that 

replacement of any of the three amine 

moieties of TXS-8 with an N-

methylamine completely diminished its 

binding towards Rpn-6. The result also 

showed that all three amines were 

essential for TXS-8 binding to Rpn-6 

(Figure 2.10). For insertion studies from  

TXS-16 to TXS-36, most of the derivatives we 

synthesized presented either no binding or 

significantly weakened binding to Rpn-6. Based 

on the results, we also concluded that adding an 

amine moiety at the N-terminus of TXS-8 would 

greatly decrease the binding of the peptoid to 

Rpn-6. However, modifications at the C-terminus 

were tolerated in certain conditions though the 

modification did not significantly improve the 

affinity of the derivative to Rpn-6 (Figure 2.11A). 

Among all moieties we inserted at the C-terminus, 

amines with linear side chains like 

ethylenediamine or N-acetyl ethylenediamine 

were better tolerated than amines with bulky side 

chains like cyclohexane or benzene. This observation provided us with a feasible method for future 

TXS-8 derivative design (Figure 2.11B). From the results of derivative screening, it was evident 

that the composition of TXS-8 was essential to bind with Rpn-6 and extending the 3-mer peptoid 

Figure 2.10. TXS-8 derivative FP assay. FP results of TXS-
13/14/15. Removing any of the amine moiety on TXS-8 
completely diminished the binding of the derivatives to Rpn-6. 
 

Figure 2.11. FP assay with TXS-32 and TXS-33. (A)
Structure of TXS-32 and TXS-33, the insertion of linear
amine moieties at the C-terminus of TXS-8. (B) FP
result of TXS-32 and TXS-33 on Rpn-6, they showed
similar binding affinity to Rpn-6 comparing to TXS-8. 
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at the C-terminus is tolerated with linear side chains, explaining why the mini-PEG linker is 

tolerated for the FP assay. 

 TXS-8 thermal shift assay on Rpn-6. 

 After testing TXS-13/14/15 via the FP assay 

and confirming the necessity of all three amines 

for TXS-8 binding to Rpn-6, we also performed 

a thermal shift assay to investigate how TXS-8 

affects the melting temperature of Rpn-6. TXS-

14 was included in the experiment as a negative 

control since it did not show binding to Rpn-6 

during the FP assay. We discovered that TXS-8 

lowered the melting temperature of Rpn-6 in a dose-dependent manner while TXS-14 did not alter 

the Rpn-6 melting temperature at all, indicating that TXS-8 was a potential protein destabilizer of 

Rpn-6 (Figure 2.12). The result highlighted the feasibility of using a thermal shift assay for 

molecular screening and again emphasized the importance of all three amine moieties on TXS-8 

for its interaction with Rpn-6. 

 Screening TXS-8 with other proteins for 
specificity. 

 After completing the TXS-8 derivative 

screening with Rpn-6, we wanted to investigate the 

specificity of TXS-8 towards other proteins. Using 

various purified proteins that are commercially 

available, we wanted to test whether TXS-8 binds 

with these proteins during FP assay. Another 

subunit of 19S RP, Rpn-13, was also included in this experiment. Rpn-13 was previously reported 

to bind with peptoids and we wanted to investigate if TXS-8 as a peptoid could also bind with 

Rpn-13.65 The result from the FP assay showed no appreciable binding between TXS-8 and other 

proteins, including Rpn-13. Although beta-amylase showed moderate binding to TXS-8, we later 

discovered that the protein could also bind to other protein binders like flavonoid compounds. The 

Figure 2.12. Thermal shift assay of TXS-8/14 on Rpn-6. 
 

Figure 2.13. TXS-8 FP assay with other proteins. 
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result from the experiment above highlighted the selectively of TXS-8 to Rpn-6 as compared to 

other proteins (Figure 2.13).  

2.5 TXS-8 target identification. 

 Modification of TXS-8 for non-covalent pull-down study. 

Knowing TXS-8 was initially selective 

towards Rpn-6 from Chapter 2.4.5 provided 

potential value of using TXS-8 in future Rpn-6 

studies. However, the screening from Chapter 

2.4.5 only included several foreign proteins and 

the result was not strongly persuasive. To further 

explore if TXS-8 was selective to Rpn-6, we 

wanted to modify TXS-8 for a pull-down experiment. However, TXS-8 presented neither 

nucleophilic or electrophilic components, nor does Rpn-6 have catalytic amino acids as an 

exploitable covalent handle. Therefore, we hypothesized that TXS-8 bound to Rpn-6 non-

covalently and we decided to perform a non-covalent pull-down experiment. Using the SulfoLink 

Immobilization Kit from ThermoFisher, we immobilized TXS-8 to resin for non-covalent pull-

down and began our experiment with purified Rpn-6 to investigate the pull-down efficiency 

(Figure 2.14). However, we were unable to discover any protein in our elution fraction after 

multiple trials with purified Rpn-6. Given that TXS-8 has around 14 µM binding affinity over 

Rpn-6, it was likely that the interaction between TXS-8 and Rpn-6 was not strong enough to keep 

Rpn-6 bound on the resin during washing procedures. Therefore, an alternative strategy was 

needed to address the selectivity of TXS-8. 

  

Figure 2.14. TXS-8 for non-covalent pull-down. The
thiol group will be immobilized to the resin after
reacting with the iodo group on the resin. 
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 Modification of TXS-8 for covalent pull-down study. 

Although we were unable to capture Rpn-

6 using TXS-8 for a non-covalent pull-down 

experiment, we moved forward and investigated if 

performing a covalent pull-down is feasible. This 

required redesigning TXS-8 to include a covalent 

cross-linking group for use in a pull-down 

experiment. We chose to  incorporate a diazirine 

moiety for covalent cross-linking.66–69 Upon 

treatment of UV light, the diazirine undergoes an 

elimination reaction to generate a carbene ion by 

releasing dinitrogen. The carbene ion is highly 

reactive and can covalently bond with a peptide 

backbone or a side chain of amino acids (Figure 

2.15A), which is beneficial as the binding pocket 

for TXS-8 is unknown and therefore we cannot 

target any specific amino acids. As we discovered 

previously in Chapter 2.4.3, inserting an amine with linear side chains at the C-terminus of TXS-

8 is tolerable, thus we decided to incorporate the diazirine moiety using a NHS-diazirine at the C-

terminus of TXS-8. A biotin moiety was also included in the new compound for biotin-streptavidin 

pull-down as the interaction of biotin and streptavidin is one of the strongest non-covalent 

interactions (Figure 2.15B).70,71 The biotin-streptavidin pull-down would allow us to enrich the 

cross-linked Rpn-6 regardless of TXS-8 potency or diazirine crosslinking efficiency. The BMCC-

BDzn-TXS-8 was synthesized by solid-phase synthesis and purified by HPLC. 

  

Figure 2.15. Modification of TXS-8 for covalent
pull-down experiment. (A) Mechanism of diazirine
activation. The carbene ion could bind with amino side
chains for covalent cross-linking. (B) Structure of
BMCC-BDzn-TXS-8 for covalent pull-down.
Diazirine moiety shown in red, biotin moiety shown in
blue. 
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 TXS-8 covalent pull-down with purified Rpn-6. 

Similar to what we performed in the 

non-covalent Rpn-6 pull-down experiment; we 

started the covalent pull-down experiment with 

purified Rpn-6. A blocking buffer which 

includes a variety of proteins from cell lysate 

was added to Rpn-6 to mimic the cellular 

environment. The ligand was incubated with 

the purified Rpn-6 for one hour followed by 

UV activation and cross-linking for 30 mins. 

Magnetic streptavidin beads were added to the 

mixture for pull-down. The beads were washed 

with phosphate buffer saline (PBS) with 1% Tween 20 and eluted with 0.1 M glycine solution at 

pH 2.0. A distinct band was observed in the elution lane on our western blot and the result indicated 

purified Rpn-6 was successfully captured in our covalent pull-down using the BMCC-BDzn-TXS-

8 probe (Figure 2.16). 

 TXS-14 covalent pull-down with purified Rpn-6. 

After successfully pulling down purified Rpn-

6 with BMCC-BDzn-TXS-8, we modified TXS-14 

for covalent pull-down experiment as a negative 

control. Previous FP and thermal shift assay results 

indicated TXS-14 does not bind with Rpn-6 and 

we wanted to validate the observations with the 

covalent pull-down experiment (Figure 2.17A). 

BMCC-BDzn-TXS-14 was synthesized via solid-

phase synthesis and purified by HPLC. A pull-

down experiment with BMCC-BDzn-TXS-14 was 

performed using the same conditions as BMCC-
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Figure 2.16. BMCC-BDzn-TXS-8 pull-down
experiment with purified Rpn-6. A band corresponded to
Rpn-6 in the elution lane was observed indicating the
capture of Rpn-6 from the solution with the probe.
(Western blot, anti-Rpn-6) 
 

Figure 2.17. TXS-14 pull-down (A) Structure of
BMCC-BDzn-TXS-14. (B) Pull-down with purified
Rpn-6. (Western blot, anti-Rpn-6) 
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BDzn-TXS-8. As hoped, no band was observed from the elution lane in both Coomassie stained 

gel and western blot (Figure 2.17B).  

 TXS-8 covalent pull-down in cell lysate with endogenous Rpn-6 and proteomic 
analysis. 

 With the success on performing pull-down 

experiments with purified Rpn-6 and BMCC-

BDzn-TXS-8, we were confident to move onto 

next step of TXS-8 target validation. To further 

explore the target of TXS-8 in cells, we decided to 

perform covalent pull-down experiments using 

BMCC-BDzn-TXS-8 in cell lysate. Before we 

performed the experiment, we first analyzed the 

relative Rpn-6 expression levels among several 

cell lines in our lab. This experiment provided us 

with both the best cell line for the covalent pull-down experiment and a prerequisite experiment 

for future cell-based studies which will be presented in Chapter 3. Among various cell lines, we 

discovered that Ramos B-cells and multiple myeloma cells expressed the highest amount of Rpn-

6 as compared to other cells (Figure 2.18). Interestingly, Ramos B-cells and multiple myeloma 

cells are both hematological cancer cells and have shown to upregulate cellular proteasome 

activities for survival.86–88 We chose Ramos B-cells for the covalent pull-down experiment. The 

cells were collected and lysed using mammalian protein extraction reagent (M-PER) according to 

the manufacturer’s protocol. BMCC-BDzn-TXS-8 was added to the cell lysate to allow for binding. 

The mixture was then exposed to UV light followed by subsequent streptavidin pull-down. In the 

experiment, both Coomassie staining and western blot were performed to investigate the protein 

composition in each fraction. As hoped, Rpn-6 was observed in the elution lane in both the 

Coomassie stained gel and the western blot (Figure 2.19). The band around 50 kDa on the 

Coomassie stained gel was cut out and the sample was submitted to Purdue Proteomics Facility 

for liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) analysis. This 

sample was submitted to validate the observed band in the western blot as Rpn-6 and to provide 

guidance for future optimization of TXS-8 for binding site study. Rpn-6 was confirmed to be 

Rpn-6

GAPDH

A.

Figure 2.18. Rpn-6 expression in different cell lines.
Hematological cancer cells like Ramos B-cell and
multiple myeloma cells express significantly more
Rpn-6 comparing to HEK-293T cells. (Western blot,
anti-Rpn-6) 
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present in the submitted sample as the major protein. However, not all peptides were identified 

from the proteomic analysis, two regions were missing during the analysis. These missing regions 

were the α-solenoid region from amino acid 180-240 and the intersection between the α-solenoid 

region and PCI domain from amino acid 300-330 (Figure 2.20).  

 
Figure 2.19. TXS-8 endogenous Rpn-6 pull-down in cell lysate. (A) Coomassie stained gel of BMCC-BDzn-TXS-
8 pull-down, a distinct band corresponding to Rpn-6 weight was observed around 50 kDa. (B) Western blot of BMCC-
BDzn-TXS-8 pull-down, Rpn-6 was observed in the elution lane and indicated a success of the experiment. Rpn-2 
was only observed in flow through indicating that TXS-8 was not binding to Rpn-2. 
 

 
This was an exciting discovery as we had shown Rpn-6 

was the major protein in covalent TXS-8 pull-down 

experiments. The unidentified regions on Rpn-6 also provided 

us guides to possible binding site(s) of TXS-8 on Rpn-6; as the 

cross-linking of BMCC-BDzn-TXS-8 onto Rpn-6 brought 

unusual components and mass to the binding site peptide 

fragment, the analysis software would not be able to identify the 

cross-linked peptide fragment using an existing database and 

will result in the loss of sequence identification.  
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Figure 2.20. Colored map of identified
sequence from endogenous Rpn-6 pull-
down in cell lysate. Red regions stand
for sequence identified during
proteomic analysis. 
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2.6 Conclusion. 

Cancer is a debilitating condition that causes significant health related and economic burdens 

on patients and their families. As our understanding of cancer has been evolving for decades, we 

begin to realize that the proteasome, the “cell’s garbage disposal,” has significant effects on cancer 

survival, metastasis and proliferation.72–75 The proteasome is a crucial protein complex that 

maintains proper cell proliferation and cellular function.15,16,76 But abnormal proteasome activity 

increase in cells caused by stress conditions may lead to results in tumorigenesis.40–42 Inhibiting 

proteasome activity using small molecules has shown to be effective against cancers with 

upregulated proteasome activity and several proteasome inhibitors have been developed and 

approved by the FDA for treatment of hematological cancers, such as multiple myeloma. Currently, 

the developed proteasome inhibitors all target the β5 subunit to inhibit its chymotrypsin-like 

function described in Chapter 1.3.1, resulting in protein accumulation and cell apoptosis.77–79 

However, due to the monistic inhibition mechanism, resistance against these proteasome inhibitors 

has been observed among patients, as cancer cells overexpress β5 subunits as “decoys” to attenuate 

the effect from proteasome inhibitors.80–82 It is urgent that we study other 26S proteasome subunits, 

which are not in the β ring but present crucial functions to maintain proteasome activities, for novel 

inhibitor development. Rpn-6 is a subunit of the 19S RP and has been identified as an important 

subunit for maintaining proteasome structural integrity and boosting proteasome activity upon 

phosphorylation. Rpn-6 is also a crucial subunit for the proper formation of the 19S RP lid and the 

translocation of target protein into the catalytic barrel.1–3,24 Although Rpn-6 displays no enzymatic-

like function, in contrast to some β subunits, it exhibits multiple protein-protein interactions with 

other proteasome subunits on the 19S RP and the 20S CP. We hypothesized that developing a 

small molecule protein binder will disrupt the proper function of Rpn-6 and will lead to 26S 

proteasome malfunction, affecting cell survival.  

We present here the discovery, development and characterization of a peptoid molecule TXS-

8 as a selective binder of proteasomal subunit Rpn-6. The discovery process highlights the 

feasibility of utilizing one-bead-one-compound libraries for convenient and high-throughput 

screening. Combining an one-bead-one-compound library with thermal shift assay, we can easily 

identify small molecules bound to the target protein by monitoring changes in protein melting 

temperature. Using fluorescence polarization assay allows us to determine the binding affinity of 
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the hit from the screening to the target protein. TXS-8 is identified as the best hit from the assay 

with an Kd of ~14 µM to Rpn-6. 

The structural study of TXS-8 reveals two important aspects of TXS-8. First, all three amines 

are essential for TXS-8 to bind with Rpn-6 and second the insertion of linear alkyl structure like 

ethylene group at the C-terminus of TXS-8 is accepted, although no increase of binding affinity 

has been observed with additional amines. TXS-8 is also selective towards Rpn-6 when other 

proteins are screened against TXS-8 including 19S RP subunit Rpn-13, which has previously been 

reported to bind with peptoid. 

The structure of TXS-8 was further modified for use in a covalent pull-down experiment, 

where diazirine and biotin moieties are introduced to the molecule as functional handles. In both 

purified Rpn-6 and endogenous Rpn-6 from cell lysate experiments, Rpn-6 is observed as the 

major protein in the elution fraction. Additionally, negative control TXS-14 does not pull down 

any Rpn-6 in either experiment, demonstrating peptoid structure specificity. The result again 

highlights the importance of all three amines on TXS-8 for its binding. It also indicates that TXS-

8 is a selective binder of Rpn-6. 

With the increase in research on proteasomal subunits, the discovery of TXS-8 could 

potentially provide a breakthrough for other proteasome subunit binding studies. We can move to 

further investigate if this new small molecule of Rpn-6 will be relatively more toxic in cancer cells 

that overexpress Rpn-6 and how it will affect proteasome activity. We can also use TXS-8 to 

investigate its binding site on Rpn-6 for future optimization of the molecule to increase potency. 

Interestingly, it is currently unknown whether Rpn-6 also participates in different cellular functions 

aside from being a subunit of a proteasome and TXS-8 could be used as a tool for such studies. 

2.7 General methods and materials. 

All chemicals were obtained from either Sigma-Aldrich, Acros Organic, Alfa Aesar or 

Fisher Scientific. The resin was obtained from Rapp Polymere GmbH (Polystyrene AM RAM, 

0.65 mmol/g). The anhydrous DMF was obtained from Acros Organic. The 96-well plates were 

obtained from Fisher Scientific. The polypropylene syringe with frit was obtained from Fisher 

Scientific. The Opti-TOF TM 384 well insert for MALDI-TOF was obtained from AB Applied 

Biosystems. The Ultrapure CHCA MALDI Matrix was obtained from Protea Biosciences. The E. 

coli stock was obtained from Addgene (pQTEV-PSMD11). The Mini-Protean® TGXTM Gel and 
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the Precision Plus Protein TM Kaleidoscope TM protein ladder were obtained from BIO-RAD. 

Ampicillin (Amp) was obtained from Fisher Bio-reagents. Isopropyl ß-D-1-thiogalactopyranoisde 

(IPTG) was obtained from Sigma. HisPur Ni2+-NTA resin was obtained from Thermo-Scientific. 

The bacteria culture tube with dual-position caps were obtained from Fisher-Scientific. The 

dialysis tubes were obtained from Fisher Scientific (nominal MWCO 6000-8000). The gel running 

buffer was made from the 10X stock from BIO-RAD. The Coomassie Brilliant Blue R-250 

solution was obtained from Bioscience. The 5000X Sypro TM Orange protein gel stain stock was 

obtained from Fisher Scientific. The MicroAmp® EnduraPlate TM optical 96-well fast clear reaction 

plate with barcode (referred as TSA plate) and MicroAmp TM optical adhesive film were both 

obtained from Applied Biosystems. The assay was carried out on a StepOne TM Real-time PCR 

system from Fisher Scientific. The Centrifugal filter units were obtained from Merck Milipore Ltd. 

The 384-well plate (round bottom, half volume) was obtained from Fisher Scientific. DMSO for 

molecular biology was obtained from Sigma-Aldrich. The Eppendorf tubes were obtained from 

Fisher Scientific. The BMCC-biotin, NHS-EZ-link-diazirine, PierceTM streptavidin magnetic 

beads were all obtained from ThermoFisher Scientific. The pull-down assay protocol was modified 

from the protocol provided on the ThermoFisher website.  

2.8 One bead one compound library. 

 Library synthesis. 

100 mg of resin (100-200 mesh, 0.65 mmol/g, 300 μm) was measured and suspended with 

DCM in the fritted syringe for 10 mins to allow the beads to expand. The DCM was drained and 

the Fmoc was removed by shaking with 20% piperidine in DMF twice with 15 mins each at RT. 4 

mL of 2 M bromoacetic acid (BAA) solution (in anhydrous DMF) and 4 mL of 1 M N,N’-

diisopropylcarbodiimde (DIC) (in anhydrous DMF) was mixed until a white precipitate appears. 

The mixture was added to the syringe and agitated at 37°C for 20 mins. The resin was rinsed with 

anhydrous DMF 3 times and was suspended in 3.5 mL of anhydrous DMF. Another 7 empty 

syringes were prepared and 0.5 mL of the resin/DMF solution was transferred to each syringe with 

a pipette. The DMF was removed and 1 mL of a 1 M amine solution (amine in anhydrous DMF) 

was added correspondingly to each syringe. The syringe was agitated at 37°C for one hour. The 

solution was removed and the resin was washed with anhydrous DMF 3 times. Then the resin was 
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combined into one syringe with another 8 mL of BAA and DIC mixture added. The syringe was 

agitated at 37°C for 20 mins. The DMF was removed and the resin was washed with anhydrous 

DMF 3 times. The above split and pool process was repeated for the remaining amines. 

To generate master plates for screening, beads were suspended in ethanol. The beads were 

separated under a microscope with a 10 μL pipette tip and transferred to a well in a 96-well plate. 

It is important that there is only one bead per well and the wells on the edge of the plate were not 

used. 60 wells were available for each plate and B7, D10, E3 and G6 were left empty to be used 

as controls. The ethanol was removed by evaporation. The peptoid was cleaved from the bead with 

50 μL of a solution of 95% TFA, 2.5% DCM, 2.5% TIPS for 40 mins. The TFA solution was 

removed via Centrivap and 7 μL of 1:1 H2O/AcCN (0.1% TFA) was added to each well. 1.2 μL of 

solution was removed from the plate onto a MALDI plate for future analysis. The 

water/acetonitrile solution was then removed via Centrivap. Next, 4 μL of DMSO was added to 

each well to dissolve the peptoid. 30 μL of PBS was added to each well to acquire a ligand 

concentration of 250 μM. The plate was covered with aluminum foil and stored at -80°C for future 

screening. 

 
Figure 2.21. (A) SDS-PAGE for Rpn-6 purification. (B) Western blot for purified Rpn-6. 

 Rpn-6 Expression and purification. 

The frozen E. coli stock was removed from the -80°C and was defrosted at RT. 8 mL of 

sterilized LB broth solution with Amp was added to a bacteria culture tube and 20 μL of the E. 

coli stock was suspended in the culture medium. The tube was incubated at 37°C for a minimum 

of 6 hours. 25 g of LB broth solid was added to a 2.8 L flask and was dissolved with 1L of Mili-Q 
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water. The LB broth solution was sterilized and it was cooled to room temperature. 100 mg of 

Amp was added to the flask before transferring the 8 mL pre-cultured E. coli. The flask was further 

incubated at 37°C until an OD of 0.6-0.8 was reached as measured by NanodropTM (Thermo Fisher). 

119 mg of IPTG (final concentration 1mM) was added to the flask and the flask was further 

incubated at room temperature. overnight. The cell media was transferred into a 1L flask and was 

spun down at 4700 rpm for 10 mins in a centrifuge (Thermo Scientific Legend TM XTR Centrifuge). 

The cell media was removed and the bacteria pellet was re-suspended in 20 mL of pre-cooled E. 

coli lysis buffer. The lysis buffer was collected and cells were further lysed by an ultrasonic 

disruptor with a pulse on for two seconds followed by pulse off for 5 seconds. The total time for 

pulse on was one minute and the process was repeated three times. The lysate was centrifuged at 

13000 x g for 30 mins followed by Ni2+ affinity chromatography in a 4°C fridge. 1 mg of imidazole 

(5mM) was added to the column before chromatography to limit non-specific binding. 5 mL of 

20mM, 40 mM, 80 mM, 160 mM and 320 mM imidazole in PBS were prepared in duplicate and 

the solution was cooled to 4°C. The cell lysate was drained from the column and the resin was 

washed with cold PBS 3 times. The imidazole solution was added to elute the protein from the 

resin from low to high concentration. Gel loading buffer was added to a small amount of each 

elution fraction to reach a 1:4 ratio. The mixture was heated up for 3 mins to allow protein to fully 

denature. SDS-PAGE was applied to the above mixture and the gel was stained with Coomassie. 

The gel was checked by Li-Cor (Figure 2.21). Fractions with pure Rpn-6 were collected in a 

dialysis tube and the tube was stirred in 3 L of cold PBS overnight to remove the imidazole. The 

protein solution was transferred into a 50 mL falcon tube and was spun down at 13000xg for 10 

mins to sediment any suspension in the solution. The protein solution was then transferred into 

another 50 mL falcon tube and was stored at 4°C fridge. 

 Thermal shift assay (TSA) screening. 

The OBOC plate was taken out from the -80°C fridge to warm up to room temperature. 

The protein solution was added to a centrifugal filter unit and was concentrated via a pre-cooled 

centrifuge at 5000xg until protein concentration reached 7.5 μM. The 5000X dye stock was diluted 

with PBS to obtain a 100X solution. The reference solution was obtained by dissolving 4 μL of 

DMSO into 30 μL of PBS. 16 μL of Rpn-6 protein solution was added to a well of the TSA plate. 

2 μL of ligand solution and 2 μL of 100X dye solution was added to the same well later. The ligand 
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layout on the TSA plate was the same comparing to the ligand plate. In well B7, D10, E3 and G6, 

2 μL of reference solution was added instead of the ligand solution. Everything was mixed by 

tapping the side of the plate gently. The TSA plate was brought to the qPCR instrument for 

screening and the data was further collected and analyzed. The borderline set for detecting a hit 

was a change in melting temperature compared to the reference wells greater than or equal to 2°C.  

2.9 Fluorescent polarization assay (FP) on Rpn-6. 

 FP tag synthesis. 

 
Figure 2.22. Fluorescein synthesis. 

 

170 mg of fluorescein isomer and 50 mg of malaic acid anhydride were added to 50 mL of 

acetic acid. The mixture was stirred at room temperature. for 4 hours. Orange Precipitate was 

separated from the mixture by filtration and the solid was washed with EtOAc 5 times. The dark 

orange solid was further dried under vacuum pump covered with aluminum foil. 195 mg of the 

intermediate was dissolved in 20 mL of 4:1 benzene: DMF solution and 121 mg of ZnCl2 and 200 

μL of HDMS were added to the solution. The mixture was refluxed for 3-4 hours. Benzene was 

removed under reduced pressure when the reaction was finished. The reaction was quenched by 

pouring the mixture into 50 mL of ice water and acidified to pH 3-4. The red orange precipitate 

was separated from the mixture by filtration and the solid was washed with cold water at least 5 

times. The yellow-orange solid was collected and further dried under vacuum pump. The isolated 

compound was stored at -20 °C in the dark and the purity was checked by LC-MS. The reaction 

yield is 41%. (Figure 2.22) 
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 FP peptoid linker synthesis. 

500 mg of Rink amide resin (0.708 mmol/g, 0.354 mmol) was suspended in DCM in the 

syringe for 10 mins to allow the beads to expand. The DCM was drained and the Fmoc was 

removed by 20% piperidine twice with 15 mins each at room temperature. to give a positive Kaiser 

test. Fmoc-Cys(Mmt)-OH (4 eq, 1.416 mmol, 871.9 mg), Oxyma pure (4 eq, 1.416 mmol, 201.2 

mg) and DIC (4 eq, 1.416 mmol, 222 μL) were dissolved in 3 mL DMF each. They were mixed to 

yield a yellow solution before being added to the resin. The syringe was agitated for 1 hour to give 

a negative Kaiser test. The Fmoc was removed by 20% piperidine twice for 15 mins each at room 

temperature. to give a positive Kaiser test. Fmoc-miniPEG-OH (4 eq, 1.416 mmol, 545.7 

mg), Oxyma pure (4 eq, 1.416 mmol, 201.2 mg) and DIC (4 eq, 1.416 mmol, 222 uL) were 

dissolved in 2.35 mL DMF each. They were mixed to yield a yellow solution before being added 

to the resin. The syringe was agitated for 1 hour to give a negative Kaiser test. The resin was 

separated into 20 syringes with 25 mg of resin each. The resin was stored at 4°C for further peptoid 

synthesis.  

 FP peptoid synthesis. 

Resin with the FP-PEG linker conjugated was suspended in DCM in the syringe for 10 

mins to allow the beads to expand. The DCM was drained and the Fmoc was removed by 20% 

piperidine twice for 15 mins each at room temperature. 1 mL of 2M BAA solution and 1M DIC 

solution were mixed until a white precipitate formed. The mixture was added to the syringe and 

agitated at 37°C for 20 mins. The resin was rinsed with anhydrous DMF 3 times and 1 mL of the 

1M amine solution was added to the syringe and agitated at 37°C for one hour. The resin was later 

rinsed with anhydrous DMF for 3 times and the above step was repeated for two more rounds to 

obtain a 3-mer-FP peptoid. The resin was washed with DCM three times when the last coupling 

was finished. The Mmt group on Cys was removed by agitating the resin with 1 mL of 96% DCM, 

3% TFA and 1% TIPS for 30 seconds, repeated 5 times. The resin was further rinsed with DMF, 

10 mL of 10% TEA in DMF, then DMF. 3 mg of fluorescein was measured and dissolved in 1.5 

mL of DMSO then the solution was added to the syringe with 2.5 mL of anhydrous DMF. The 

syringe was agitated at room temperature. for 3 hours in dark. The resin was washed with DCM 3 

times. The bead was further cleaved with a mixed solution of 95% TFA, 2.5% DCM, 2.5% TIPS 
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at room temperature. for one hour in dark. The cleaved solution was collected and dried under a 

stream of argon to yield yellow oil-like liquid. The liquid was dissolved in 1:1 H2O: AcCN (HPLC 

grade, 0.1% TFA) and separated by RP-HPLC. The purity of the fraction was checked by LC-MS 

and fractions containing pure substance were combined, froze, lyophilized and stored at -20°C. 

 Fluorescence polarization (FP) assay. 

The Rpn-6 protein solution in PBS was added to a centrifugal filter unit and was 

concentrated via a pre-cooled centrifuge at 5000xg until protein concentration reached at least 40 

μM checked by NanodropTM. The protein was serially diluted 11 times. The protein fractions were 

put on ice to maintain the structural integrity of Rpn-6. The dried FP peptoid was dissolved in 100 

μL of DMSO and was transferred into a black Eppendorf tube. 10 μL of the DMSO stock was 

dissolved into 990 μL of PBS solution and the concentration was measured by NanodropTM. The 

1 mL FP peptoid stock was further diluted by PBS to obtain 1 mL of a 120 nM FP peptoid solution. 

11 μL of PBS was added separately into three wells on the plate. 11 μL of diluted Rpn-6 solution 

was added after blank from higher concentration to lower concentration, respectively. 1 μL of 

peptoid stock was added to each well simultaneously. The plate was agitated by tapping the side 

of the plate for 30 seconds. The milli-polarization was then measured by a Synergy 4 plate reader. 

The above steps were repeated until data for all peptoids was recorded. The data was collected and 

graphed by Prism version number 7. FP experiments were repeated in experimental and technical 

triplicate and all data was averaged to generated binding curves. 

 Fluorescent polarization (FP) assay with other proteins. 

Protein preparation: bovine serum albumin, β-Amylase from sweet potato, carbonic 

Anhydrase from bovine erythrocytes and cytochrome C from bovine heart protein powders were 

obtained from Sigma-Aldrich. The above protein powders were measured and dissolved in 1 mL 

of PBS to acquire a 70 μM solution. Rpn-13 was obtained from Christine Muli from our lab.  The 

protein solution was rocked in a cold room for 10 mins and seated on ice for 30 mins.  

The above protein solution was serially diluted to 0.54 μM. The TXS-8-FP peptoid was 

dissolved in 100 μL of DMSO and was transferred into a black Eppendorf tube. 10 μL of the 

DMSO stock was dissolved into 990 μL of PBS solution and the concentration was measured by 
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NanodropTM. The 1 mL peptoid stock was further diluted by PBS to obtain 1mL of 100 nM FP 

peptoid solution. 

9 μL of PBS was added separately into three wells on the plate. 9 μL of diluted protein solution 

was added after blank from higher concentration to lower concentration, 1 μL of TXS-8-FP 100 

nM solution was added to each well simultaneously. The plate was agitated by tapping the side of 

the plate for 30 seconds. The polarization was then measured by Synergy 4. The above steps were 

repeated until all proteins were measured. The data was collected and graphed by Graphpad. 

2.10 Pull-down assay with diazirine biotin dual labeled TXS-8 on purified Rpn-6 in 
blocking buffer. 

The diazirine biotin dual-labeled peptoid will be abbreviated in to BDzn-peptoid in the future 

chapters. Mono-MMt-ethylenediamine was inserted in front of the sequence of TXS-8/TXS-14 

after mini-PEG for later diazirine coupling with peptoid synthesis protocol described above. The 

MMt protecting groups on both cysteine and ethylenediamine were removed by 3% of TFA in 

DCM (1% TIPS). The removal of the MMt on ethylenediamine was examined with Kaiser test to 

result in a positive result. 0.95 eq of NHS-EZ-link-diazirine was dissolved in 1.2 mL anhydrous 

DMF with 1.1 eq of DIPEA mixed in a 1.5 ep tube and the above mixture was agitated for about 

5 mins in dark. The mixture was later added to the resin and the resin was agitated for 30-40 mins 

in the dark to allow coupling of diazirine to ethylenediamine. The completion of the experiment 

was monitored by Kaiser. Later, 1.1 eq of BMCC-biotin was added to a 1.5 mL ep tube and 

dissolved with about 300 μL of anhydrous DMSO. 900 μL of anhydrous DMF was added later and 

the solution was added to resin. The resin was agitated for 1.5 to 2 hours in dark. The resin was 

further washed with DCM three times and cleaved with a mixture of 95% TFA, 2.5% DCM and 

2.5% TIPS for 40 mins in dark. The cleaved solution was collected and dried under argon to yield 

colorless oil-like liquid. The liquid was dissolved in 2:1 H2O: AcCN (HPLC grade, 0.1% TFA) 

and separated by HPLC. The purity of the fraction was checked by LC-MS and fractions containing 

pure substance were combined, froze, lyophilized and stored at -20°C. 

Rpn-6 was prepared as previously described. The protein was concentrated to 7.5 μM. To 

avoid overwhelming the streptavidin beads during the assay, the protein was diluted with PBS to 

0.014 mg/mL for experiment. DMSO was used as a negative control to examine if Rpn-6 

aggregates on the bead. Approximately 0.16 mg of BDzn-TXS-8 was dissolved in 16 μL of DMSO  
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and the stock was further diluted 

with 700 μL of 50 mM Tris 

binding buffer (pH 7.35, 1% 

Tween). The Rpn-6 stock was 

added to the above peptoid 

solution and the mixture was 

incubated with mixing at room 

temperature. for one hour in the 

dark. The ligand protein mixture 

was transferred into transparent 

ep tubes and 365 nm UV light 

was applied to the tube at 4°C for 

30 mins to allow diazirine crosslinking to proteins. The mixture was added to Tris binding buffer 

pre-washed streptavidin magnetic beads and the mixture was incubated at room temperature. with 

mixing for one hour. The washing procedure was the same as the ThermoFisher procedure and 

flow-through, W1, W2 and elution fractions were all subjected to SDS-PAGE for either Coomassie 

staining or western blot (Figure 2.23). 

2.11 Pull-down assay with diazirine biotin dual labeled TXS-8/TXS-14 on cell lysates. 

Ramos B-cells were incubated in a 10 cm2 dish till confluency. The cells were collected 

and separated evenly into two parts. The cells were lysed with 700 μL of M-PER (100:1 M-

PER/HALT protease inhibitor) at room temperature. for 35 mins. The cell lysate was further 

centrifuged at 12,000xg for 12 mins and the cell debris was left in the tube. The whole cell protein 

concentration was measured with NanodropTM. Based on measured protein concentration, the mass 

for whole cell protein was calculated and BDzn-TXS-8/14 were measured accordingly as 10% of 

the whole cell protein mass. The above peptoids were dissolved in 25 μL of DMSO then further 

diluted with 700 μL of 50 mM Tris binding buffer (pH 7.35, 1% Tween). The cell lysate was added 

to the above peptoid solution and the mixture was incubated with mixing at room temperature. for 

one hour in dark. The ligand protein mixture was transferred into transparent ep tubes and 365 nm 

UV light was applied to the tube at 4°C for 30 mins to allow diazirine crosslinking to proteins. The 

mixture was added to Tris binding buffer pre-washed streptavidin magnetic beads and the mixture  
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Figure 2.24. TXS-14 pull-down experiment (A) SDS-PAGE Coomassie stain and. (B) Western blot using BMCC-
BDzn-TXS-14 for pull-down with Ramos B-cell lysate. 
 

was incubated at room temperature. with mixing for one hour. The washing procedure was the 

same compared to ThermoFisher procedure and W1, W2, W3 and elution fractions were all 

subjected to SDS-PAGE for either Coomassie staining or western blot (Figure 2.24). 

2.12 Proteomic analysis on BMCC-BDzn-TXS-8 target. 

The band elution band from cell lysate pull-down was cut off and submitted to Purdue 

Proteomic Facility for protein analysis. (Figure 2.25, Table 2.2)
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Figure 2.25. Peptide fragments (highlighted in yellow) observed 
during gel band analysis by proteomics. 

 

Table 2.2. List of the peptides observed during proteomics, their location within the Rpn-6 sequence, 
and the corresponding LFQ intensity observed for each peptide. 
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 TXS-8 TOXICITY IN HEMATOLOGICAL CANCER 
CELLS AND DEVELOPMENT OF A GENERAL WORKFLOW ON 
INVESTIGATING THE IMPACT OF A SMALL MOLECULE ON 

PROTEASOME. 

3.1 Introduction. 

 As described in Chapter 2, our screen of a one-bead-one-compound library against 

purified Rpn-6, resulted in the discovery a small molecule, TXS-8, as a selective binder of 

proteasomal subunit Rpn-6. We observed a binding affinity Kd of 14 µM to Rpn-6 via a 

fluorescence polarization assay. We also validated that TXS-8 is selective towards Rpn-6 by a 

covalent cross-linking pull-down experiment. To further investigate the impacts of TXS-8 on cell 

viability and determine whether TXS-8 affects proteasome activity, we designed and performed 

multiple cell-based experiments which will be discussed in this Chapter.1  

Previously, to monitor the changes in proteasome activities, researchers have been developing 

small molecule probes that can be selectively cleaved by certain proteasome subunits. Among 

these probes, a 4-amino-7-methylcoumarin (AMC) moiety was used that the release of the moiety 

upon hydrolysis of the amide bond will generate fluorescence signal that can be quantified. Ac-

GPLD-AMC (Ac stands for acetyl group),2,3 Boc-LRR-AMC (Boc stands for tert-

butyloxycarbonyl group),4,5 and Suc-LLVY-AMC (Suc stands for succinyl group) were developed 

as selective probes for the caspase-like β1 subunit, trypsin-like β2 subunit and chymotrypsin-like 

β5 subunit, respectively.6–8 These small molecule probes u have been very useful on proteasome 

characterization especially on studying proteasome inhibitors.9,10 

 However, these probes were only suitable for monitoring proteasome activity changes in 

biochemical assays due to the cell impermeability of the probes.11 Therefore, researchers have 

been developing cell permeable fluorescence probes or monitor protein degradation in cells to 

monitor proteasome activity changes in cells.8,12,13 By combining using cell permeable 

fluorescence probe and monitoring protein degradation in cells, we developed a three-step general 

workflow to investigate the impact of a small molecule on proteasome activity which will be 

presented in this chapter. 



 
 

92 

3.2 Rpn-6 overexpression in hematological cancer cells. 

As described in Chapter 2.5.5 that we investigated 

expression levels of Rpn-6 in several cell lines. According to 

literature, hematological cancer cells, like multiple myeloma 

and Ramos B-cell lymphoma, are sensitive to proteasome 

activity inhibition.14,15 However, proteasome inhibitor 

resistance had been observed among patients.16–19 As 

Chapter 2.1 indicated, Rpn-6 expression was strongly 

correlated with proteasome activity. Therefore, we 

hypothesized that hematological cancer cells overexpress Rpn-6 to facilitate proteasome activity 

and inhibition of Rpn-6 function in these cells may lead to significant toxic effects.20–23 The result 

of HEK-293T (human embryonic kidney cells), Ramos B-cells, and MM.1R (multiple myeloma 

resistant to dexamethasone) cells are described here and we confirmed that Ramos B-cells and 

MM.1R cells express a significant amount of Rpn-6 compared to HEK-293T cells (Figure 3.1).  

3.3 Toxicity Assay with TXS-8 and Several Cell Lines. 

  The result from Rpn-6 expression in cells in Chapter 3.2 confirmed our hypothesis that 

hematological cancer cells with high proteasome activity also overexpress Rpn-6. We next wanted  

 
Figure 3.2 TXS-8/14 toxicity assay (A) Cell viability assay with HEK-293T cells, Ramos B-cells and MM.1R cells 
dosed with TXS-8. The IC50 of TXS-8 in Ramos B-cells and MM.1R was 15 μM. 3.2 (B) TXS-14 showed no 
significant toxicity in all cell lines tested, even at 200 μM. This result validates our previous conclusion that the all 
three amines of TXS-8 was essential for its binding towards Rpn-6. 

 
to investigate the impacts of TXS-8 on cell viability. TXS-14 was included as a negative control 

and we hypothesized that TXS-14 would not be toxic since it could not bind Rpn-6. We dosed the 
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Figure 3.1 Rpn-6 expression in HEK-
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express Rpn-6. 
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cells with varying concentrations of TXS-8 and TXS-14 for 18 hours. A luminescent cell viability 

assay was used to monitor the toxicity of TXS-8 and TXS-14. We observed that hematological 

cancer cells (MM.1R and Ramos B-cells) were no longer viable at 20 μM but our control HEK-

293T cells did not show significant cell death until 80 μM (Figure 3.2A, Table 3.1). This data 

illustrated that TXS-8 was more toxic to cells that overexpress Rpn-6 than normal cells and this 

was an exciting discovery as our lead compound TXS-8 showed some selectivity for this toxicity 

assay. 

For our negative control, TXS-14, we had previously demonstrated that it did not bind Rpn-6 

via fluorescence polarization and thermal shift assays, and it showed no significant toxicity to any 

of the cell lines tested (Figure 3.2B). This result validates our previous conclusion in Chapter 

2.4.3 that all amine moieties on TXS-8 

are essential for binding to Rpn-6. To 

further investigate the toxicity  of TXS-

8 in various cell lines, we submitted 

TXS-8 for a NIH NCI-60 single dose 

screening panel where TXS-8 showed 

moderate growth inhibition to leukemia 

cancer cells (Table 3.2). The result from 

the NCI-60 single dose screening 

showed that TXS-8 could potentially be 

developed into a therapeutic for some 

cancers. 

3.4 Dual Dosing Using 
Bortezomib/KDT-11 and TXS-8. 

We have demonstrated that TXS-8 

showed moderate toxicity toward hematological cancer cells like Ramos B-cells and multiple 

myeloma cells. However, the IC50 of TXS-8 on both cell lines was around 14 μM and could only 

be considered as a moderately toxic small molecule for these cancer cells. To further investigate 

if targeting Rpn-6 with TXS-8 could be beneficial, we decided to perform TXS-8 dual dosing 

experiments using bortezomib and KDT-11. Bortezomib, described in Chapter 1.3.1 as the first 

A.

B.

Figure 3.3 TXS-8/bortezomib dual dosing. Dual dosing of
bortezomib/KDT-11 with TXS-8 on MM.1R cells. The viability of
the cells was examined and plotted to obtain a curve. 
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FDA approved small molecule proteasome inhibitor, was selected for the experiment.14,24,25 It 

showed an IC50 around 2-6 nM towards multiple myeloma cells and we wanted to use bortezomib 

to investigate if TXS-8 could lead to an additive or synergistic effect.15,26–28 KDT-11 was 

discovered in 2015 as a selective binder of Rpn-13, one of the two ubiquitin receptor of the 26S 

proteasome. The IC50 of KDT-11 on multiple myeloma cells was around 8 μM.29 We sought to 

determine if dosing cancer cells with two 19S RP inhibitors would result in improved toxicity.  

To perform the dual dosing experiment, we decided to use 50% of the IC50 concentration (7 

μM) of TXS-8 with varying concentrations of bortezomib or KDT-11. The inhibitors were mixed 

and then to cells, the viability of the cells was examined after 24 hours and plotted for comparison 

with only bortezomib or KDT-11 treated cells (Figure 3.3). Based on the results with MM.1R with 

bortezomib/KDT-11 dual dosing, no significant additive or synergistic effect was observed with 

bortezomib when dual dosed with 7 μM of TXS-8. Although dual dosing of KDT-11 with 7 μM 

of TXS-8 increased the toxicity of the mixed ligand, the overall toxicity increase of the mixed  

ligand was less than 2-fold compared to 

KDT-11 treated MM.1R cells. We were 

unable to conclude whether an additive 

or synergistic effect was observed when 

dual dosed by TXS-8. To further 

investigate the dual dosing effect of 

TXS-8 with bortezomib/KDT-11, we 

also included Ramos B-cells for our dual 

dosing experiment as Ramos B-cells 

also overexpress Rpn-6. We performed 

the dual dosing experiment with the 

same conditions previously described 

(Figure 3.4). Interestingly, with Ramos 

B-cells, TXS-8 did not change the IC50 

when dual dosed with KDT-11. 

However, the mixed ligand of TXS-8 and bortezomib decreased the IC50 of bortezomib by 2-fold. 

Although we observed lower IC50 with TXS-8 dual dosing in certain experimental conditions 

regarding bortezomib or KDT-11, the change was not significant. Therefore, with these limited 
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dual dosing results, we were unable to conclude if TXS-8 serves additive or synergistic effect with 

KDT-11/bortezomib. A more potent Rpn-6 binder is needed to determine if a synergistic or 

additive effect with these other proteasome inhibitors is possible. 

3.5 Preliminary Study of the Impact of TXS-8 on Proteasome Activity. 

 Establishing TXS-8 Induced Cell Stress Condition. 

The uncertain result from the dual dosing 

experiment with TXS-8 and bortezomib/KDT-11 

motivated us to look into the impact of TXS-8 on 

proteasome activity because we were uncertain about 

the cellular pathway impacted by TXS-8 that resulted 

in cell death. To establish proper conditions to 

investigate the impact of TXS-8 on proteasome 

activity, we wanted to determine the toxic effect of 

TXS-8 at different dosing time period. Previously we 

had determined the IC50 of TXS-8 at around 14 μM in 

Ramos B-cells. Based on this, we decided to use a 

higher concentration of TXS-8 for the experiment to 

induce cell stress, but not toxicity. 20 μM of TXS-8 was used to investigate the viability of Ramos 

B-cells in a time-dependent manner where we added TXS-8 to Ramos B-cells at certain time points 

and monitored viability (Figure 3.5). From the result of this experiment, we concluded that 20 μM 

of TXS-8 could induce cell stress in less than two hours. Moving forward, we decided to dose cells 

with 20 µM of TXS-8 for 1.5 hours for future experiments. 
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Figure 3.5 Viability of Ramos B-cell treated
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TXS-8 was added to Ramos B-cells at given time
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 Investigating the Impact of TXS-8 on Proteasome Activity with a Biochemical Assay. 

In the literature, bortezomib and KDT-11 

have been shown to induced ubiquitinated 

protein accumulation in cells and we wanted to 

determine if TXS-8, as a proteasomal subunit 

selective binder like KDT-11, could induce a 

similar effect.14,26,29,30 To begin our studies we 

decided to first monitor changes in proteasome 

activity with biochemical assays using purified 26S proteasome and commercially available probes. 

Suc-LLVY-AMC (Suc stands for succinyl group, AMC stands for 7-amino-4-methylcourmarin 

group) probe was selected for the assay; this probe was developed as a selective substrate for the 

chymotrypsin-like β5 subunit. The cleavage of the amide bond releases the aminocoumarin group 

to generate fluorescence signal for quantification (Figure 3.6).31–35 To perform the experiment, we 

incubated 26S proteasome, TXS-8?, and proteasome probe. The final concentration of 26S 

proteasome was 5 nM and the Suc-LLVY-AMC 

probe was 10 μM. TXS-8 was set to a final 

concentration of 20 μM and as a control, 

bortezomib was utilized at 5 nM. The Suc-

LLVY-AMC probe was added to each well and 

the plate was gently agitated for five minutes. 

The plate was then placed on a plate reader and 

fluorescence signal was monitored. The data was 

analyzed and the rate of fluorescence signal 

increase (Δ RFU/min) was plotted (Figure 3.7). 

The data demonstrated that 20 μM of TXS-8 did 

not significantly inhibit proteasome activity while our positive control, bortezomib, showed 

significant inhibition of proteasome activity. 

Figure 3.6 Structure of Suc-LLVY-AMC probe. the
red marker represents the cleavage site of the
compound by the chymotrypsin-like site. 
 

Figure 3.7 Rate of fluorescence signal comparison
with purified 26S proteasome. Rate (ΔRFU/min) of
TXS-8, bortezomib and DMSO. No significant
inhibition of proteasome activity was observed with
dosage of TXS-8. Error bars represent SEM and n=3,
****p<0.00005, ns=p>0.05. 
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 Investigating the Impact ofTXS-8 on Proteasome Activity in Ramos B-cell Lysate 
Using Proteasome Probes. 

The result from the purified 26S proteasome 

activity assay illustrated that TXS-8 may not be 

affecting proteasome activity. However, we decided 

to move forward to investigate the impact of TXS-8 

in cells to determine if TXS-8 was affecting 

proteasome assembly. We chose to use Ramos B-

cells for the experiment as we had previously 

established proper conditions to induce cell stress in 

these cells. Since Ramos-B cells are difficult to use 

for cell-based assay with our probes because the 

AMC probes were generally cell impermeable, we 

decided to perform a proteasome activity assay with Ramos B-cell lysate with the Suc-LLVY-

AMC probe.6 Cells were dosed with TXS-8, bortezomib or DMSO for 1.5 hours. The cells were 

then collected and lysed with a non-denaturing buffer. The Suc-LLVY-AMC probe was added to 

the cell lysate along with 20 μM of TXS-8, 5 nM bortezomib, or DMSO so the ligands were still 

present in the cell lysate. The cell lysate was transferred to a 96-well plate and the fluorescent 

signal was monitored over time. The data was analyzed and the rate of fluorescence signal increase 

was graphed (Figure 3.8). The result from this assay indicated that 20 μM of TXS-8 did not 

decrease the cleavage rate of the Suc-LLLVY-AMC probe significantly. Meanwhile, our positive 

control bortezomib-treated Ramos B-cells exhibited a significant decrease of proteasome activity. 

Although both the purified 26S proteasome and Ramos B-cell lysate assays indicated that TXS-8 

did not significantly affect proteasome activity, Suc-LLVY-AMC is a small substrate of the 

proteasome and is rapidly cleaved. We hypothesized this probe may not be sensitive enough to 

detect inhibition of the proteasome by TXS-8 as it can be rapidly degraded through a ubiquitin-

independent mechanism that does not require Rpn-6 to be functional.7,36,37 To overcome this issue, 

our lab had developed a FRET (Fluorescence Resonance Energy Transfer) based probe for 

proteasome activity measurement (Figure 3.9).7 This probe was longer than the AMC probes 

therefore it was harder to be degraded rapidly by the proteasome as the long substrate cannot easily 

fit into the gate of the 20S CP. We decided to use this probe to monitor proteasome activity in 

Figure 3.8 Rate of fluorescence signal comparison
in Ramos B-cell lysate. Rate (ΔRFU/min) of TXS-8, 
bortezomib and DMSO. No significant inhibition of
proteasome activity was observed with dosage of
TXS-8. Error bars represent SEM and n=3,
****p<0.00005, ns=p>0.05. 
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response to dosage with TXS-8. We also sought to monitor K-48 polyubiquitin accumulation with 

a western blot assay to investigate ubiquitin-dependent proteasome activity changes. 

 Investigating TXS-8 Impact on Proteasome Activity with FRET Probe and K-48 
Immunoblot. 

To investigate the changes of proteasome 

activity in response to TXS-8, we decided to 

perform two experiments; 1) We wanted to use the 

FRET probe with purified 26S proteasome; 2) We 

wanted to monitor accumulation of K-48 

polyubiquitinated proteins in TXS-8-treated 

Ramos B-cells. Similar to our previous 

experiments with Suc-LLVY-AMC probe, the 

final concentration of the FRET probe was 10 μM 

but we increased the concentration of TXS-8 to 50 

μM. We included TXS-14 as our negative control 

(Figure 3.10, Figure 3.23). The result of the assay 

indicated that TXS-8 did inhibit he proteasome 

but TXS-14 did not.  

In addition to monitoring proteasome activity 

changes with TXS-8 dosing, we also investigated 

polyubiquitinated protein accumulation in cells 

when treated with TXS-8. Bortezomib was 

included as a positive control. Ramos B-cells 

were dosed with 20 μM of TXS- or 5 nM 

bortezomib for two hours and then lysed with M-

PER solution. A K-48 polyubiquitin immunoblot 

was performed to monitor the relative amount of polyubiquitinated proteins in cells (Figure 3.11). 

As mentioned previously in Chapter 1.1.1 ubiquitin can be modified in various positions and K-

Figure 3.10 Rate of fluorescence signal comparison
with purified 26S proteasome. Rate (ΔRFU/min) of
TXS-8, TXS-14 and DMSO. Proteasome activity was
significantly decreased with 50 μM of TXS-8 but TXS-
14 showed no impact on proteasome activity. Error bars
represent SEM and n=3, **p<0.005, ns=p>0.05. 
 

Edans

Dabcyl

Figure 3.9 Structure of the FRET probe designed by
our lab. The red marker indicates the cleavage site of
the peptide. Edan is colored in blue and dabcyl is
colored in red. 
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48 modification is related to proteasomal degradation. The 

immunoblot indicated that 20 μM of TXS-8 treatment did not 

significantly increased K-48 polyubiquitinated protein 

accumulation like our positive control, bortezomib. Although we 

observed a proteasome activity decrease in FRET assay, 50 μM of 

TXS-8 is a high concentration and will induce significant cell 

death in Ramos B-cells or multiple myeloma cells. The FRET 

probe is not cell permeable, so we were unable to directly monitor 

proteasome activity changes in living cells. However, the K-48 

ubiquitin immunoblot may suggest that TXS-8 does not affect 

proteasome activity at non-lethal concentrations.  

3.6 A Three-Step Workflow of Investigating the Impacts of 
Small Molecules on Proteasome Activity. 

Recently, our lab has developed a series of rhodamine-based 

probes that are cell permeable.6,38 These probes 

exhibit much slower cleavage  compared to the Suc-

LLVY-AMC probe. Our probes are also resistant to 

cellular protease cleavage. But most importantly, 

these probes are cell permeable and we are able to 

directly monitor proteasome activity in live cells. In 

addition to being able to directly monitor proteasome 

activity changes, we had also acquired experience in 

knocking down subunits in cells with silencing RNA 

(siRNA) and transfecting cells to induce specific 

protein expression. 

Therefore, we planned to develop and apply 

multiple assays to evaluate small molecules, such as 

TXS-8, which can bind selectively with noncatalytic 

proteasome subunits to determine if they can affect 

proteasome activity in cellulo (Figure 3.12, Figure 3.28).39 While we had initially planned to use 
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Figure 3.11 K-48 polyubiquitin
immunoblot in Ramos B-cells 
treated with TXS-8 or bortezomib 
and DMSO. TXS-8 did not 
significantly induce ubiquitinated
protein accumulation like positive
control bortezomib. 
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Ramos B-cells in our experiments, we found that it was difficult to transfect these cells.40–44 

Therefore, we selected HEK-293T cells for the assay development, starting with monitoring 

proteasome activity biochemically followed by monitoring degradation of full-length proteins by 

immunoblot analysis. Finally, TXS-8 was tested in a primary cell line with the proteasome 

selective probe for validation. Through the above experiments, we were able to develop critical 

assays to study future Rpn-6 small molecule binders and apply these assays to the evaluation of 

small molecule binders of other proteasome subunits. 

 Testing Proteasome Activity Changes Using Proteasome Selective Probes in Normal 
and Rpn-6 Knocked Down Cells. 

3.6.1.1 Target Protein Knockdown and 
Proteasome Activity Measurement. 

   We first sought to determine if proteasome 

activity in cells was decreased when Rpn-6 

expression is reduced. HEK-293T cells were 

transfected with siRNA for Rpn-6 (sRpn-6) that 

was previously reported to reduce Rpn-6 

expression.45 A complete knockout of Rpn-6 is 

not possible, as the 26S proteasome could not 

form and would result in cell death.21,46 

HEK-293T cells were transfected with the 

sRpn-6 or a scrambled version of the siRNA 

(cRpn-6) as a control using lipofectamine RNAimax. 

48 hours after transfection, the cells were lysed and 

the relative amount of Rpn-6 compared to GAPDH 

in treated cells was quantitated using immunoblot 

analysis (Figure 3.13, Figure 3.24). We observed a 

60% decrease in the amount of Rpn-6 in sRpn-6 

treated cells compared to cRpn-6 or untreated cells. 

Figure 3.13 Rpn-6 knockdown in HEK-293T cells with
sRpn-6. (A) Immunoblot of Rpn-6 in knockdown/control
and mock treated HEK-293T cells. (B) Relative Rpn-6
expression in knockdown/control and mock treated HEK-
293T cells. Error bars represent SEM and n=3, *p<0.05,
**p<0.005, ns=p>0.05 
 

Figure 3.14 Structure of the TAS-2 probe. It is
recognized by the β5 subunit. The red marker
represents the cleavage site. The compound is a
hybrid of a peptide (blue) and a peptoid (red).
Upon cleavage by the proteasome the release of
the rhodamine will generate fluorescence for
quantification. 
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As mentioned previously, our lab has developed a cell 

permeable rhodamine-based proteasome selective probe that 

allow us to monitor proteasome activity in real-time, called TAS-

2 (Figure 3.14).6 Cleavage of the probe by proteasomes in cells 

is monitored over time. The rate of the proteasome cleavage can 

be calculated via linear regression. After transfecting HEK-293T 

cells with sRpn-6 or cRpn-6, TAS-2 was added to the cells to 

monitor proteasome activity. The Rpn-6 knocked down cells 

exhibited a significant decrease in proteasome activity compared 

to the two controls (Figure 3.15). This observation indicated that 

decreasing Rpn-6 expression could lead to a decrease in 

proteasome activity  and validates previous literature reports that Rpn-6 is crucial to maintain the 

proper function of the 26S proteasome.20,21,47,48 

3.6.1.2 Establishing dosing conditions using viability assay with varying concentration of 
TXS-8. 

With the success of acquiring Rpn-6 knocked 

down HEK-293T cells, we wanted to monitor 

proteasome activity changes in these cells when dosed 

with TXS-8. First, we had to establish proper 

experimental conditions for TXS-8 dosing, as 

decreasing Rpn-6 expression in cells may alter the 

toxicity of TXS-8 in HEK-293T cells. Based on our 

previous cell stress experiments with Ramos B-cells in 

Chapter 3.5.1, we dosed HEK-293T cells with various 

concentration of TXS-8 for 7.5 hours. The dosing time 

was determined based on our designed workflow that we will first pre-treat the cells for 3.5 hours 

and monitor proteasome activity for 3 hours post-treatment. The viability of the HEK-293T cells 

were examined after 7.5 hours (Figure 3.16, Figure 3.25). The viability assay indicated that 

knocking down Rpn-6 in HEK-293T cells did significantly alter the toxicity of TXS-8, as the Rpn-

6 knockdown cells were more sensitive to TXS-8 than control cells. We decided to use 30 μM of 

Figure 3.15 Rate of fluorescence
signal comparison in sRpn-6, 
cRpn-6, or mock transected HEK-
293T cells. The sRpn-6 treated cells 
exhibited a 15% decrease. Error bars
represent SEM and n=4, **p<0.005,
ns=p>0.05. 
 

Figure 3.16 Viability of sRpn-6, cRpn-6, or 
no siRNA transfected HEK-293T cells. A 
significant cell death was observed above 40
μM. Error bars represent SEM and n=3,
***p<0.0005, ns=p>0.05. 
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TXS-8 for our future experiments as 40 μM of TXS-8 resulted in significant cell death in sRpn-6 

treated by the end of the experiment.  

3.6.1.3 Proteasome Activity Measurement in sRpn-6, cRpn-6, or No siRNA Treated Cells. 

After determining that we would use 30 μM of TXS-8 for dosing, we moved forward to 

measure proteasome activity changes in HEK-293T cells. As mentioned in Chapter 3.6.1.2, we 

decided to dose the 

HEK-293T cells with 

our small molecule 

for 3.5 hours as pre-

treatment then added 

our proteasome probe 

with more TXS-8 or -

TXS-14 and measure 

proteasome activity 

changes for 3 hours. 

TXS-14 was included 

in this study as a 

negative control (Figure 3.17, Figure 3.26). We discovered that 30 μM of TXS-8 did not 

significantly alter proteasome activity of the cells. However, based on our previous results from 

FRET probe proteasome assay and K-48 polyubiquitin immunoblot, we were not disappointed by 

the result that TXS-8 did not significantly change proteasome activity at non-lethal concentration.  

 Monitoring Full-Length Protein Degradation in Rpn-6 Knockdown and Normal 
HEK-293T Cells Dosed with TXS-8. 

 The proteasome activity assay result from Chapter 3.6.1 indicated that TXS-8 may not be 

affecting proteasome activity at a non-lethal concentration. However, it is possible that TXS-8 

could be only affecting ubiquitin-dependent degradation of proteins. Since TAS-2 is a small probe 

compared to a full-length protein, it can be cleaved in a ubiquitin-independent manner, i.e., without 

the association of the 19S RP with the 20S CP, for which Rpn-6 is critical. Therefore, in the second 
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Figure 3.17. Rate of fluorescence signal comparison in sRpn-6, cRpn-6, or mock 
transected HEK-293T cells. (A) TAS-2 cleavage rate in sRpn-6 treated HEK-293T cells, 
no significant proteasome activity changes were observed. (B) TAS-2 cleavage rate in
cRpn-6 treated HEK-293T cells, no significant proteasome activity changes were
observed. (C) TAS-2 cleavage rate in no siRNA treated HEK-293T cells, no significant
proteasome activity changes were observed. Error bars represent SEM and n=4,
ns=p>0.05. 
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step of our workflow, we wanted to evaluate if our small molecule could affect the ubiquitin-

dependent activity of the proteasome. 

3.6.2.1 Protein Plasmid Preparation and Transfection and Viability Testing. 

 To evaluate full-length protein degradation in HEK-

293T cells, we decided to use green fluorescent protein 

(GFP) for the experiment, as  literature demonstrates 

that GFP is degraded through the ubiquitin-dependent 

pathway.49 The GFP plasmid was prepared from DH5-

alpha E.Coli strain with a starter culture. A mini-prep 

was then performed to extract the DNA from the 

bacteria. Cells were transfected with varying amounts of DNA to determine the optimal amount 

for future transfections, 3 μg of GFP plasmid was selected for our future experiments (Figure 

3.18). We also tried to co-transfect the GFP plasmid and sRpn-6 siRNA but the cells were not 

viable after 48 hours. We hypothesized that the high amount of chemical transfecting reagent may 

severely damage the cell membrane and resulted in cell death. Therefore, we decided to transfect 

GFP first overnight then add the siRNA for 48 hours.  

 Before we performed the GFP degradation assay in 

HEK-293T cells, we wanted to examine the toxicity 

TXS-8 in these cells, as we were uncertain if transfecting 

with GFP would affect the viability of the cells when 

dosed with TXS-8. Similar to what we had previously 

observed, 30 μM of TXS-8 was the maximum 

concentration that Rpn-6 knocked down cells could 

tolerate without showing significant cell death (Figure 

3.19, Figure 3.27A). Therefore, we decided to keep 

using 30 μM of TXS-8 for our protein degradation assay. 

  

Figure 3.18. GFP transfection in HEK-293T 
cells with various amount of GFP plasmid. 
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Figure 3.19. Viability result in GFP transfected
sRpn-6 or no siRNA treated HEK-293T cells.
Error bars represent SEM n=6, ns=p>0.05. 
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3.6.2.2 Full-Length Protein Degradation Assay in Knockdown and Normal Cells Dosed 
withTXS-8. 

 After establishing the conditions for transfecting GFP, knocking down Rpn-6, and inducing 

maximum stress in HEK-293T cells, we next moved forward to monitor GFP degradation in HEK-

293T cells. Cells were first 

transfected with GFP then treated 

with sRpn-6/or no siRNA. The 

cells were then separated into a 12-

well plate to allow for cell 

attachment to the plate overnight. 

TXS-8, TXS-14, or DMSO was 

added to the cells, and incubated 

with HEK-293T cells for 3.5 hours. 

The cells were lysed and protein 

concentration was normalized. The 

lysates were subjected to SDS-

PAGE followed by 

immunoblotting with antibodies to 

GFP, Rpn-6 and GAPDH (loading 

control). Similar to what we have 

observed in Chapter 3.6.1.3, 30 

μM of TXS-8 did not significantly alter degradation of GFP in both normal and Rpn-6 knocked 

down cells (Figure 3.20). The result from the GFP degradation assay validated our previous 

observation in the proteasome probe activity assay that TXS-8 did not significantly change 

proteasome activity at non-lethal concentration. 

 Proteasome Activity Changes in a Primary Cell Line. 

 The results from the first two steps of the workflow indicated that TXS-8 may not be 

significantly affecting proteasome activity at non-lethal concentrations. In the last step of the 

workflow, we turned our attention to using a primary cell line, as the impacts of TXS-8 may be 

more pronounced than immortalized cell lines. We selected the primary cardiomyocyte cell line 
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Figure 3.20. GFP degradation in sRpn-6 and no siRNA treated HEK-
293T cells. (A) Immunoblot of Rpn-6, GAPDH and GFP in Rpn-6 
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AC16 for further study. Recent studies have indicated that prolonged exposure to the proteasome 

inhibitor bortezomib results in cardiac cell damage and reduced proteasome activity.50,51 It was 

hypothesized that TXS-8 could also damage these cells through a proteasome-mediated pathway. 

3.6.3.1 Rpn-6 expression and viability assay in AC16 cells. 

Since cardiomyocytes are more 

sensitive to proteasome inhibition, we 

sought to determine if TXS-8 could 

modulate their proteasome activity. First, 

lysate from AC16 cells was subjected to 

immunoblot analysis to ensure that the Rpn-

6 subunit was detectable in this cell line 

(Figure 3.21A). A band corresponding to the 

molecular weight of Rpn-6 (49 kDa) was observed. We then wanted to establish viability of the 

cells in response to dosing with various concentrations of TXS-8 (Figure 3.21B). The AC16 cells 

appeared to be more sensitive to TXS-8 than HEK-293T, as reflected by significant cell death after 

dosing with 25 µM of the compound while HEK-293T cells were still viable. Therefore, we 

decided to dose with 12.5 µM of TXS-8 for this experiment as this concentration did not affect 

viability. 

3.6.3.2 Proteasome Activity Assay in a Primary Cell Line. 

After establishing the proper dosing conditions, we next sought to determine if dosage of TXS-

8 resulted in alterations of proteasome activity in AC16 cells. Cells were dosed with a final 

concentration of TXS-8 at 12.5 µM for 3.5 hours. As a control, AC16 cells were also dosed with 

DMSO or 5 µM of MG-132, a known proteasome inhibitor.52 Cells were then washed with PBS, 

and the corresponding compounds and TAS-2 were added to the wells. Fluorescence signal was 

monitored over time (Figure 3.22). TXS-8 did not appear to significantly impact proteasome 

activity, but dosing with MG-132 resulted in reduced proteasome activity, as expected. This result 

Figure 3.21. (A) Immunoblot of AC16 cell lysate, Rpn-6 was
detected. (B) Viability of TXS-8 in AC16 cells with various
concentration. 
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suggests that although AC16 cells were more sensitive to TXS-

8 than HEK-293T cells, TXS-8 does not alter proteasome 

activity in this cell line at non-lethal concentrations. 

 Summary of the Workflow and Potential 
Application. 

 Although we did not observe a significant impact of TXS-8 

on proteasome activity, we were able to describe a convenient 

method for investigating the impacts of small molecules on 

proteasome activity with three assays. The results from all three 

steps were consistent which suggested that the order of 

implementation may not affect the final result of the workflow. 

We would still suggest that using an immortal cell line with 

proteasome probe for the first step, as this step is the fastest step 

in the workflow. The workflow we proposed for elucidating the impacts of a small molecule on 

proteasome activity could also be used to study other small molecule modulators of the proteasome. 

3.7 Conclusion. 

 In this chapter, we demonstrated cellular experiments with TXS-8 and a general workflow 

of investigating if the impacts of small molecule binders to proteasome subunits causes a chance 

in activity, using TXS-8 as an example. 1 We discovered that TXS-8 showed moderate toxicity to 

hematological cancer cells like Ramos B-cells and multiple myeloma cells. These cancer cells also 

express a relatively significant amount of Rpn-6 compared to our control HEK-293T cells. A 

further study with a NIH NCI-60 single dose screening also indicated TXS-8 capable of inhibiting 

cell growth of leukemia cells. We further explored whether TXS-8 could show additive or 

synergistic effect with other reported proteasome inhibitors like KDT-11 and bortezomib.14,24,25 

However, we were unable to conclude if TXS-8 exhibited any of the above effect when dual dosed 

with KDT-11 and bortezomib in either Ramos B-cells or multiple myeloma cells because the shift 

of IC50 was not significant. 

 We also performed preliminary studies on the impact of TXS-8 on proteasome activity. 

Since TXS-8 was discovered as a selective binder of Rpn-6, we hypothesized that TXS-8 may 
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Figure 3.22. Rate of fluorescence
signal comparison in AC16 cells.
TAS-2 cleavage rate in AC16 cells, no
significant proteasome activity
changes were observed in TXS-8 
treated cells. The Proteasome inhibitor
MG-132 significantly inhibited
proteasome activity. Error bars
represent SEM n=4, ***p<0.0005,
ns=p>0.05. 
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interfere with Rpn-6 function and eventually affect proteasome activity. However, our initial 

experiments with the commercially available proteasome probe, Suc-LLVY-AMC with both 

purified 26S proteasome and Ramos B-cell lysate indicated that TXS-8 may not be affecting 

activity of the proteasome. To further explore the impact of TXS-8 on proteasome activity, we 

monitored proteasome activity changes with a FRET probe and monitored K-48 polyubiquitinated 

protein accumulation in cells. Results from the Suc-LLVY-AMC probe, FRET probe and K-48 

immunoblot experiments exhibited a discrepancy and we were unable to summarize a conclusion 

based on the results. However, with the newly developed rhodamine-based probes from our lab, 

we restarted the investigation of the impact of TXS-8 on proteasome activity. 24 

We also noticed that there is a lack of a general workflow of investigating the impacts of small 

molecules on proteasome activity. Therefore, we designed and described a three-step general 

workflow to make characterizing small molecule proteasome activity modulators more streamline. 

Starting with monitoring proteasome activity changes in cells, followed by monitoring full-length 

protein degradation and monitoring proteasome activity changes in a primary cell line, we were 

able to develop critical assays to study the impact of a small molecule on proteasome activity. We 

concluded that although TXS-8 was a selective binder of Rpn-6, it may not be able to significantly 

affect proteasome activity at non-lethal concentrations. Additionally, these assays could also be 

amenable for the evaluation of small molecule binders to other proteasome subunits of interest. 

 The conclusion that TXS-8 may not affect proteasome activity at non-lethal concentration 

raised multiple questions: How did TXS-8 induce cytotoxicity in Rpn-6 overexpressing cells? 

Does Rpn-6 serve other cellular roles other than being a subunit of proteasome? All these questions 

remain to be answered. Meanwhile, the discovery of the binding site of TXS-8 on Rpn-6 will 

greatly help to answer some of the above questions and provide guidance for future structural 

optimization of TXS-8 into a more drug-like small molecule. 

3.8 General methods and materials. 

All chemicals were obtained from Sigma-Aldrich, Acros Organics, Alfa Aesar or Fisher 

Scientific and used without any further purification. Solid-phase peptoid synthesis reactions for 

TXS-8 and TXS-14 were performed in fritted syringes (Sass Wolfe) as reported previously. TXS-

8/14 were tested by fluorescence polarization assay. Resin was purchased from Chem-Impex Int’l 

Inc. All peptoids were purified by reverse phase HPLC. (Agilent S9 1260 infinity II), HEK-293T 
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(CRL-3216 TM), MM.1R (CRL-2975 TM), Ramos B-cells (CRL-1596 TM) frozen cell stocks were 

obtained from ATCC. Cell growth media was also obtained from ATCC including ATCC-

formulated Eagle’s minimum essential medium (EMEM, 30-2003 TM), ATCC-formulated RPMI-

1640 Medium (30-2001 TM) and Dulbecoo’s modified eagle’s medium (DMEM 30-2002 TM). The 

Fetal bovine serum (FBS obtained from VWR) was added to the growth media by 10% of the total 

volume. 1% PEST was added alone to the DMEM media after FBS was added. CellTiter Glo was 

obtained from Promega. The 96-well plate with lid was obtained from Corning® Costar®. The 0.25% 

trypsin cell dissociation buffer was obtained from Corning®. The Suc-LLVY-AMC probe was 

acquired from ThermoFisher. The purified 26S proteasome was acquired from Boston Biochem at 

a stock concentration of 2 μM. The black 96-well plate with lid was obtained from Corning® 

Costar®. The square bottom 384-well plates were acquired from Fisher Scientific. The 12-well 

transparent round bottom plates were obtained from VWR. The FRET peptide was synthesized by 

Dr. Rachel Coleman from the Trader lab. The K-48 monoclonal antibody was acquired from both 

Boston Biochem and ThermoFisher. The 0.25% trypsin cell dissociation buffer, 1X PBS buffer, 

and the collagen type I from rat tail was obtained from Corning®. The lipofectamine® RNAiMAX 

and lipofectamine® 2000 were acquired from Invitrogen. The sRpn-6 PSMD11 Silencer ® and 

cRpn-6 negative control were obtained from Ambion through Thermo-Fisher. The Opti-MEM ® 

media and all cell flasks and dishes were also obtained from Thermo-Fisher. M-PERTM 

mammalian protein extraction solution and HALT TM protease & phosphatase inhibitor cocktail 

(100X) was obtained from Thermo-Fisher. The Laemmli SDS-sample buffer (4X) was acquired 

from Fisher. Nitrocellulose membranes and filter paper were obtained from Bio-Rad. Rpn-6 

primary antibody (rabbit), GAPDH primary antibody (mouse) and GFP primary antibody (rabbit) 

were obtained from Novus Biologicals. The secondary antibody (goat anti-rabbit) was obtained 

from LI-COR. The GFP plasmid was acquired at 1.54 μg/μL concentration. AC16 (Millipore 

Sigma, Cat. #SCC109) cells were thawed from a liquid nitrogen stock and cultured in sterile 

filtered 50% DMEM 50% F-12K media supplemented with 12.5% FBS and 1% Penicillin-

Streptomycin (PEST).  
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3.9 General Cell Culture and TXS-8 Toxicity Experiments. 

 Suspension Cell Culturing and Dosing. 

The purchased cell stock was taken out from the liquid nitrogen storage tank and defrost to 

room temperature. The stock was then transferred into a 15 mL falcon tube with an additional 1 

mL of the RPMI media. The tube was centrifuged for 5 mins at 1000 k rpm. The cell medium was 

removed, and the cell pellet was re-suspended in 10 mL of growth media. The media was 

transferred into a T-75 plate (or a 10 cm dish) and the plate was incubated at 37°C until cells were 

confluent. 

3.9.1.1 Suspension Cell Splitting Protocol. 

The cells were transferred into a 15 mL falcon tube and the tube was centrifuged at 1,000 xg 

for 5 mins. Media was aspirated and the cell pellet was re-suspended in 5 mL of media. Another 

15 mL falcon tube was prepared with 9 mL of cell media. 1 mL of the media containing the 

suspension cells was added to the falcon tube and in total 10 mL of the cell medium was transferred 

to a new T-75 plate. The T-75 plate was incubated at 37°C until cells were confluent. 

3.9.1.2 Suspension Cell Dosing Protocol. 

The peptoid was taken out from the -20°C and was warmed up to ROOM TEMPERATURE. 

1 mg of the peptoid was measured and dissolved in DMSO to make a 20 mM stock. A dilution of 

15 mM, 10 mM, 7.5 mM, 5 mM, 2.5 mM, 2 mM, 1.6 mM, 1.4 mM, 1.25 mM, 0.625 mM and 

0.3125 mM in DMSO were prepared. The DMSO solutions were further diluted by adding 4 μL 

of the stock into 196 μL of media to obtain the final dosing concentration. 4 μL of DMSO was also 

added to 196 μL of the cell media to prepare the negative control. The 4 mL cell media left over 

in previous step was kept for dosing. 10 uL from the falcon tube was added to each side of a 

hemocytometer with a glass cover on top. The amount of the media needed for dilution was further 

calculated to fulfill the need of 10,000 cells per well on a 96-well plate. The cells in the falcon tube 

werediluted with cell media to obtain 2 mL of a 200,000 cell/ mL solution. 36 wells were used on 

a 96-well plate. 50 uL of cell solution was added to wells. Another 50 uL of each ligand was added 

to the wells in triplicate. DMSO was added as negative control. Another three wells with cells 

were added with media only to determine if DMSO would have negative effect on the cells. The 
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plate was placed in the incubator for 24 hours. The plate was taken out and equilibrated to ROOM 

TEMPERATURE. 50 μL of Cell Titer Glo was added to each well. The plate was agitated in dark 

for 1.5 min and was settled for another 10 mins in the dark. The luminescent in each well was 

measured with a Synergy 4 plate reader system. The readings were converted and normalized to % 

viability and were graphed in Prism 8 software. 

 Adherent Cell Culturing and Dosing. 

The purchased cell stock was taken out from the liquid nitrogen storage tank and defrosted to 

ROOM TEMPERATURE. The stock was then transferred into a 15 mL falcon tube with an 

additional 1 mL of the media (DMEM). The tube was centrifuged for 5 mins at 1,000 xg. The cell 

media was removed and the cell pellet was re-suspended in 10 mL of media. The cellswere 

transferred into a T-75 plate (or a 10 cm dish) and the plate was incubated at 37°C until cells were 

confluent. 

3.9.2.1 Adherent Cell Splitting Protocol. 

The media in the plate was removed and the plate was washed with 10 mL of sterilized 1X 

PBS gently. The PBS was removed and 1 mL of trypsin buffer was added to the plate. The plate 

was agitated by hand to allow the buffer to cover the whole plate and the plate was incubated for 

5-10 mins to dissociate cells. The dissociation buffer was collected into a 15 mL falcon tube and 

was centrifuged at 1,000 xg for 5 mins. The buffer was removed, and 5 mL of media was added to 

the tube. Another 15 mL falcon tube was prepared with 9 mL of cell medium inside. 1 mL of the 

media containing the cells was added to the falcon tube and in total 10 mL of the cell medium was 

transferred into another new T-75 plate. The T-75 plate was incubated at 37°C until cells were 

confluent. 

3.9.2.2 Adherent Cell Dosing Protocol. 

The peptoid was taken out from the freezerand was warmed up to ROOM TEMPERATURE. 

1 mg of the peptoid was weighed and dissolved in DMSO to make a 20 mM stock solution. A 

dilution of 15 mM, 10 mM, 7.5 mM, 5 mM, 2.5 mM, 2 mM, 1.25 mM, 0.625 mM and 0.3125 mM 

in DMSO were prepared. All above DMSO solutions were further diluted by diluting 4 μL of the 
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stock into 196 μL of media to obtain the final dosing concentration. 4 μL of DMSO was also 

diluted in 196 μL of the cell media to prepare the negative control. The 4 mL cell media left over 

was kept for cell dosing. 10 uL from the falcon tube was added to each side of a hemocytometer 

with a glass cover on top. The cells were counted. The amount of the cell suspension needed for 

dilution was further calculated to fulfill the need of 10,000 cells per well on a 96-well plate. The 

cells in the falcon tube were taken out and diluted with cell media to obtain 2 mL of a 200,000 

cell/ mL solution. 36 wells were used on a 96-well plate. 50 uL of cell solution was added to wells 

on the 96-well plate. Another 50 uL of the ligands was added to the wells in triplicate. DMSO was 

added as negative control. Another three wells with cells were added with media only to determine 

if DMSO would have negative effect on the cells. The plate was placed in the incubator for 24 

hours. The plate was taken out and equilibrated to ROOM TEMPERATURE. 50 μL of CellTiter 

Glo was added to each well. The plate was agitated in the dark for 1.5 min and was settled for 

another 10 mins in the dark. The luminescent signal from each well was measured with a Synergy 

4 plate reader system. The readings were converted and normalized to % viability and were 

graphed in Prism 8 software. 

3.10 Dual dosing of TXS-8 with KDT-11/bortezomib. 

 TXS-8 was synthesized via solid-phase synthesis. KDT-11 was synthesized from Christine 

Muli from Trader lab and bortezomib was acquired from Fisher Scientific. TXS-8 and KDT-11 

were dissolved in DMSO to make a 20 mM stock and bortezomib was dissolved in DMSO to make 

a 2 mM stock. 

 Dual Dosing of TXS-8 with KDT-11 in Ramos B-cells and Multiple Myeloma Cells. 

 Cells were split into the wells of a 96-well plate such that there were 10,000 cells per well. 

The plate incubated overnight. 

The next day, the DMSO stock of TXS-8 and KDT-11 were prepared. A dilution of KDT-11 

in 10 mM, 5 mM,, 2.5 mM, 1.25 mM, 0.62 mM, 0.31 mM, 0.15 mM, 0.078 mM and 0.039 mM 

were made  prepared. A stock of 1.4 mM TXS-8 solution in DMSO was also made. All above 

DMSO solutions were further diluted by adding 2 μL of the KDT-11 stock and 2 μL of TXS-8 

stock into 196 μL of media to obtain the final dosing concentration. 4 μL of DMSO was also 
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diluted in 196 μL of the cell media to prepare the negative control. 50 uL of the TXS-8/KDT-11 

mixed solution was added to the wells in triplicate. DMSO was added as negative control. Another 

three wells with cells were added with media only to determine if DMSO would have negative 

effect on the cells. The plate was placed in the incubator for 24 hours. The plate was taken out and 

equilibrated to ROOM TEMPERATURE.50 μL of CellTiter Glo was added to each well. The plate 

was agitated in the dark for 1.5 min and was settled for another 10 mins in the dark. The 

luminescent signal of each well was measured with a Synergy 4 plate reader. The readings were 

converted and normalized to % viability and were graphed in Prism 8. 

 Dual Dosing of TXS-8 with Bortezomib in Ramos B-cells and Multiple Myeloma Cells. 

Cells were split into the wells of a 96-well plate such that there were 10,000 cells per well. 

The plate incubated overnight. The next day, the DMSO stock of TXS-8 and bortezomib were 

prepared. A dilution of KDT-11 in 4 μM, 2 μM, 1 μM, 0.5 μM, 0.25 μM, 0.12 μM, 0.062 μM, 

0.031 μM and 0.015 μM wereprepared. A stock of 1.4 mM TXS-8 solutiion in DMSO was also 

made. All above DMSO solutions were further diluted by adding2 μL of the bortezomib stock and 

2 μL of TXS-8 stock into 196 μL of media to obtain the final dosing concentration. 4 μL of DMSO 

was also diluted in 196 μL of the cell media to prepare the negative control. 50 uL of the TXS-

8/bortezomib mixed solution was added to the wells in triplicate. DMSO was added as negative 

control. Another three wells with cells were added with media only to determine if DMSO would 

have negative effect on the cells. The plate was placed in the incubator for 24 hours. The plate was 

taken out and equilibrated to ROOM TEMPERATURE.50 μL of CellTiter Glo was added to each 

well. The plate was agitated in the dark for 1.5 min and was settled for another 10 mins in the dark. 

The luminescent signal from each well was measured by a Synergy 4 plate reader system. The 

readings were converted and normalized to % viability and were graphed in Prism 8. 
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Table 3.1. Raw chemo-luminescence values for TXS-8 toxicity testing. Values were normalized to DMSO control to 
generate % viability. 

 

 

3.11 TXS-8 Induced Cell Stress Conditions. 

 Ramos B-cells were split into the wells of a 96-well plate such that there were 10,000 cells 

per well. The plate incubated overnight.  

 The next day, a stock of 2 mM of TXS-8 in DMSO was made. The DMSO solution was 

further diluted by adding 4 μL of the TXS-8 stock into 196 μL of media to obtain the final dosing 

concentration. 4 μL of DMSO was also dissolved in 196 μL of the cell media to prepare the 

negative control. 50 uL of TXS-8 solution was added to the wells in triplicate. Two hours after the 

addition, TXS-8 was added to the plate in a triplicate again. This step was repeated several times. 

The last addition was conducted one hour after previous TXS-8 addition. DMSO was added as 

negative control the first time TXS-8 was added. Another three wells with cells were added with 

media only to determine if DMSO would have negative effect on the cells. The plate was taken 

out from the incubator and equilibrated to ROOM TEMPERATURE. 50 μL of CellTiter Glo was 

added to each well. The plate was agitated in the dark for 1.5 min and was settled for another 10 

mins in the dark. The luminescent signal from each well was measured with a Synergy 4 plate 
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reader system. The readings were converted and normalized to % viability and were graphed in 

Prism 8. 

3.12 TXS-8 Impact on Proteasome Activity Using 26S Purified Proteasome and Ramos B-
cell Lysate.  

 Monitoring Proteasome Activity Changes with Purified 26S Proteasome. 

 Buffer or the assay was made in 50 mM Tris buffer (pH 7.62) with 1 mM ATP and 10 mM 

of MgCl2. The 26S proteasome was diluted in the Tris buffer to a 50 nM concentration. The Suc-

LLVY-AMC probe was dissolved in DMSO to prepare a 20 mM stock. It was further diluted by 

the Tris buffer to obtain a concentration of 111.11 μM. TXS-8 and bortezomib were separately 

diluted in the Suc-LLVY-AMC solution to obtain a concentration of 22.22 μM and 5.55 nM 

solution, respectively. After the solutions were prepared, 5 μL of the 26S proteasome was added 

to the wells and 45 μL of corresponding TXS-8 or bortezomib solution were also added. The final 

concentration in each well was 5 nM of 26S proteasome, 100 μM of the Suc-LLVY-AMC probe 

and 20 μM of TXS-8/5 nM of bortezomib. The solution was slowly pipetted up and down to gently 

mix the proteasome with the probe and our small molecules. DMSO was used as a negative control. 

The plate was covered with a lid and the plate was placed on a plate reader for an assay lasting 3 

hours. RFU was measured every 2 mins and the reader internal temperature was set to be 37 °C. 

The collected data was exported and graphed in Prism to calculate the rate of cleavage of the probe. 

 Monitoring Proteasome Activity Changes with Ramos B-cell Lysate. 

 The cell lysis buffer was prepared by dissolving 50 mM of Tris-HCl, 150 mM NaCl, 1% 

Triton X-100, 5 mM EDTA in 50 mL of ultrapure water (pH: 7.4). 

 Ramos B-cells were split into the wells of a transparent 96-well plate such that there were 

100,000 cells per well. The plate incubated overnight.  

 The next day, a 20 mM TXS-8 DMSO stock was diluted by adding 6 μL of the TXS-8 

stock to 1 mL of media to obtain a 120 μM stock. A 2 mM bortezomib stock was diluted to a 5 

μM stock with DMSO and 6 μL of the 5 μM bortezomib stock was further diluted with 1 mL of 

cell media. 6 μL of DMSO was also dissolved in 1 mL of cell media to prepare the negative control. 

250 uL of TXS-8 orbortezomib and DMSO solution was added to wells in replicates of four. After 
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1.5 hours of dosing, the cells were washed and collected Cells were lysed with the above lysis 

buffer for 10 mins and the mixture was centrifuged at 12,000 xg for 5 mins. The supernatant was 

collected, and protein concentration was determined with a NanoDrop One system and nromalized. 

The Suc-LLVY-AMC probe was diluted in the lysis buffer to acquire a 111.11 μM concentration 

and TXS-8 and bortezomib were diluted in the Suc-LLVY-AMC solution to acquire a 

concentration of 200 μM and 50 nM, respectively. 5 μL of the ligand was added onto a 96-well 

plate in triplicate and 45 μL of Ramos B-cell lysate treated with TXS-8, bortezomib, or DMSO 

was added to each well. The plate was covered with a lid and the placed on a plate reader for an 

assay lasting 1.5 hours, RFU was measured every 1 min and the reader internal temperature was 

set to be 37 °C. The collected data was exported and graphed in Prism to calculate rate of cleavage 

of the probe. 

3.13 Impact of TXS-8 on Proteasome Activity with the FRET Probe and K-48 
Immunoblot. 

 TXS-8 impact on proteasome activity with FRET probe. 

50 mM Tris buffer (pH 7.62) with 1 mM ATP and 10 mM of MgCl2 was prepared. The 

FRET peptide DMSO stock was diluted in the above buffer to achieve a final concentration of 20 

μM. 26S proteasome was added to the FRET peptide solution to acquire a final concentration of 9 

nM. 23 μL of the above mixture was added to 384-well plate. A negative control was prepared by 

adding the FRET peptide solution alone to 3 wells. TXS-8, TXS-14 or DMSO solution was added 

to the wells in 

triplicate. The final 

concentration of 

TXS-8 and TXS-14 

was 50 μM, while 

DMSO was added as 

a reference. A plastic 

cover was attached 

to the wells to be 

tested to prevent 

sample evaporation. 
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Figure 3.23. FRET probe assay with 26S proteasome dosed with TXS-8/TXS-14/DMSO. 
 



 
 

116 

The plate was placed on a plate reader for an assay lasting 3 hours. RFU was measured every 2 

mins and the reader internal temperature was set to be 37 °C. The collected data was exported and 

graphed in Prism 8 to calculate the rate of cleavage of the probe (Figure 3.23). 

 TXS-8 Impact on Proteasome Activity Using K-48 Polyubiquitin Immunoblot. 

 Ramos B-cells were split into the wells of a 6-well plate such that there were 200,000 cells 

per well. The final volume in each well was 2.5 mL. The plate incubated overnight. 

 The next day, a 20 mM TXS-8 DMSO stock was diluted by adding 3 μL of the TXS-8 

stock into 0.5 mL of media to obtain a 120 μM concentration. A 2 mM bortezomib stock was 

diluted to a 5 μM stock with DMSO and 3 μL of the 5 μM bortezomib stock was further diluted 

with 0.5 mL of cell media. 3 μL of DMSO was also diluted in 0.5 mL of the cell media to prepare 

a negative control. 500 uL of TXS-8 orbortezomib and DMSO solution was added to wells in a 

singlet. After 1.5 hours of dosing, the cells were washed with PBS and collected. The cells were 

lysed with MPER buffer supplemented with HALT for 10 mins and the mixture was centrifuged 

at 12,000 xg for 10 mins. The protein concentration was normalized, and 4X lamaelli was added 

to the samples. The tubes were heated up for 3 mins. SDS-PAGE was performed, and proteins 

were transferred to a nitrocellulose membrane with Trans-blot® Turbo TM system from Bio-Rad. 

The membrane was blocked with a 5% milk solution in PBS. Then the primary antibody incubated 

with the blot overnight. The membrane was washed 3 times with PBS, then the secondary antibody 

was added. The blot was then imaged with a LI-COR CLx imaging system. 

3.14 HEK-293T Cell Rpn-6 Knockdown Experiment. 

 Cell culture of HEK-293T cells. 

 A HEK-293T cell stock was taken out from the liquid nitrogen storage tank and defrosted 

to ROOM TEMPERATURE. The stock was then transferred into a 15 mL falcon tube with an 

additional 1 mL of the DMEM media. The tube was centrifuged for 3 mins at 1,000 x g. The media 

was removed, and the cell pellet was re-suspended in 10 mL of media. The media was transferred 

into a T-75 flask (or a 10 cm dish) and the plate was incubated at 37°C until cells were confluent.  
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 HEK-293T Cell Rpn-6 Knockdown Protocol. 

 Media was aspirated from the plateand the plate was washed with 10 mL of sterilized 1X 

PBS gently. The PBS was removed, and 2 mL of trypsin buffer was added to the plate. The plate 

was agitated by hand to allow the buffer to cover the whole plate and the plate was put back inthe 

incubator for 5 mins to dissociate cells. The liquid was transferred into a 15 mL falcon tube and 

the plate was further washed with twice with 3 mL media and collected. The tube was centrifuged 

for 5 mins at 1,000 x g. The media was aspirated from the tubeand the cell pellet was resuspended 

in 5-8 mL of cell media. Cells were plated on three T-25 plates at 25% confluency and the total 

volume was 4.5 mL in each plate. The plates were left in the incubator overnight at 37°C to allow 

the cells to adhere to the plate. The next day,media was aspirated from the palte. The sRpn-6 and 

cRpn-6 siRNA were prepared according to protocol from Thermo-Fisher. A final amount of 100 

pmol of the RNA was mixed with 21 μL of lipofectamine RNAimax in 500 μL of Opti-MEM and 

the solution was allowed to incubate for 5 mins. During this period, 4 mL of fresh DMEM media 

was added to the cells. Then the sRpn-6 or cRpn-6 mixture was carefully added to the 

corresponding plate. The third plate was designated as the untreated control and 500 μL of Opti-

MEM (with 21 μL of lipofectamine RNAimax) was added to the plate. All plates were carefully 

agitated by hand to distribute the Opti-MEM media evenly across the plate. The plates were left in 

the incubator at 37°C for 2 days. 

  Rpn-6 Expression Measurement in sRpn-6, cRpn-6, orNo siRNA Treated HEK-293T 
Cells. 

  Cells were removed from the T-25 plates from previous step in Chapter 3.14.2. The cells 

were centrifuged at 1,000 x g for 5 mins. The cell pellet was washed with PBS to remove the media 

and centrifuged again. 300 μL of M-PER solution was added to the cell pellet (final concentration 

of HALT protease inhibitor was 1X). The lysate was agitated at ROOM TEMPERATURE. for 10 

mins and was centrifuged at 12,000 x g for 15 mins at 4 °C. The cell lysate was carefully removed 

from the eppitube leaving the pellet debris at the bottom of the tube. The protein concentration was 

measured witha Nanodrop One system. The protein concentration was normalized to the lowest 

concentration by diluting samples with PBS. 10 μL of Laemmli buffer was mixed with 40 μL of 

normalized lysate and the tube was heated at 95 °C for 5 mins. SDS-PAGE was performed, and 

protein was transferred to the nitrocellulose membrane by a Trans-blot® Turbo TM system from 
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Bio-Rad. The membrane was blocked with 5% milk in PBS for 1hr. Rpn-6 antibody was diluted 

1:1,000 in LI-COR intercept blocking buffer and added to the blots. This was allowed to incubate 

overnight at 4C. The membrane was washed with PBS three times, then an anti-rabbit antibody 

was diluted 1:10,000 in LI-COR intercept blocking buffer and allowed to incubate at ROOM 

TEMPERATURE. for 1.5 hours, the membrane was then washed with PBS for three times. The 

membrane was scanned on an Odyssey CLx imaging system from LI-COR and the expression 

level of Rpn-6 and GAPDH among the sRpn-6, cRpn-6 and no siRNA treated cells were analyzed 

and plotted. (Figure 3.24 & Figure 3.13B) 

3.15 Cellular TAS-2 Assay in HEK-293T Cells. 

 Viability Assay. 

 
Figure 3.24. Western blot analysis of sRpn-6, cRpn-6 and no siRNA treated HEK-293T cells. The blot showed 
the expression level of Rpn-6 in different time period. The analyzed data was plotted by the ratio of Rpn-6/GAPDH 
among the cells in Figure 3.13B.  

3.15.1.1. 96-well Plate Preparation. 

One day prior to the start of the experiment, a black 96-well round bottom plate was treated 

with collagen by adding 50 µL of 25 μg/mL collagen solution in 0.02M acetic acid solution (12 

µL of acetic acid added into 10 mL of ultrapure water). The plate was left in the incubator overnight. 

The next day, the plate was taken out from the incubator and the collagen solution was removed 

from the plate. The wells were washed with 100 uL of PBS three times and the plate was then put 

back to the incubator for at least 30 mins to dry.  
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3.15.1.2 HEK-293T Cell Preparation for Viability Assay. 

The sRpn-6, cRpn-6, orno siRNA 

treated cells were taken out from the 

incubator. The media was carefully 

removed from each plate to prevent 

disturbing the cells. 1 mL of trypsin buffer 

was added to each plate and the plate was 

agitated by hand to allow the buffer to 

cover the whole plate. The plate was put 

back into the incubator for 5 mins to 

dissociate cells. The liquid was transferred 

into a 15 mL falcon tube and the plate was 

further washed twice with 1 mL cell media to collect all cells. The tube was centrifuged for 5 mins 

at 1,000 x g. The trypsin media was carefully removed from the tube and the cell pellet was 

resuspended in 5-8 mL of cell media. 10 μL of solution from the falcon tube was added to each 

side of a hemocytometer with a glass cover on top. Cell numbers on each side of the 

hemocytometer were counted under a microscope and an average cell number was taken from the 

number obtained. The total number of cells in the falcon tube was calculated later through the 

average cell number. The cells were further diluted to 1x10^5 cell/mL with media. A white 96-

well round bottom plate was prepared by adding 5,000 cells to each well according to Figure 3.25. 

The plate was prepared for a viability assay to determine the TXS-8 concentration for the 

experiment.  

3.15.1.3 Cell Dosing and Viability Assay. 

TXS-8 was dissolved in DMSO to make a 20 mM stock solution. A dilution stock of 5 mM, 

4 mM, 3 mM, 2 mM, and 1 mM of TXS-8 in DMSO were prepared. All above DMSO solutions 

were further diluted by diluting 10 μL of the dilution stock into 490 μL of media to obtain the final 

dosing concentration. 10 μL of DMSO was also diluted in 490 μL of cell media. The plate from 

the previous step 3.1.2 was taken out from the incubator and 50 μL of each test compound was 

added to corresponding wells according to Figure 3.25. The plate was placed in the incubator for 

Figure 3.25. Plate layout for the viability assay. The white
wells were intentionally left for an additional 2 wells of sRpn-
6/cRpn-6/no siRNA treated cells as a backup. 
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7.5 hours then was taken out and equilibrated to ROOM TEMPERATURE. 50 μL of Cell-Titer-

Glo solution was added to each well with pipetting to mix. The plate was agitated for 2 min and 

incubated for another 10 mins in the dark. The luminescence in each well was measured by a 

Synergy NEO plate reader system. The readings were recorded and normalized to the DMSO 

control to obtain percent viability and were graphed in Prism 8. 

 TAS-2 Assay with HEK-293T Cells. 

3.15.2.1 HEK-293T Cell Preparation for TAS-2 Assay. 

One day prior to transferring the 

cells for the TAS-2 assay, a black 96-well 

round bottom plate was prepared according 

to 3.1.1. The next day, the sRpn-6/cRpn-

6/no siRNA treated cells were taken out 

from the incubator. The cell media was 

carefully removed to prevent disturbing the 

cells. 1 mL of   trypsin buffer was added to 

each plate and was agitated by hand to 

allow the buffer to cover the whole plate. 

The plate was put back to the incubator for 

5 mins to dissociate cells. The liquid was transferred into a 15 mL falcon tube and the plate was 

further washed twice with 1 mL cell media to collect all cells. The tube was centrifuged for 5 mins 

at 1,000 x g. The trypsin media was carefully removed from the tube and the cell pellet was 

resuspended in 5-8 mL of cell media. 10 μL of solution from the falcon tube was added to each 

side of a hemocytometer with a glass cover on top. Cell numbers on each side of the 

hemocytometer was counted under a microscope and an average cell number was taken from the 

number obtained. The total number of cells in the falcon tube was calculated later through the 

average cell number. The cells were further diluted to 1x10^5 cell/mL with media. A black 96-

well round bottom plate was prepared by adding 5,000 cells to each well according to Figure 3.26.  

  

Figure 3.26. Plate layout for the TAS-2 assay. The white
wells were intentionally left for an additional 1 well of sRpn-
6/cRpn-6/no siRNA treated cells as a backup.  
 



 
 

121 

3.15.2.2 Cell Dosing and TAS-2 Assay. 

A stock of 3 mM TXS-8 or 14 were prepared. The above DMSO stocks were further diluted 

by diluting 5 μL of the test compound into 245 μL of media to obtain the final dosing concentration. 

The above TXS-8 solution was prepared in triplicate so sRpn-6/cRpn-6/no siRNA treated cell 

would have their own TXS-8 solution for dosing. 5 μL of DMSO was also diluted in 245 μL of 

the cell media and prepared accordingly to TXS-8 solution. The plate from the previous step 3.2.1 

was taken out from the incubator and 50 μL test compounds were added to corresponding wells 

according to Figrure___and plate was placed incubator for 3.5 hours. 30 mins before the end of 

3.5 hours dosing, a 20 mM TAS-2 DMSO stock was prepared. The TAS-2 stock was further diluted 

into a 2 mM stock and a 6 mM stock of TXS-8 or 14 were also prepared. 1.25 μL of the 2 mM 

TAS-2 stock was mixed with 1.25 μL of TXS-8 or 14 stocks. The tubes were kept in the dark and 

used right before the start of the TAS-2 assay. A Tecan Infinite M200 Pro plate reader system was 

pre-heated to 37°C and the gain was set to 80. After 3.5 hours, the plate was taken out from the 

incubator and the cell media was carefully removed from the wells with a pipette. Cells were 

washed three times with 100 μL of PBS. The mixed probe/ligand DMSO stocks were then diluted 

with 247.5 μL of KRBH buffer to acquire the final dosing concentration. 2.5 μL of DMSO was 

also diluted in 247.5 μL of KRBH buffer as well. The purpose of using a total amount of 2.5 μL 

of DMSO is to ensure that each well has only 1% amount of DMSO compared to the previous 

TXS-8 or 14 dosing. 50 μL of TAS-2, TXS-8 or 14 mixed solution was then added to the 

corresponding wells according to Figure 3.26. Cell only wells were added with only KRBH buffer 

and probe only wells were also prepared at the same time. The plate was then put back to the 

incubator for 10 mins and the plate was transferred to the plate reader. The lid was kept on during 

the assay and the plate reader was set to read for 3 hours at a 1 min interval. The data was collected, 

and the slope of each well was measured and plotted for analysis. 

3.16 Green Fluorescent protein (GFP) Degradation Assay. 

 HEK-293T Cell GFP Transfection and Rpn-6 Knockdown. 

A T-75 (or 10 cm dish) plate was taken out from the incubator and cells were examined under 

a microscope to determine confluency. The cell media in the plate was removed and the plate was 

washed with 10 mL of sterilized PBS gently to prevent washing off the cells. The PBS was 
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removed, and 2 mL of trypsin buffer was added to the plate. The plate was agitated by hand to 

allow the buffer to cover the whole plate and the plate was put back to the incubator for 5 mins to 

dissociate cells. The liquid was transferred into a 15 mL falcon tube and the plate was further 

washed twice with 3 mL cell media to collect all cells. The tube was centrifuged for 5 mins at 

1,000 x g. The trypsin media was carefully removed from the tube and the cell pellet was 

resuspended in 5-8 mL of cell media. 10 μL of solution from the falcon tube was added to each 

side of a hemocytometer with a glass cover on top. Cell numbers on each side of the 

hemocytometer was counted under a microscope and an average cell number was taken from the 

number obtained. The total number of cells in the falcon tube was calculated later through the 

average cell number.  

Cells were plated on one T-25 plate at 80% confluency and the total cell media volume was 4 

mL in the plate. The plate was left in the incubator overnight at 37°C to allow the cells to adhere 

to the plate. The next day, the GFP plasmid and lipofectamine 2000 were prepared according to 

protocol from Thermo-Fisher. A final amount of 3 μg of GFP plasmid and 5 μL of lipofectamine 

2000 were mixed in 500 μL of Opti-MEM media and incubated for 5 mins. The mixture was then 

carefully added to the T-25 plate and the plate was left in in the incubator at 37°C overnight. The 

next day, the plate was taken out from the incubator and the cell media was removed from the 

plate. 1 mL of the trypsin buffer was added to the plate and the plate was agitated with hand to 

allow the buffer to cover the whole plate. The plate was put back to the incubator for 5 mins to 

dissociate cells. The liquid was transferred into a 15 mL falcon tube and the plate was further 

washed twice with1 mL cell media to collect all cells. The tube was centrifuged for 5 mins at 1,000 

x g, the cell pellet was collected, and the trypsin media was carefully removed from the tube and 

the cell pellet was resuspended in 5-8 mL of cell media. 10 μL of solution from the falcon tube 

was added to each side of a hemocytometer with a glass cover on top. Cell numbers on each side 

of the hemocytometer was counted under a microscope and an average cell number was taken from 

the number obtained. The total number of cells in the falcon tube was calculated later through the 

average cell number. Two T-25 plates were plated at 25% confluency with the GFP transfected 

HEK-293T cells. The plates were left in the incubator at 37°C overnight to allow the cells to adhere 

to the plate. The next day, the cell media in the plate was carefully removed to prevent removing 

cells. The sRpn-6 siRNA was prepared according to protocol from Thermo-Fisher. A final amount 

of 100 pmol of the RNA was mixed with 21 μL of lipofectamine RNAimax in 500 μL of Opti-
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MEM media and the mixture solution was incubated for 5 mins. During the period, 4 mL of fresh 

DMEM media was carefully added to each plate to prevent disturbing the cells. Then the 

siRNARpn-6 mixture was carefully added to the corresponding plate. The second plate was 

designated as the untreated control and 500 μL of Opti-MEM (with 21 μL of lipofectamine 

RNAimax) media was added to the plate. All plates were carefully agitated by hand to distribute 

the Opti-MEM media evenly across the plate. The plates were left in the incubator at 37°C for 2 

days. 

 12-well Plate and HEK-293T Cell Preparation. 

The sRpn-6 or no siRNA treated 

cells were taken out from the incubator. 

The cell media was carefully removed 

from each plate to prevent disturbing the 

cells. 1 mL of the trypsin buffer was added 

to each plate and the plate was agitated by 

hand to allow the buffer to cover the 

whole plate. The plate was put back to the 

incubator for 5 mins to dissociate cells. 

The liquid was transferred into a 15 mL 

falcon tube and the plate was further 

washed twice with 1 mL cell media to 

collect all cells. The tube was centrifuged 

for 5 mins at 1,000 x g. The trypsin media 

was carefully removed from the tube and 

the cell pellet was resuspended in 5-8 mL of cell media. 10 μL of solution from the falcon tube 

was added to each side of a hemocytometer with a glass cover on top. Cell numbers on each side 

of the hemocytometer was counted under a microscope and an average cell number was taken from 

the number obtained. The sRpn-6 and no siRNA treated HEK-293T cells were plated in all wells 

on two 12-well plates at 80% confluency (Figure 3.27A). The total volume in the wells was 1.25 

mL. At the same time, a black 96-well round bottom plate was prepared to have 5,000 cells in 50 

Figure 3.27(A) Layout of the 96-well plate for viability assay.
(B) The sRpn-6/no siRNA treated HEK-293T cells have the same
12-well plate layout.  
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μL of cell media in each well according to Figure 3.27B. This plate was prepared for viability 

assay to confirm that the cells were still viable at the end of the degradation assay. 

 HEK-293T Cell Dosing and Western Blot Analysis of GFP Degradation Assay. 

Cells were seeded in a 12-well plate or 96-well plate the day (or however many days) prior to 

the experiment. A dilution of TXS-8 at 2 mM and 3 mM in 15 μL of DMSO were made. The above 

TXS-8 stock was further diluted with 235 μL of cell media. All 250 μL of the ligand solution was 

carefully added to a single well of the 12-well plate to, the process was repeated in quadruplicate. 

A DMSO control solution was also prepared accordingly. After all ligands were added, the 12-

well plate was agitated gently by hand for 30s to allow the ligand evenly distributed across the 

well. The plates were then put back to the incubator for 3.5 hours. At the same time, a dilution 

stock of 5 mM, 4 mM, 3 mM, 2 mM and 1 mM of TXS-8 in DMSO were made. All above DMSO 

solutions were further diluted by adding 8 μL of the dilution stock into 392 μL of media to obtain 

the final dosing concentration. 8 μL of DMSO was also diluted in 392 μL of cell media.  50 μL of 

the test compounds were added to corresponding wells of the 96-well plate according to Figure 

3.27A. The plate was placed in the incubator for 3.5 hours then was taken out and equilibrated to 

ROOM TEMPERATURE. 50 μL of CellTiter Glo solution was added to each well with pipetting 

to mix. The plate was agitated for 2 min and incubated for another 10 mins in the dark. The 

luminescent signal of each well was measured with a Synergy NEO plate reader system. The 

readings were recorded and normalized to the DMSO control to obtain percent viability and were 

graphed in Prism 8. 

After 3.5 hours, the 12-well plate was then taken out from the incubator and the cell media 

was carefully removed from each well. Each well was then washed with 1 mL of PBS with 

vigorous pipetting. The mixture was then transferred to a 1.5 mL eppitube. The tube was 

centrifuged at 1,000 x g for 3 min. The PBS was then carefully removed from the tube and 300 μL 

M-PER solution (final concentration of HALT protease inhibitor was 1X) was added to each 

eppitube. The lysate was agitated at R. T. for 10 mins and was centrifuged at 12,000 x g for 15 

mins at 4 °C. The cell lysate was carefully removed from the eppitube leaving the pellet debris at 

the bottom of the tube. The protein concentration was measured by Nanodrop One system. The 

protein concentration was normalized to the lowest concentrated sample by diluting samples in 

PBS. 10 μL of Laemmli buffer was mixed with 40 μL of normalized lysate and the tube was heated 
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at 95 °C for 5 mins. SDS-PAGE was performed, and protein was transferred to the nitrocellulose 

membrane with a Trans-blot® Turbo TM from Bio-Rad. The membrane was blocked with a 5% milk 

solution in PBS. All antibodies were diluted 1:1,000 in LI-COR intercept blocking buffer and 

allowed to incubate with the membranes overnight at 4 ˚C. The membrane was washed with PBS 

three times before secondary antibody binding. Secondary antibodies were diluted 1:10,000 in LI-

COR intercept blocking buffer and allowed to gently agitate for 1 hour at ROOM 

TEMPERATURE. The membrane was scanned on an Odyssey CLx imaging system and the 

expression level of Rpn-6, GAPDH and GFP among the sRpn-6/cRpn-6/no siRNA treated cells 

were analyzed and plotted. 

3.17 Dosing Cardiomyocytes with TXS-8. 

 Determining Rpn-6 Levels in AC16 Cells by Western Blot. 

To ensure expression of Rpn-6 could be detected in AC16 cells, we conducted western blots 

in which we blotted for Rpn-6. AC16 cell were removed from a well of a six well plate by treating 

with a 0.25% trypsin-EDTA solution. 500 µL of media was then added to the well and cells were 

transferred to a 1.5 mL eppitube. Cells were centrifuged at 1,000 x g for 5 min at 4 ˚C. Cells were 

lysed by adding 300 µL of an MPER solution supplemented with HALT to a final concentration 

of 1X. Cells were gently rotated for 10 min at ROOM TEMPERATURE. and the lysate was then 

centrifuged at 14,000 x g for 15 min at 4 ˚C. The supernatant was transferred to a new eppitube 

and the protein concentration was determined with a Nanodrop One system. 11 µL of the lysate 

was mixed with 4 µL of Laemmli buffer and the sample was heated for five minutes. After running 

on SDS-PAGE, protein was transferred to a nitrocellulose membrane using a Trans-blot® Turbo 
TM from Bio-Rad. The membrane was washed three times with deionized water and blocked for 

40 min at ROOM TEMPERATURE. with a 5% milk solution in PBS. A primary Rpn-6 antibody 

(Novus Biologicals) was then diluted 1:1,000 in intercept blocking buffer (LI-COR) and added to 

the blot. The blot was allowed to incubate overnight with the antibody. The following morning, 

the antibody was collected, and the blot was washed three times with PBS. Then, a rabbit 800 CW 

secondary antibody (LI-COR) was diluted 1:10,000 in intercept blocking buffer (LI-COR). The 

secondary antibody was incubated with the membrane for 40 min at ROOM TEMPERATURE. 

with gentle agitation and was protected from light. The antibody was then collected, the blot was 
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washed three times with PBS and the membrane was scanned on an Odyssey CLx imaging system 

from LI-COR.  

 Establishing Cell Viability with AC16 Cells in Response to Dosing with TXS-8. 

The day prior the experiment, 800,000 cells were resuspended in 4 mL growth media. 100 µL 

of the above mixture was added to the wells of a white 96-well plate, excluding the edge wells to 

have 20,000 cells per well. Cells were allowed to adhere overnight. The following day, a 11 mM 

stock of TXS-8 was prepared by diluting a 20 mM stock in DMSO. This was serial diluted a total 

of twelve times. 3.5 µL of each TXS-8 dilution stock was further diluted in 31.5 µL of cell media 

and 10 µL was added to the wells in triplicate. As a control, 3.5 µL of DMSO was diluted in 31.5 

µL of cell media and added to three wells. Cells were incubated for 3.5 hours at 37 ˚C. The plate 

was then taken out from the incubator and equilibrated to ROOM TEMPERATURE. Then, 50 µL 

of CellTiter Glo was added to each well with pipetting. The plate was agitated for 2 min and 

incubated for another 10 mins in the dark. Luminescence from each well was read with a Synergy 

Neo plate reader system. 

The luminescent signal from each well was measured by a Synergy NEO plate reader system. The 

readings were recorded and normalized to the DMSO control to obtain percent viability and were 

graphed in Prism 8. 

 Monitoring Proteasome Activity in Response to TXS-8 with TAS-2. 

The day prior to the experiment, media was removed from the T-75 flask containing AC16 

cells and the cells were rinsed with 5 mL of PBS. 2 mL of a 0.25% Trypsin-EDTA solution was 

added to the plate and the plate was incubated at 37 ˚C for five minutes. 3 mL of media was then 

added to the flask and the cells were transferred to a 15 mL falcon tube. Cells were counted with 

a hemocytometer as described above, then 100,000 cells were resuspended in 2 mL of media. 100 

µL of cells was added to the wells of a black 96-well plate excluding edge wells, producing a final 

cell amount of 5,000 cells per well. Cells were allowed to adhere to the plate overnight. 

The following day, a 1,375 µM stock of TXS-8 was prepared by diluting a 20mM stock in 

DMSO. As a negative control, cells were also dosed with MG-132, a known proteasome inhibitor. 

A 550 µM stock of MG-132 was prepared. 5.5 µL of TXS-8, MG-132, or DMSO were diluted in 
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49.5 µL of media and thoroughly vortexed to mix. 10 µL of each stock was added to wells in 

replicates of five. The final concentration of TXS-8 in each well was 12.5 µM, while the final MG-

132 concentration was 5 µM. Cells were incubated with the compounds for 3.5 hours at 37 ˚C. 

Media was then carefully removed from the wells and the cells were washed 3 times with 50 µL 

of PBS. A 2.5 mM stock of TXS-8 was prepared by diluting a 20mM stock in DMSO and a 1 mM 

stock of MG-132 was prepared as well. A 2 mM stock of TAS-2 was prepared by diluting a 20 

mM stock in DMSO. 1.4 µL TXS-8 or DMSO was diluted in 272.2 µL of KRBH buffer followed 

by 1.4 µL of the 2 mM TAS-2 stock. As a control, 1.4 µL of TAS-2 was diluted in 248.6 µL of 

KRBH buffer. 50 µL of each solution was added to the cells in replicates of five. The plate was 

then incubated for 10 mins at 37 ˚C before transferring to the plate reader. Fluorescence intensity 

from each well was measured with a Tecan F200Infinite Pro plate reader system that had been pre-

heated to 37 ˚C with thegain set to 80. Fluorescence was read every two minutes for two hours. 

The results were compiled and graphed. This experiment was performed in technical quintuplicate 

and experimental duplicate. Similar results were obtained between both experimental trials. 

Acknowledgement: 
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Figure 3.28. Detailed workflow of investigating the impact of a small molecule on proteasome activity. 

 

 

The figures were created with BioRender.com 
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Table 3.2. NIH NCI-60 single dose experiment. 
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 TXS-8 PROTAC DEVELOPMENT/BINDING SITE 
STUDY AND PROTEASOME PROBE DEVELOPMENT. 

4.1 Introduction. 

 Based on our previous studies with TXS-8 in Chapter 2 and Chapter 3. We concluded 

that TXS-8 was a selective binder of proteasomal subunit Rpn-6 and showed moderate toxicity 

towards Rpn-6 overexpressing hematological cancers like multiple myeloma and B-cell 

lymphoma.1 However, the toxicity effect of TXS-8 on these cancer cells remained unclear. 

Although we investigated the impact of TXS-8 on proteasome activity, it was difficult to conclude 

that TXS-8 could affect proteasome activity at non-lethal concentrations.2  

To further investigate the impact of TXS-8 onto Rpn-6, we decided to develop TXS-8 based 

proteolysis targeting chimera (PROTAC). We will investigate the toxicity of TXS-8-based 

PROTACs and study if they could efficiently degrade Rpn-6. Meanwhile, we also believe 

revealing the binding site of TXS-8 on Rpn-6 will also greatly benefit our future research on TXS-

8 like structural optimization for potency improvement or even rational drug design in the future. 

Therefore, by adopting what we previously did in Chapter 2 with TXS-8 covalent pull-down, we 

came up with two approaches to study the general binding site of TXS-8 on Rpn-6. 

During our research on the impact of TXS-8 on proteasome activity in Chapter 3, the TAS-1 

(LLVY-Rh) probe we used for proteasome activity monitoring was a sensitive probe only for the 

chymotrypsin-like β5 subunit. Due to limitation of cell permeable probes, we were unable to 

investigate the impact of TXS-8 on the caspase-like β1 and trypsin-like β2 subunit of the 

proteasome in our previous studies. Although TXS-8 did not alter the chymotrypsin-like activity 

at non-lethal concentration, examining the effect of TXS-8 on the caspase-like and trypsin-like 

activity could still benefit our research. Besides, we also desire to expand our proteasome activity 

toolbox by developing more sensitive proteasome probes. Therefore, by analyzing and combing 

the commercially available proteasome probes and LLVY-Rh probes, we decided to develop 

selective proteasome probes for the β1 and β2 subunit to provide useful tools for future potential 

small molecule proteasome regulator characterization. 
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4.2 TXS-8 PROTAC development. 

 Using PROTAC to selectively degrade target protein and induce toxicity. 

 Proteolysis targeting chimera 

(PROTAC) is defined as a bifunctional 

small molecule that can utilize the 

ubiquitin proteasome system (UPS) to 

selectively induce specific protein 

degradation and impact cellular 

processes.3–6 As the name chimera 

indicates, the molecule is a hybrid of two 

major components. One part of the small 

molecule is a selective binder or inhibitor 

of the target protein, and the other part of 

the small molecule binds selectively to an 

E3 ligase. Between them, a linker is used 

to connect both moieties.6–8 When a 

PROTAC is presented in cells, the PROTAC will both bind its target protein and a E3 ligase and 

bring these two proteins in close contact. The E3 ligase will then transfer a ubiquitin to the target 

protein. By repeating the above steps, the target protein will eventually be polyubiquitinated and 

undergo proteasome degradation (Figure 4.1). The idea of hijacking the UPS to selectively 

degrade proteins provide a new approach to target “undruggable” proteins.3,9–11 “Undruggable” 

proteins refer to proteins perceived to be difficult to target pharmacologically. Normally, these 

proteins own either large flat protein-protein interaction surfaces or lack deep protein pockets.12 

Developing small molecule inhibitors for these proteins are extremely difficult as some of the 

target proteins do not provide a known pocket for binding. Small molecule binders are also difficult 

to inhibit protein-protein interactions when facing a large interaction surface area. However, 

modifying low affinity small molecules into PROTACs may solve the issue. Research has shown 

that forming stable ternary complexes between the E3 ligase and the target protein significantly 

affect ubiquitination of the target protein.11,13–15 This means that small molecules with low affinity 

toward a target protein could still induce significant protein degradation if a stable ternary complex 

between E3 ligase and the target protein could be achieved. However, no exact correlation has 

Figure 4.1 Cellular process of how PROTAC works. The
addition of PROTAC will induce the co-recruitment of the target
protein and E3 ligase. The target protein could be poly-
ubiquitinated and eventually be degraded by the 26S proteasome.
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been established between the affinity of the PROTAC towards target protein and the extent of 

protein degradation largely due to the variations of linkers presented in PROTACs. Although 

linker presents no binding function, it can significantly affect the protein degradation capacity of 

PROTACs.14,16 This remains one of the biggest puzzles in PROTAC development as trial and error 

tend to be the best way to discover the optimal linker length while no general trend has been 

established.7,17 Computational methods have also been used to facilitate the development of 

PROTACs recently.18,19 Currently, the most studied E3 ligases are cereblon (CRBN) and von 

Hippel-Lindau E3 ligase (VHL).9,14,20–23 Other E3 ligases like Cullin-Ring ligase familiy,24,25 

parkin and β-TRCP,26–28 MDM2 etc.28–30 have also been reported to be used for PROTAC 

development targeting different proteins. In addition, there is around 600-700 E3 ligases presented 

in human cells and a lot of them remained undeveloped for PROTAC design.31 With the 

development of PROTAC techniques and better understanding of E3 ligases, more choices will be 

provided when PROTACs are designed. 

 TXS-8 PROTAC development. 

4.2.2.1 Thalidomide TXS-8 PROTAC development. 

4.2.2.1.1 Thalidomide synthesis and TXS-8 PROTAC development. 

 As previously mentioned in Chapter 

4.2.1 that thalidomide was one of the 

most widely used ligands to recruit E3 

ligase CRBN, we wanted to also use  

thalidomide to construct our TXS-8 

PROTAC.9,14,20–23 However, modification on thalidomide was required as the small molecule does 

not present “handles” to allow attachment of other molecules. Therefore, we designed and 

synthesized a derivative of thalidomide with a carboxylic acid group for further addition reactions 

(Figure 4.2).32 After acquiring the thalidomide derivative, we started building TXS-8 PROTAC. 

As literature pointed out, maintaining a proper ternary structure between the E3 ligase and the 

target protein is crucial to induce significant ubiquitination, which is largely affected by linker, so 

we decided to incorporate different linkers to our PROTAC. Polyethylene glycol (PEG) was one 

of the most commonly used linker on constructing PROTACs. Since our lab possessed only PEG-

Figure 4.2. Synthesis route of thalidomide derivative. This is a
one-step synthesis. 
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2 linker by the start of the experiment, we initially 

constructed our TXS-8 PROTAC with either 1 or 2 PEG-

2 linkers connecting thalidomide and TXS-8 (Figure 

4.3).22,33  

 

 

 

 

 

4.2.2.1.2 Thalidomide TXS-8 PROTAC toxicity assay. 

 After acquiring the thalidomide-based TXS-8 PROTACs, we wanted to investigate the 

impact of these PROTACs on Ramos B-cells, which overexpress Rpn-6. The cells were dosed 

with varying concentrations of TWT-1 and TWT-2, with TXS-8 was as a positive control. The 

cells were dosed with the small molecule for 24 

hours and the viability of the cells were 

examined (Figure 4.4). Although significant 

cell death was observed with TWT-1 after 24 

hours of treatment, the PROTAC was no better 

than TXS-8 regarding the toxicity effect on 

Ramos B-cells. The fluctuated data in TWT-2 

indicated that longer linker on the PROTAC may 

attenuate the toxicity of these molecules. 

  

Figure 4.3 General structure of the
PROTAC. The linker is consisted of one or
two PEG-2 moieties (n=1; TWT-1, n=2; TWT-
2). 
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Figure 4.5 Viability test of the PROTACs. No
significant cell death was observed with either
thalidomide-based TXS-8 PROTACs. 
 

Figure 4.4 Synthesis route of pomalidomide
derivative. This is a one-step synthesis. 
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4.2.2.2  Pomalidomide TXS-8 PROTAC development. 

4.2.2.2.1 Pomalidomide synthesis, PROTAC development and toxicity test. 

The result from the thalidomide-based TXS-8 

PROTACs shown in Chapter 4.2.2.1.2 led us to use 

another CRBN ligand to construct our PROTAC to 

investigate if we could use CRBN for TXS-8 PROTAC 

development. Pomalidomide was an analog of 

thalidomide that has also been used to construct 

PROTACs.34–36 However, the free amine on 

pomalidomide was on the benzene ring, which made solid 

phase synthesis conditions too mild for coupling 

reactions.37 Therefore, we decided to modify 

pomalidomide using bromoacetic bromide to allow easy coupling with solid phase 

synthesis(Figure 4.5). The addition of the acetyl group on pomalidomide made the pomalidomide-

based PROTAC longer than the thalidomide-based PROTACs. Therefore, when constructing the 

PROTACs, we decided to include a PROTAC TWT-3 that exhibited no linker at all. We also 

included PEG-3 and PEG-4 linker in our design of the pomalidomide-based PROTACs. In total, 

we acquired 4 pomalidomide-based PROTACs (Figure 4.6). We investigated the toxicity of these 

pomalidomide-based PROTACs in 

Ramos B-cells in the same conditions 

compared to the thalidomide-based 

PROTACs. However, no significant 

cell death was observed with any of 

the testing PROTACs (Figure 4.7). 

 

  

Figure 4.6. General structure of the
PROTAC. The linker is consisted with
various PEG moieties (n=0 named as TWT-3, 
2 named as TWT-4, 3 named as TWT-5, 4 
named as TWT-6). 
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Figure 4.7. Viability test of the PROTACs. No significant cell
death was observed with all pomalidomide-based TXS-8 
PROTACs. 
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4.2.2.2.2 Rpn-6 degradation assay with TXS-8 PROTACs. 

Although none of the thalidomide or 

pomalidomide-based PROTACs showed 

significant toxicity to Ramos B-cells, we 

still wanted to investigate if these 

PROTACs could potentially induce the 

degradation of Rpn-6. Therefore, we 

decided to monitor the Rpn-6 level in 

cells treated with PROTACs, TWT-4 and TWT-5 were selected for the experiment. The cells were 

treated with varying concentration of the PROTACs for 24 hours, and cells were collected and 

lysed with M-PER solution. The whole cell protein concentration was normalized and analyzed by 

immunoblot. Generally, a PROTAC should reduce the relative amount of target protein in cells 

within 24 hours period.14 We compared the relative amount of Rpn-6 to the amount of GAPDH in 

cells. Unfortunately, no significant changes of Rpn-6 amount were observed with any 

concentration of TXS-8 PROTACs (Figure 4.8).  

 Summary of TXS-8 PROTAC development. 

 The lack of significant Rpn-6 degradation and cell death with the above TXS-8 PROTACs 

showed that our attempt of using CRBN ligand to develop TXS-8 PROTACs was a failure. We 

concluded that either the PROTACs were cell impermeable that could not reach its target, the 

PROTACs were unable to induce a stable ternary complex between Rpn-6 and CRBN, or Rpn-6 

in cells was mostly integrated on the 26S proteasome while ubiquitination of Rpn-6 on 26S 

proteasome could not trigger protein degradation. Unfortunately, answering any of above 

questions required a lot of effort, and we decide to suspend the research on TXS-8 PROTAC 

development until we understood the general binding site of TXS-8 on Rpn-6. Based on recent 

development with computational modeling, performing computational stimulation to calculate the 

optimal linker length could greatly benefit future research.18 Using fluorescence resonance energy 

transfer (FRET) pairs to construct labeled E3 ligase and target protein will also allow in vitro 

experiments to investigate if the PROTAC can bring the E3 ligase and target protein in proximity 

and form a stable ternary complex.38–40 

Figure 4.8. Rpn-6 degradation with PROTACs. No significant
Rpn-6 degradation was observed in either TWT-4 or TWT-5 
treated Ramos B-cells. Band intensity difference was caused by
different amounts of primary antibody used for immunoblot. 
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4.3 TXS-8 binding site study. 

 Introduction to binding site study. 

 As previously mentioned in Chapter 4.2.3, discovering the general binding site of TXS-8 

onto Rpn-6 could greatly benefit TXS-8 PROTAC development. It would also benefit future 

optimization of the structure of TXS-8 to improve potency. Currently, the most widely used 

techniques involving binding site study are x-ray crystallography (co-crystallography),41,42 

cryogenic electron microscopy (cryo-EM),43,44 nuclear magnetic resonance (NMR)45–47 and cross-

linking.48,49 However, some of the above techniques were unsuitable for TXS-8 binding site study 

in a limited time period. X-ray was the gold standard for small molecule binding site study as it 

will precisely reveal the binding pocket and orientation of the small molecule on the protein. 

However, obtaining a qualified co-crystal structure of TXS-8 and Rpn-6 may take years. Besides, 

our lab is unfamiliar with the technique. As previously mentioned in Chapter 2.1, the development 

of cryo-EM in recent years had allowed researchers to reach atomic levels of resolution.50–53 It can 

also provide dynamic analysis regarding the target protein. However, the lower limit of molecular 

weight accessible of cryo-EM only reaches the upper weight range for NMR at 50 kDa. Rpn-6 is 

a protein around 47 kDa, acquiring the binding site of TXS-8 on Rpn-6 may be difficult since Rpn-

6 is below the detecting limit.54 Similarly, using NMR for TXS-8 binding site could also be 

difficult as the weight of Rpn-6 has reached the upper detection limit of NMR. Besides, another 

pitfall of using NMR for Rpn-6 study is the lack of solved NMR structure of Rpn-6. We would 

have to solve the NMR structure of unbound Rpn-6 before analyzing the binding of TXS-8 with 

Rpn-6, which could potentially take multiple years. Since the above three approaches were 

challenging for us, we came up with two alternative solutions using cross-linking techniques.  

 Approach one: Cross-linking, trypsin digestion and HPLC separation. 

 When we started designing approaches to investigate the binding site of TXS-8 on Rpn-6, 

we set our goal to only discover the general binding site instead of the precise binding site. 

Combing cross-linking and trypsin-digestion and HPLC, we designed a workflow of investigating 

the general binding site of TXS-8 on Rpn-6 (Figure 4.9).48,49,55,56 There were four reasons on this; 

first, precise binding site study required the above techniques which our lab did not readily have 

access to. Second, TXS-8 was not a potent binder of Rpn-6, further optimization of TXS-8 was 
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required to improve the potency of TXS-8. Third, discovering the general binding site could allow 

us to get access to computational methods with a narrowed region for calculation, therefore 

providing us a predicted binding site of TXS-8 on Rpn-6. We could then perform an alanine scan 

on Rpn-6 to validate the key peptide sequence or amino acid(s) for TXS-8 binding. Most 

importantly, this work could be done by only one person with accessible equipment as this is a 

new attempt on TXS-8 investigation and I am the only person in charge of the research. 

The first approach we designed involved cross-linking, trypsin-digestion and HPLC 

separation. In detailed, Rpn-6 was first bound to Dzn-TXS-8-FP followed by UV cross-linking. 

Then the protein will be digested by trypsin yielding a mixture of peptides where one or several  

 
Figure 4.9. Workflow of approach one. The protein was first cross-linked with Dzn-TXS-8-FP, a trypsin digestion 
was performed on the protein to acquire a pool of peptides, and the mixture was subjected to HPLC. Peptide(s) carrying 
Dzn-TXS-8-FP would show unique fluorescence signal that could be collected. The fractions will then be analyzed 
by LC-MS/MS or MALDI-TOF MS/MS. 
 

peptide fragments will be covalently linked with Dzn-TXS-8-FP. The mixture will then be 

subjected to HPLC and fluorescence signal from the peptides carrying Dzn-TXS-8-FP will be 

detected due to the fluorescein tag. The fractions will be collected and subjected to LC-MS/MS or 

MALDI-TOF MS/MS. 
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4.3.2.1 Competitive binding on Rpn-6. 

 To ensure that Dzn-TXS-8-FP bound 

to the same binding site as Dzn-TXS-8, we 

first performed a competitive binding study 

on Rpn-6 (Figure 4.10). 4 μM of purified 

Rpn-6 was pre-treated with varying 

concentrations of Dzn-TXS-8, and the 

small molecule was then cross-linked to 

Rpn-6. Then Rpn-6 was treated with a 

constant concentration of Dzn-TXS-8-FP, 

followed by cross-linking again. The 

mixture was then subjected to sodium 

dodecyl sulfate - polyacrylamide gel 

electrophoresis (SDS-PAGE), the gels 

were scanned without staining for in-gel 

fluorescence (scanning wavelength 

488nm) (Figure 4.11). From the 

experiment, we observed a decrease of 

fluorescence signal with higher 

concentration of Dzn-TXS-8. However, no significant fluorescence signal difference between 0 

and 2 μM Dzn-TXS-8 pre-treated was observed. The above experiment validated that Dzn-TXS-8 

and Dzn-TXS-8-FP were binding to the same region on Rpn-6. We were also able to observe the 

labeled Rpn-6 band on the gel with naked eye therefore we could trim the gel without staining. 

4.3.2.2 Cross-linking, trypsin digestion, HPLC separation, MALDI-TOF MS/MS. 

 With the success in competitive binding experiment, 

we moved forward to use Dzn-TXS-8-FP to label Rpn-6. 

Based on previous competitive binding assay result, we 

decided to use a 2:1 ligand to protein ratio for the 

experiment as our previous experience during the 

Dzn-TXS-8-FP
Dzn-TXS-8

B.A.

Figure 4.10. Structure of Dzn-TXS-8 and Dzn-TXS-8-FP.  
 

Figure 4.11. Rpn-6 competitive binding study. Rpn-6 was
pre-treated with Dzn-TXS-8 followed by cross-linking. It was
then treated with Dzn-TXS-8-FP, followed by cross-linking
again. The gel was directly scanned without staining. Distinct
bands were observed on the gel indicating Dzn-TXS-8-FP being
added to Rpn-6. 
 

Figure 4.12. Rpn-6 cross-linking with Dzn-
TXS-8-FP. Rpn-6 was treated with Dzn-TXS-
8-FP followed by cross-linking. Multiple
bands were cut from the gel for trypsin
digestion. 
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covalent pull-down experiment 

described in Chapter 2.5.3 indicated 

the cross-linking efficiency of 

diazirine was only around 1.5%. To 

maximize the amount of cross-linked 

Rpn-6 we could acquire, multiple 

bands were cut off from the SDS-

PAGE gel (Figure 4.12). We did not 

perform in-solution trypsin digestion 

right after cross-linking as SDS-

PAGE served as a purification step to 

remove unbound Dzn-TXS-8-FP 

from the protein mixture. The collected bands from SDS-PAGE gel were digested with trypsin and 

dried under vacuum. The mixture was then suspended in HPLC buffer and subjected to HPLC 

separation. We observed some peaks at the 494 nm channel (fluorescein excitation: 494 nm, 

emission: 521 nm), and the fractions were collected (Figure 4.13). The samples were submitted to 

the Purdue Proteomics Facility for LC-MS/MS and MALDI-TOF MS/MS analysis. MALDI-TOF 

MS/MS was selected mainly due to the availability of LC-MS/MS in Purdue Proteomics Facility 

as the instrument was tightly scheduled. However, we only observed MS peaks for unlabeled 

peptide fragments from trypsin digestion, none of the masses we observed in LC-MS/MS and 

MALDI-TOF MS/MS could be converted to the sum of Dzn-TXS-8-FP mass and Rpn-6 peptide 

fragment mass. Currently we were working on improving cross-linking efficiency to obtain a 

higher labeled peptide ratio in HPLC fractions to allow us to observe signals from LC-MS/MS or 

MALDI-TOF MS/MS. 

 Approach two: Cross-linking, trypsin digestion, click chemistry and enrichment. 

 In addition to the first approach of using HPLC for separation, our second approach utilized 

biotin for enrichment. The core concept of this approach was similar to previous approach where 

we cross-linked TXS-8 to Rpn-6 and then separated the labeled peptide fragment from unlabeled 

ones.  

Figure 4.13. HPLC chromatograph. Distinct peaks were observed
at 494 nm channel corresponding to fluorescein on Dzn-TXS-8-FP. 
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 However, the BMCC-BDzn-TXS-8 probe we 

previously used for covalent pull-down experiment 

in Chapter 2.5.3 was over 1.5 kDa. When it was 

cross-linked to a potential peptide fragment from 

Rpn-6, the expected average mass for the ligand-

peptide molecule would be over 2 kDa. To maintain 

the relatively small molecular weight of the target 

peptide fragment and due to our previous 

observation that biotinylated probes would drag on 

column leaving contaminations difficult to clear, we 

decided to incorporate a clickable cleavable biotin to 

TXS-8. Click chemistry had been widely used to 

cross link small molecule to proteins with alkyne handles.57,58 With recent development of 

cleavable biotin probes, we decided to modify TXS-8 to carry moieties for click chemistry and 

allow the attachment of cleavable biotin (Figure 4.14).8659–61  

 The workflow was also similar to what just described in Chapter 4.3.2 but instead of 

subjecting the peptide mixture to HPLC, DADPS probe was added to the mixture for click 

chemistry, which adds a biotin moiety to TXS-8. Similar to previous covalent pull-down 

experiments, we perform a pull-down experiment in the trypsin digested peptide mixture to enrich  

 
Figure 4.15. Workflow of peptide enrichment with DADPS probes. Rpn-6 was first treated with alkyne-Dzn-TXS-
8 followed by cross-linking. The protein was trypsin digested, and click chemistry was performed to append the 
DADPS probe to TXS-8. The peptide fragment carrying TXS-8 was enriched via a pull-down experiment and analyzed. 
 

fragments carrying the biotin moiety. These fragments will then be combined, treated with 10% 

formic acid to hydrolyze the DADPS probe, and allow us to reduce the molecular weight of the 

target peptide fragment. The enriched peptide will then be subjected to either LC-MS/MS or 

A.

B.

Figure 4.14. allyne-Dzn-TXS-8 and DADPS
probes. (A) TXS-8 was synthesized with an alkyne
handle for click chemistry. (B) General structure of
dialkoxy-diphenylsilane (DADPS) probes, the azide
group on the probe can be attached to alkyne with
click chemistry. The silyl group was acid sensitive
and could be hydrolyzed with 10% formic acid
rapidly. 
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MALDI-TOF MS/MS to allow us to identify the peptide sequence (Figure 4.15). Currently, we 

were working on optimizing the conditions for in-solution trypsin digestion to minimize the 

amount of trypsin used in the experiment. 

 Summary of TXS-8 binding site study on Rpn-6. 

 Although we have proposed two approaches to investigate the binding site of TXS-8 on 

Rpn-6, we were still unable to acquire significant results regardless of the methods we use. 

Approach one was cost-efficient and time-saving due to less experiment steps. However, Dzn-

TXS-8-FP unlabeled Rpn-6 peptide fragments could also co-elute with the Dzn-TXS-8-FP labeled 

peptide fragment at the same time during HPLC separation. Since it was difficult to determine the 

ratio of labeled and unlabeled peptide fragment in the same fraction, we were experiencing 

difficulty on acquiring meaningful data from mass spectrometry. The second approach eliminated 

the contaminations of unlabeled peptide fragments during mass spectrometry. But it involved more 

steps than the first approach and could resulted in a low overall yield. 

 Despite the difficulties in both approaches, we were still working on discovering the 

general binding site of TXS-8 on Rpn-6. The success of any of the above approach will greatly 

benefit our understanding of TXS-8 on Rpn-6 and facilitate our future structural optimization of 

TXS-8 to a more drug-like molecule. 

4.4 New rhodamine-based proteasome probe development. 

 Limitations of current commercially available proteasome probes and development 
of rhodamine-based probes to monitor proteasome’s chymotrypsin-like activity. 

As mentioned in Chapter 1.1 that proteasome is the major component of the UPS and multiple 

steps are involved for target protein degradation.62–66 These steps are accomplished with different 

subunits where the polypeptide hydrolysis is accomplished by the 20S CP (Figure 4.16).67 The β 

ring of the 20S CP resides the protease-like catalytic β1, β2 and β5 subunits. They present caspase-

like, trypsin-like and chymotrypsin-like activities, respectively. 
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To monitor the changes in proteasome 

activities, researchers have been developing 

small molecule probes that can be 

selectively cleaved by certain proteasome 

subunits. Among these probes, a 4-amino-7-

methylcoumarin (AMC) moiety was used 

that the release of the moiety upon 

hydrolysis of the amide bond will generate 

fluorescence signal that can be quantified. 

Ac-GPLD-AMC (Ac stands for acetyl 

group),68,69 Boc-LRR-AMC (boc stands for tert-butyloxycarbonyl group),70,71 and Suc-LLVY-

AMC (suc stands for succinyl group) were developed as selective probes for the caspase-like β1 

subunit, trypsin-like β2 subunit and chymotrypsin-like β5 subunit, respectively (Figure 4.17).72–

74 These three small molecule probes utilized a  These AMC based proteasome probes have been 

very useful on proteasome characterization especially 

on studying proteasome inhibitors.75,76 

Despite their availability, the AMC probes still 

suffer from several limitations. These probes are 

generally cell impermeable, which limits their 

application to live cells. Assays can be performed 

using cell lysate without protease inhibitors but this 

makes the evaluation of small molecule modulators of 

proteasome activity confusing as cellular protease 

may contribute to probe cleavage.77 Furthermore, the 

poor fluorescence properties of AMC probes requires 

a high concentration of probe. This increases the 

possibility that the probe will be hydrolyzed non-

selectively by other cellular proteases.72 

To overcome the limitations of the AMC probes, our 

lab has developed a series of rhodamine 110 (Rh 110) 

β5

β1

β2

90°

9 Å

Figure 4.16. Bottom view on the β ring (α ring removed) and
side view of 20S CP. The β1, β2 and β5 subunits were colored
orange, yellow and red, respectively. The gate of the α ring is
around 9 Å diameter in closed gate form. 
 

A.

B.

C.

Figure 4.17. Commercially available
proteasome probes. AMC in green, peptide in
blue, protecting group in purple, cleavage site
marked in red line. (A) Ac-GPLD-AMC, selective
probe for the caspase-like β1 subunit. (B) Boc-
LRR-AMC, selective probe for the trypsin-like β2 
subunit. (C) Suc-LLVY-AMC, selective probe for
the chymotrypsin-like β5 subunit. 
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based peptide-peptoid hybrid probes selective for the chymotrypsin-like β5 subunit (Figure 

4.18).72,78 Comparing to the AMC probes, the rhodamine-based probes were cell permeable and 

required less concentration to acquire significant fluorescence signals from probe hydrolysis.  

 Synthesis of LLE-Rh, LLR-Rh 
probes and testing with 20S CP. 

Our previous build of the rhodamine probe for 

the chymotrypsin-like β5 subunit was based on 

the Suc-LLVY-AMC probe. Therefore, our new 

probes for trypsin-like and caspase-like followed 

the same design concept where we adopted the Boc-

LRR-AMC probe and Ac-GPLD-AMC probe. We 

designed GPLD-Rh and LRR-Rh probes and 

attempted synthesizing them accordingly using solid-

phase synthesis (Figure 4.19A). However, the LRR-

Rh probe synthesis was problematic as the arginine 

we used for synthesis was Pbf (2,2,4,6,7-pentamethyl-

2,3-dihydrobenzofuran-5-sulfonyl) protected, the 

bulky hydrobenzofuran ring on the pbf group resulted 

in a low coupling efficiency on the second arginine 

leading to a low overall reaction yield. We 

hypothesized that the LRR-Rh probe was recognized 

by the trypsin-like β2 subunit and the cleavage site 

would be the amide bond between rhodamine and 

arginine. We modified the LRR-Rh probe to LLR-Rh 

probe for a higher synthesis yield (Figure 4.19B). 

These proteasome probes were synthesized and 

purified via HPLC. To test the new probes, we 

performed a proteasome hydrolysis assay monitoring the cleavage of the probe by measuring the 

increase of fluorescence signal. 10 μM probes were mixed with purified 20S CP at 5 nM, similar 

to standard concentrations of our lab’s previously characterized LLVY-Rh probe. The probes with 

LLVY-Rh probe (chymotrypsin-like)

Figure 4.18. LLVY-Rh probe. Peptoid region in red,
rhodamine 110 showed in green, peptide region showed
in blue. Cleavage site is marked in red line. 
 

LLR-Rh probe (trypsin-like)

GPLD-Rh probe (caspase-like)

A.

B.

LLE probe (caspase-like)

C.

D.

Figure 4.19  (A) GPLD-Rh probe (peptoid in red,
rhodamine in green, peptide in blue). (B) LLR-Rh 
probe (peptoid in red, rhodamine in green, peptide
in blue). (C) Z-LLE-AMC, selective probe for the
caspase-like β1 subunit. (D) LLE-Rh probe
(peptoid in red, rhodamine in green, peptide in
blue). 
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20S CP were monitored on a plate reader for one hour. The 

acquired fluorescence signal was plotted, and the increase 

of the fluorescence signal was calculated (ΔRFU/min). 

Surprisingly, we discovered that the GPLD-Rh probe 

showed no cleavage activity during the assay (Figure 4.20, 

Figure 4.29). We repeated the experiment two more times, 

but no significant probe cleavage was observed with the 

GPLD-Rh probe. We concluded that GPLD-Rh was a 

longer probe than GPLD-AMC probe and the fitting of 

GPLD-Rh probe to the β1 subunit was hindered by a 

combined effect of length and the proline in the sequence. 

We went back for literature search and found another 

commercially available caspase probe, Z-LLE-AMC (Z 

stands for benzyl carbamate group).79,80 We decided to 

redesign the caspase probe using the LLE peptide sequence 

and synthesized LLE-Rh probe for the β1 subunit (Figure 

4.19C, D). We tested the LLE-Rh probe with the 20S CP 

for the proteasome activity assay and significant probe cleavage was observed (Figure 4.20). The 

success of the experiment indicated the feasibility of using rhodamine to construct probes to 

monitor proteasome activity changes. The testing conditions were later optimized so we were able 

to observe significant signal changes 

with lower gain setting on the plate 

reader because high gain setting 

maximized out in the middle of the 

assay.  

 Comparison between the 
commercially available AMC probes 
and rhodamine-based probes. 

Excited about the discovery of the 

new proteasome probes, we further 
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Figure 4.20. Rate of Rh probes with 20S
CP. The GPLD-Rh probe showed
inconsistent hydrolysis profile during the
assay and we decided to use LLE-Rh 
probe to replace the GPLD-Rh probe for
monitoring caspase-like activity on the
20S CP. LLE-Rh, LLR-Rh and LLVY-Rh 
probes were all cleaved by the 20S CP. 
 

30 μM10 μM

Z-LLE-AMC

LLE-Rh

30 μM10 μM

Boc-LRR-AMC

LLR-Rh

30 μM10 μM

Suc-LLVY-AMC

LLVY-Rh

Figure 4.21. Rate (Δ RFU/min) comparison between AMC probes
and Rh probes. AMC probes required a high concentration (30 
μM) to be observed with significant signal, but Rh probes showed
better sensitivity comparing to the AMC probes even at low
concentration (10 μM). The result from indicated that Rh probes
were useful tools to monitor proteasome activity changes. 
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conducted experiments on comparing the Rh based proteasome probes with the commercially 

available AMC probes. Similar to what we have previously did with the LLVY-Rh probes, we 

compared the cleavage rate of the rhodamine-based probes with the AMC probes at both 10 and 

30 μM.72 Like what we have observed previously with the LLVY-Rh probes, the new LLE-Rh and 

LLR-Rh probes showed significant signal increase compared to the AMC probes (Figure 4.21, 

Figure 4.31). This experiment validated our previous conclusion that the LLVY-Rh probes were 

more sensitive than the AMC probes and required less amount to be observed with a significant 

signal change.  

 Using proteasome inhibitors can significantly reduce the probe cleavage in vitro and 
in cellulo. 

To further validated that the probes were 

hydrolyzed by the proteasome, we included 

proteasome inhibitor MG-132 in our 

biochemical assay. MG-132 is a known 

proteasome inhibitor specific for the 

chymotrypsin-like activity on the β5 subunit. 

However, it could also inhibit the β1 and β2 

subunit at high dosage concentration.81–83 15 

μM of MG-132 was included in our 

biochemical assay with the rhodamine-based 

proteasome probes. With MG-132, we 

observed a significant probe hydrolysis 

decrease where the chymotrypsin-like activity 

suffered the greatest decrease but the impact of 

MG-132 on β1 and β2 subunit activities were 

moderate (Figure 4.22A, Figure 4.32). To 

further validate the probes were degraded by 

the proteasome, we investigated the probe 

cleavage in living cells. A549 cells were 

selected for the assay, the cells were first pre-

20S CP A549 cells

Figure 4.22. (A) Purified 20S CP: Cleavage rate comparison 
with different proteasome probes when treated with MG-132 
in 20S CP. A significant probe hydrolysis rate decrease was
observed with all subunits. (B) A549 cells: Cleavage rate 
comparison with different proteasome probes when treated 
with bortezomib in A549 cells. A significant probe hydrolysis
rate decrease was observed the chymotrypsin-like subunit. 
Error bars represent SEM and n=4, ****p<0.00005,
***p<0.0005, **p<0.005. 
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treated with MG-132 at 15 μM or DMSO for one hour. The small molecule and the cell media 

were then removed and the cells were washed with PBS. MG-132 and DMSO dissolved in the 

corresponding proteasome probe solution were added back to individual wells and the cleavage of 

the proteasome probes were monitored on a plate reader. However, we did not observe a significant 

proteasome activity decrease with the β1 and β2 subunit (Figure 4.22B, Figure 4.33). Despite 

MG-132 being a good proteasome inhibitor in biochemical assays, it may not be potent to 

significantly inhibit cellular proteasome activities in a short amount of dosing time. Therefore, we 

decided to switch to use bortezomib for the experiment. Bortezomib was the first FDA approved 

proteasome inhibitor to treat multiple myeloma.45–47 Similar to MG-132, bortezomib could also 

inhibit the β1 and β2 subunit at high dosage concentration.87–89 We examined the cleavage rate of 

rhodamine-based probes in A549 cells again and pre-treated the cells with 15 μM bortezomib for 

one hour. Later, we were able to observe a significant decrease of the hydrolysis of the probes in 

A549 cells (Figure 4.34, Figure 4.35). The result of the experiment indicated that our proteasome 

probe was cell permeable and proteasome inhibitors like bortezomib could inhibit the hydrolysis 

of these probes. Overall, the above experiments demonstrated that we have developed a new series 

of rhodamine-based proteasome probes for the caspase-like β1 subunit and the trypsin-like β2 

subunit of the 20S CP. These new probes could be used in other research investigating the impact 

of a small molecule on proteasome activity. 

 Summary of the development of the selective proteasome probes. 

Above, we demonstrated our development of aa new series of rhodamine-based proteasome 

probes. Comparing to commercially available AMC probes, the rhodamine-based probes we 

developed were more sensitive upon proteasome hydrolysis, so it required less amount of probes 

for experiments. Our cellular experiments with A549 also indicated that our probes were cell 

permeable which was a significant advantage comparing to cell impermeable AMC probes. These 

experiments validated the LLE-Rh and LLR-Rh probes as useful tools to monitor proteasome 

activities both in biochemical and cellular assays. With the developed rhodamine probes for all 

three catalytic subunits on the 20S CP, they will significantly benefit our future experiments to 

identify potential small molecule proteasome regulators. Currently, our lab has discovered a new 

series of small molecule proteasome stimulators with these probes. 
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4.5 Conclusion in TXS-8 PROTAC development, binding site study and proteasome 
probe development. 

 Although TXS-8 was discovered as a selective binder for proteasomal subunit Rpn-6, 

modification of TXS-8 into a PROTAC to selectively degrade Rpn-6 was problematic. We were 

unable to observe significant cell death with the thalidomide and pomalidomide-based PROTACs. 

The Rpn-6 degradation assay result also indicated that the PROTAC we developed were not 

working as expected. We summarized three possible reasons regarding the TXS-8 PROTAC 

failure: the PROTACs were cell impermeable that couldn’t reach its target; the PROTACs were 

unable to induce a stable ternary complex between Rpn-6 and CRBN; Rpn-6 in cells was mostly 

integrated on the 26S proteasome while ubiquitination of Rpn-6 on 26S proteasome could not 

trigger protein degradation. The failure of TXS-8 PROTAC development again highlighted the 

necessity of a convenient general biochemical assay development to allow potential PROTACs to 

be tested in easier way before cellular experiments. 

The failure of the TXS-8 PROTAC development made us to decide to investigate the general 

binding site of TXS-8 on Rpn-6 as this could provide us guidance on future PROTAC design. Due 

to the lack of solved Rpn-6 structure and availability of experimental equipment, we decided to 

investigate the general binding site of TXS-8 on Rpn-6 with two approaches. The first approach is 

cost-effective and timesaving but we had discovered that the unlabeled Rpn-6 peptide fragments 

would co-elute with the labeled ones and contaminated the sample. The second approach 

theoretically eliminated the contamination by performing a pull-down enrichment. However, the 

multiple-step process could potentially lead to a low overall yield. We are still actively 

investigating both approaches currently, and we are still working to discover the general binding 

site of TXS-8 on Rpn-6. 

The lack of testing the impact of TXS-8 on proteasome caspase-like and trypsin-like activities 

in cells and the demand of developing more sensitive proteasome probes comparing to the 

commercially available AMC probes pushed us to design rhodamine-based proteasome probes that 

were cell permeable and sensitive to proteasome cleavage. Combining commercially available 

probes and rhodamine-based probes our lab previously developed, we designed and synthesized 

LLE-Rh and LLR-Rh probes aimed to be selective for the caspase-like and trypsin-like subunits 

on the 20S CP, respectively. We also showed that these rhodamine-based probes were more 

sensitive comparing to AMC probes and required less amount to be observed with significant 
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hydrolysis rate. Using proteasome inhibitors, we also observed significant probe cleavage 

inhibition both biochemically and cellularly. The development of new proteasome probes could 

greatly benefit the discovery of other potential small molecule proteasome regulators.  

4.6 General methods and materials. 

All chemicals were obtained from Sigma-Aldrich, Acros Organics, Alfa Aesar or Fisher 

Scientific and used without any further purification. Solid-phase peptoid synthesis reactions for all 

TXS-8 and proteasome probes were performed in fritted syringes (Sass Wolfe) as reported 

previously. Resin was purchased from Chem-Impex Int’l Inc. All TXS-8 and proteasome probes 

were purified by reverse phase HPLC. (Agilent S9 1260 infinity II). Ramos B-cells (CRL-1596 
TM), A549 (CCL-185 TM) frozen cell stocks were obtained from ATCC. Cell growth media was 

also obtained from ATCC including ATCC-formulated RPMI-1640 Medium (30-2001 TM) and 

Kaighn’s modification of Ham’s F-12 medium (30-2004 TM). The Fetal bovine serum (FBS 

obtained from VWR) was added to the growth media by 10% of the total volume. CellTiter Glo 

was obtained from Promega. The 96-well plate with lid was obtained from Corning® Costar®. The 

0.25% trypsin cell dissociation buffer was obtained from Corning®. All cell flasks and dishes were 

obtained from Thermo-Fisher. The Z-LLE-AMC, Boc-LRR-AMC and Suc-LLVY-AMC probe 

were acquired from ThermoFisher. The purified 26S proteasome was acquired from Boston 

Biochem at a stock concentration of 2 μM. M-PERTM mammalian protein extraction solution and 

HALT TM protease & phosphatase inhibitor cocktail (100X) was obtained from Thermo-Fisher. 

The Laemmli SDS-sample buffer (4X) was acquired from Fisher. Nitrocellulose membranes and 

filter paper were obtained from Bio-Rad. Rpn-6 primary antibody (rabbit) and GAPDH primary 

antibody (mouse) was obtained from Novus Biologicals. The secondary antibody (goat anti-rabbit) 

was obtained from LI-COR.  



 
 

154 

4.7 Thalidomide and thalidomide-based PROTAC TXS-8 synthesis. 

 Thalidomide synthesis. 

The 1,3-dioxo-1,3-dihydroisobenzofuran-5-carboxylic acid (1 mmol, 1 eq) was added to a 

flask containing 3 mL of acetic acid. Potassium acetate was then added to the flask (3 mmol, 3 eq). 

3-aminoperidine-2,6-dione hydrochloride was also added to the flask (1 mmol, 1 eq). The reaction 

mixture was stirred and reflux for 24 

hours. The reaction mixture was then 

cooled to room temperature and the 

solvent was removed on a rotovap. The 

solid was washed with water for multiple 

times until the filtrate maintained colorless. The solid was then carefully gently washed with 10% 

acetic acid. The solid was then washed with 2 mL of ethyl acetate for 2 times. The solid was dried 

under vacuum and used without further purification. 

 

2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindoline-5-carboxylic acid, Chemical Formula: 

C14H10N2O6: MS: M+H+: 303.1 (expected 302.24), 1H NMR (500 MHz, DMSO) δ 13.83 (s, 1H), 

11.16 (d, J = 2.6 Hz, 1H), 8.40 (dt, J = 8.1, 2.1 Hz, 1H), 8.27 (d, J = 2.5 Hz, 1H), 8.05 (dd, J = 7.8, 

2.7 Hz, 1H), 5.20 (ddd, J = 12.9, 5.6, 2.6 Hz, 1H), 2.95 – 2.84 (m, 1H), 2.66 – 2.58 (m, 1H), 2.58 

– 2.51 (m, 1H), 2.08 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 173.07, 170.03, 166.72, 166.06, 

137.25, 136.02, 134.72, 131.98, 124.18, 123.74, 49.52, 31.24, 22.24. 

 Thalidomide-based TXS-8 PROTAC synthesis 

 500 mg of Rink amide resin (0.708 mmol/g, 0.354 mmol) was suspended in DCM in the 

syringe for 10 mins to allow the beads to expand. The DCM was drained and the Fmoc was 

removed by 20% piperidine twice with 15 mins each at room temperature to give a positive Kaiser 

test. 1 mL of 2M BAA solution and 1M DIC solution were mixed until a white precipitate formed. 

The mixture was added to the syringe and agitated at 37°C for 20 mins. The resin was rinsed with 

anhydrous DMF 3 times and 1 mL of the 1M MMt-ethylenediamine solution was added to the 

syringe and agitated at 37°C for one hour. The Fmoc was removed by 20% piperidine twice for 15 

mins each at room temperature to give a positive Kaiser test. Fmoc-miniPEG-OH (4 eq, 1.416 

Figure 4.23. Synthesis route of thalidomide derivative.  
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mmol, 545.7 mg), Oxyma pure (4 eq, 1.416 mmol, 201.2 mg) and DIC (4 eq, 1.416 mmol, 222 uL) 

were dissolved in 2.35 mL DMF each. They were mixed to yield a yellow solution before being 

added to the resin. The syringe was agitated for 1 hour to give a negative Kaiser test. The resin 

was separated into two portions with 250 mg each. One portion of the resin with one mini-PEG 

linker was coupled again with another mini-PEG linker on these resins. The resins were treated 

with BAA and corresponding amine to couple TXS-8 onto the resin. The Mmt group on 

ethylenediamine was removed by agitating the resin with 1 mL of 96% DCM, 3% TFA and 1% 

TIPS for 30 seconds, repeated 5 times. The resin was further rinsed with DMF, 10 mL of 10% 

TEA in DMF, then DMF. Thalidomide was coupled onto the resin using a 10 eq amount with 9.5 

eq of HBTU and 30 eq of triethylamine. The resin was washed with DCM 3 times. The bead was 

further cleaved with a mixed solution of 95% TFA, 2.5% DCM, 2.5% TIPS at room temperature 

for one hour in dark. The cleaved solution was collected and dried under a stream of argon to yield 

yellow oil-like liquid. The liquid was dissolved in 1:1 H2O: AcCN (HPLC grade, 0.1% TFA) and 

separated by RP-HPLC. The purity of the fraction was checked by LC-MS and fractions containing 

pure substance were combined, froze, lyophilized and stored at -20°C.  

 Viability test of the thalidomide-based TXS-8 PROTACs 

The purchased cell stock was taken out from the liquid nitrogen storage tank and defrosted to 

ROOM TEMPERATURE The stock was then transferred into a 15 mL falcon tube with an 

additional 1 mL of the media (RPMI-1640). The tube was centrifuged for 5 mins at 1,000 xg. The 

cell media was removed and the cell pellet was re-suspended in 10 mL of media. The cells were 

transferred into a T-75 plate (or a 10 cm dish) and the plate was incubated at 37°C until cells were 

confluent. The PROTACs was taken out from the -20°C and was warmed up to ROOM 

TEMPERATURE 1 mg of the peptoid was measured and dissolved in DMSO to make a 20 mM 

stock. A dilution of 5 mM, 2.5 mM, 2 mM, 1.6 mM, 1.4 mM, 1.25 mM, 0.625 mM and 0.3125 

mM in DMSO were prepared. The DMSO solutions were further diluted by adding 4 μL of the 

stock into 196 μL of media to obtain the final dosing concentration. 4 μL of DMSO was also added 

to 196 μL of the cell media to prepare the negative control. The 4 mL cell media left over in 

previous step was kept for dosing. 10 uL from the falcon tube was added to each side of a 

hemocytometer with a glass cover on top. The amount of the media needed for dilution was further 

calculated to fulfill the need of 10,000 cells per well on a 96-well plate. The cells in the falcon tube 
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were diluted with cell media to obtain 2 mL of a 200,000 cell/ mL solution. 36 wells were used on 

a 96-well plate. 50 uL of cell solution was added to wells. Another 50 uL of each ligand was added 

to the wells in triplicate. DMSO was added as negative control. Another three wells with cells 

were added with media only to determine if DMSO would have negative effect on the cells. The 

plate was placed in the incubator for 24 hours. The plate was taken out and equilibrated to ROOM 

TEMPERATURE 50 μL of Cell Titer Glo was added to each well. The plate was agitated in dark 

for 1.5 min and was settled for another 10 mins in the dark. The luminescent in each well was 

measured with a Synergy NEO plate reader system. The readings were converted and normalized 

to % viability and were graphed in Prism 8 software. 

4.8 Pomalidomide and pomalidomide-based TXS-8 PROTAC synthesis. 

 Pomalidomide synthesis. 

 Pomalidomide was dissolved in 4 

mL of anhydrous THF in a flame dried 

flask (1 mmol, 1 eq). Bromo-acetic 

bromide was added to the flask (5 

mmol, 5 eq). The reaction mixture was 

heated and reflux for 24 hours. After 

the reaction was finished, the reaction mixture was cooled to room temperature. The solvent and 

excess bromo acetic bromide were removed by a rotovap. The solid was dried under vacuum and 

used without further purification. 

 

2-bromo-N-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) acetamide 

Chemical Formula: C15H12BrN3O5: MS: M+H+: 395.4 (expected 394.18), 1H NMR (500 MHz, 

DMSO) δ 11.17 (s, 1H), 10.26 (s, 1H), 8.46 (d, J = 8.4 Hz, 1H), 7.90 – 7.85 (m, 1H), 7.68 (d, J = 

7.3 Hz, 1H), 5.16 (dd, J = 12.9, 5.4 Hz, 1H), 4.33 (s, 2H), 2.89 (ddd, J = 17.1, 14.1, 5.4 Hz, 1H), 

2.61 – 2.51 (m, 2H), 2.08 (dtd, J = 12.8, 5.3, 2.2 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 173.10, 

170.11, 167.83, 166.92, 166.06, 136.62, 135.97, 131.91, 126.43, 119.44, 117.93, 65.25, 49.29, 

31.26, 30.26, 22.29, 15.51. 

Figure 4.24. Synthesis route of pomalidomide derivative.  
 



 
 

157 

 Thalidomide-based TXS-8 PROTAC synthesis 

 500 mg of Rink amide resin (0.708 mmol/g, 0.354 mmol) was suspended in DCM in the 

syringe for 10 mins to allow the beads to expand. The DCM was drained and the Fmoc was 

removed by 20% piperidine twice with 15 mins each at room temperature to give a positive Kaiser 

test. 1 mL of 2M BAA solution and 1M DIC solution were mixed until a white precipitate formed. 

The mixture was added to the syringe and agitated at 37°C for 20 mins. The resin was rinsed with 

anhydrous DMF 3 times and 1 mL of the 1M MMt-ethylenediamine solution was added to the 

syringe and agitated at 37°C for one hour. Fmoc-miniPEG-OH (4 eq, 1.416 mmol, 545.7 

mg), Oxyma pure (4 eq, 1.416 mmol, 201.2 mg) and DIC (4 eq, 1.416 mmol, 222 uL) were 

dissolved in 2.35 mL DMF each. They were mixed to yield a yellow solution before being added 

to the resin. The syringe was agitated for 1 hour to give a negative Kaiser test. The resin was 

separated into two portions with 250 mg each. One portion of the resin was treated with 20% 

piperidine twice with 15 mins each at room temperature to give a positive Kaiser test to remove 

the Fmoc group. The mini-PEG linker coupling was repeated again on these resins. The resins 

were treated with BAA and corresponding amine to couple TXS-8 onto the resin. The Mmt group 

on ethylenediamine was removed by agitating the resin with 1 mL of 96% DCM, 3% TFA and 1% 

TIPS for 30 seconds, repeated 5 times. The resin was further rinsed with DMF, 10 mL of 10% 

TEA in DMF, then DMF. Thalidomide was coupled onto the resin using a 10 eq amount with 9.5 

eq of HBTU and 30 eq of triethylamine. The resin was washed with DCM 3 times. The bead was 

further cleaved with a mixed solution of 95% TFA, 2.5% DCM, 2.5% TIPS at room temperature 

for one hour in dark. The cleaved solution was collected and dried under a stream of argon to yield 

yellow oil-like liquid. The liquid was dissolved in 1:1 H2O: AcCN (HPLC grade, 0.1% TFA) and 

separated by RP-HPLC. The purity of the fraction was checked by LC-MS and fractions containing 

pure substance were combined, froze, lyophilized and stored at -20°C.  

 Viability test of the pomalidomide-based TXS-8 PROTACs 

The purchased cell stock was taken out from the liquid nitrogen storage tank and defrosted to 

ROOM TEMPERATURE The stock was then transferred into a 15 mL falcon tube with an 

additional 1 mL of the media (RPMI-1640). The tube was centrifuged for 5 mins at 1,000 xg. The 

cell media was removed and the cell pellet was re-suspended in 10 mL of media. The cells were 
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transferred into a T-75 plate (or a 10 cm dish) and the plate was incubated at 37°C until cells were 

confluent. The PROTACs was taken out from the -20°C and was warmed up to ROOM 

TEMPERATURE 1 mg of the peptoid was measured and dissolved in DMSO to make a 20 mM 

stock. A dilution of 5 mM, 2.5 mM, 2 mM, 1.6 mM, 1.4 mM, 1.25 mM, 0.625 mM and 0.3125 

mM in DMSO were prepared. The DMSO solutions were further diluted by adding 4 μL of the 

stock into 196 μL of media to obtain the final dosing concentration. 4 μL of DMSO was also added 

to 196 μL of the cell media to prepare the negative control. The 4 mL cell media left over in 

previous step was kept for dosing. 10 uL from the falcon tube was added to each side of a 

hemocytometer with a glass cover on top. The amount of the media needed for dilution was further 

calculated to fulfill the need of 10,000 cells per well on a 96-well plate. The cells in the falcon tube 

were diluted with cell media to obtain 2 mL of a 200,000 cell/ mL solution. 36 wells were used on 

a 96-well plate. 50 uL of cell solution was added to wells. Another 50 uL of each ligand was added 

to the wells in triplicate. DMSO was added as negative control. Another three wells with cells 

were added with media only to determine if DMSO would have negative effect on the cells. The 

plate was placed in the incubator for 24 hours. The plate was taken out and equilibrated to ROOM 

TEMPERATURE 50 μL of Cell Titer Glo was added to each well. The plate was agitated in dark 

for 1.5 min and was settled for another 10 mins in the dark. The luminescent in each well was 

measured with a Synergy NEO plate reader system. The readings were converted and normalized 

to % viability and were graphed in Prism 8 software. 

 Rpn-6 degradation in Ramos B-cells treated with PROTACs. 

 Ramos B-cells were prepared in a 12-well plate with 20,000 cells per well. The cells were 

dosed with TWT-4 or TWT-5 at a final concentration of 50, 25, 12.5, 6.25, 3.12, 1.56, 0.78 and 

0.39 μM for 24 hours. The cells were then washed with PBS to remove the cell media. The cells 

were pelleted and were lysed with M-PER solution. The protein concentration was normalized, 

and 4X lamaelli was added to the samples. The tubes were heated up for 3 mins. SDS-PAGE was 

performed, and proteins were transferred to a nitrocellulose membrane with Trans-blot® Turbo TM 

system from Bio-Rad. The membrane was blocked with a 5% milk solution in PBS. Then the  

primary antibody incubated with the blot overnight. The membrane was washed 3 times with PBS, 

then the secondary antibody was added. The blot was then imaged with a LI-COR CLx imaging 

system. 
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4.9 Cross-linking, trypsin digestion and HPLC separation 

 Dzn-TXS-8-FP synthesis 

 200 mg of Rink amide resin (0.708 mmol/g, 0.354 mmol) was suspended in DCM in the 

syringe for 10 mins to allow the beads to expand. The DCM was drained and the Fmoc was 

removed by 20% piperidine twice with 15 mins each at room temperature to give a positive Kaiser 

test. 1 mL of 2M BAA solution and 1M DIC solution were mixed until a white precipitate formed. 

The mixture was added to the syringe and agitated at 37°C for 20 mins. The resin was rinsed with 

anhydrous DMF 3 times and 1 mL of the 1M MMt-ethylenediamine solution was added to the 

syringe and agitated at 37°C for one hour. Fmoc-miniPEG-OH (4 eq), Oxyma pure (4 eq) and DIC 

(4 eq) were dissolved in 2.35 mL DMF each. They were mixed to yield a yellow solution before 

being added to the resin. The syringe was agitated for 1 hour to give a negative Kaiser test. The 

resin was treated with 20% piperidine twice with 15 mins each at room temperature to give a 

positive Kaiser test to remove the Fmoc group. The resins were treated with BAA and 

corresponding amine to couple TXS-8 onto the resin. Before removing the MMt protecting group, 

the resin was treated with boc anhydride (10 eq) in DCM overnight to protect the secondary amine 

on TXS-8. The Mmt group on ethylenediamine was then removed by agitating the resin with 1 mL 

of 96% DCM, 3% TFA and 1% TIPS for 30 seconds, repeated 5 times. The resin was further rinsed 

with DMF, 10 mL of 10% TEA in DMF, then DMF. 0.95 eq of NHS-EZ-link-diazirine was 

dissolved in 1.2 mL anhydrous DMF with 1.1 eq of DIPEA mixed in a 1.5 ep tube and the above 

mixture was agitated for about 5 mins in dark. The mixture was later added to the resin and the 

resin was agitated for 30-40 mins in the dark to allow coupling of diazirine to ethylenediamine. 

The completion of the experiment was monitored by Kaiser. The resin was washed with DCM 3 

times. The bead was further cleaved with a mixed solution of 95% TFA, 2.5% DCM, 2.5% TIPS 

at room temperature for one hour in dark. The cleaved solution was collected and dried under a 

stream of argon to yield yellow oil-like liquid. The liquid was dissolved in 1:1 H2O: AcCN (HPLC 

grade, 0.1% TFA) and separated by RP-HPLC. The purity of the fraction was checked by LC-MS 

and fractions containing pure substance were combined, froze, lyophilized and stored at -20°C.  
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 Rpn-6 expression and purification 

The frozen E. coli stock was removed from the -80°C and was defrosted at RT. 8 mL of 

sterilized LB broth solution with Amp was added to a bacteria culture tube and 20 μL of the E. 

coli stock was suspended in the culture medium. The tube was incubated at 37°C for a minimum 

of 6 hours. 25 g of LB broth solid was added to a 2.8 L flask and was dissolved with 1L of Mili-Q 

water. The LB broth solution was sterilized and it was cooled to r.t. 100 mg of Amp was added to 

the flask before transferring the 8 mL pre-cultured E. coli. The flask was further incubated at 37°C 

until an OD of 0.6-0.8 was reached as measured by NanodropTM (Thermo Fisher). 119 mg of IPTG 

(final concentration 1mM) was added to the flask and the flask was further incubated at r.t. 

overnight. The cell media was transferred into a 1L flask and was spun down at 4700 rpm for 10 

mins in a centrifuge (Thermo Scientific Legend TM XTR Centrifuge). The cell media was removed 

and the bacteria pellet was re-suspended in 20 mL of pre-cooled E. coli lysis buffer. The lysis 

buffer was collected and cells were further lysed by an ultrasonic disruptor with a pulse on for two 

seconds followed by pulse off for 5 seconds. The total time for pulse on was one minute and the 

process was repeated three times. The lysate was centrifuged at 13000 x g for 30 mins followed 

by Ni2+ affinity chromatography in a 4°C fridge. 1 mg of imidazole (5mM) was added to the 

column before chromatography to limit non-specific binding. 5 mL of 20mM, 40 mM, 80 mM, 

160 mM and 320 mM imidazole in PBS were prepared in duplicate and the solution was cooled to 

4°C. The cell lysate was drained from the column and the resin was washed with cold PBS 3 times. 

The imidazole solution was added to elute the protein from the resin from low to high concentration. 

Gel loading buffer was added to a small amount of the each elution fraction to reach a 1:4 ratio. 

The mixture was heated up for 3 mins to allow protein to fully denature. SDS-PAGE was applied 

to the above mixture and the gel was stained with Coomassie. The gel was checked by Li-Cor. 

Fractions with pure Rpn-6 were collected in a dialysis tube and the tube was stirred in 3 L of cold 

PBS overnight to remove the imidazole. The protein solution was transferred into a 50 mL falcon 

tube and was spun down at 13000xg for 10 mins to sediment any suspension in the solution. The 

protein solution was then transferred into another 50 mL falcon tube and was stored at 4°C fridge. 
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 Competitive binding on Rpn-6 

 Rpn-6 was prepared as previously described, the protein was concentrated to 6 μM. Dzn-

TXS-8-FP and Dzn-TXS-8 were dissolved in DMSO to acquire a 5 mM stock. A small portion of 

the Dzn-TXS-8 stock was further diluted in 50 mM Tris binding buffer (pH 7.35) and added to 

Rpn-6 to reach a final concentration of 0, 2, 4, 6 and 8 μM (Rpn-6 final concentration 4 μM). The 

mixture was incubated with mixing at r.t. for one hour in the dark. The ligand protein mixture was 

transferred into transparent ep tubes and 365 nm UV light was applied to the tube at 4°C for 30 

mins to allow diazirine crosslinking to proteins. A small portion of Dzn-TXS-8-FP DMSO stock 

was added directly to the Rpn-6 mixture to minimize the change of total volume (Dzn-TXS-8-FP 

final concentration was 10 μM). The mixture was incubated with mixing at r.t. for one hour in the 

dark. The ligand protein mixture was transferred into transparent ep tubes and 365 nm UV light 

was applied to the tube at 4°C for 30 mins to allow diazirine crosslinking to proteins. The mixture 

was subjected to SDS-PAGE and the gels were scanned without staining. 

 Cross-linking 

 Rpn-6 was prepared as previously described. The protein was concentrated to 7.5 μM. Dzn-

TXS-8-FP was dissolved in DMSO to acquire a 5 mM stock. A small portion of the Dzn-TXS-8-

FP stock was further diluted 50 mM Tris binding buffer (pH 7.35) and added to Rpn-6 to reach a 

final concentration of 10 μM (Rpn-6 final concentration 5 μM, 2:1 ligand/protein ratio). The 

mixture was incubated with mixing at r.t. for one hour in the dark. The ligand protein mixture was 

transferred into transparent ep tubes and 365 nm UV light was applied to the tube at 4°C for 30 

mins to allow diazirine crosslinking to proteins. The mixture was subjected to SDS-PAGE and the 

gel was scanned without staining. The gel was then trimmed into small pieces for trypsin digestion. 

 Trypsin digestion and HPLC separation 

 The trypsin digestion protocol was modified from the one provided by ThermoFisher. In 

total, 10 bands from gel were collected for the digestion. The bands were cut into small pieces less 

than 1 cubic mm. A digestion buffer was prepared with 10 mg of ammonium bicarbonate dissolved 

in 10 mL of ultrapure water. A destaining buffer was prepared of mixing 80 mg of ammonium 

bicarbonate with 20 mL of acetonitrile and 20 mL of ultrapure water. The protein was reduced 
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with 33 μL of TCEP in 300 μL of digestion buffer (final concentration at 50 mM) at 60°C for 10 

mins. The sample was cooled to room temperature and the reducing solution was discarded. An 

alkylation buffer was prepared right before the alkylation step. 7 mg of iodoacetamide was 

dissolved in 70 μL of ultrapure water, the solution was further diluted with 280 μL of digestion 

buffer. The solution was added directly to the gel pieces and the mixture was incubated in dark at 

37°C for an hour. After the alkylation step was finished, the gel pieces were gently washed with 2 

mL of destaining buffer. The gel pieces were then treated with 500 acetonitrile to shrink. The gel 

pieces were further dried under vacuum to remove acetonitrile. The dried gel pieces were treated 

with 200 μL trypsin solution (5 μg in total) and 200 μL of digestion buffer was also added to the 

mixture. The gel pieces were incubated at 50°C for 4 hours. The solution was carefully removed 

from the tube and the gels were gently washed with the digestion buffer for 2 times with 200 μL 

each time. The combined solution was lyophilized to remove solvent from the mixture. 

 HPLC separation and MS analysis 

 The dried solid from previous step was dissolved in 100 μL of 65:35 water/acetonitrile (0.1% 

TFA) solution. The tube was ultrasonicated for 5 mins to have the solid completely dissolved in 

the HPLC buffer. The mixture was subjected to HPLC ((Agilent S9 1260 infinity II)) and the 

fractions were collected and lyophilized. Before lyophilizing, a small portion of the solution was 

transferred onto a MALDI plate for MALDI-TOF MS/MS. 

4.10 Rhodamine probe synthesis and testing 

 Rhodamine LLE-Rh and LLR-Rh probes synthesis 

 LS rink amide resin (0.3 mmol/g) was swelled for 60 min in DMF. The Fmoc was removed 

using 20% piperidine in DMF for 15 min at room temperature. After deprotection, the resin was 

washed with anhydrous DMF. For bromoacetic acid coupling, 1 M DIC and 2 M bromoacetic acid 

in anhydrous DMF were mixed in 1:1 ratio and agitated until a precipitate was observed. This was 

then added to the resin and allowed to agitate for 20 min at 37°C. The solution was removed, and 

the resin was washed with anhydrous DMF before a 1 M solution of the corresponding amine was 

added. This was agitated for 1 hour at 37 °C then washed with anhydrous DMF. Completion of 

coupling was monitored using the chloranil test for secondary amines. After completion of the 
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peptoid sequences, Fmoc-Gly-OH (4 eq) was coupled with HBTU (3.75 eq) and DIPEA (8 eq) in 

anhydrous DMF for 3.5 hours at 37 °C. Completion of the coupling was confirmed by a negative 

chloranil test, and the Fmoc was subsequently deprotected using 20% piperidine in DMF for 30 

min at 37 °C. To couple the succinamide group, succinic anhydride (10 eq) and pyridine (12 eq) 

were dissolved in anhydrous DCM with 10% anhydrous DMF. This was added to the resin and 

allowed to agitate at room temperature overnight. For rhodamine coupling, the resin was first 

washed with a solution of 1,8- bis(dimethylamino)naphthalene (20 eq) and DIPEA (20 eq) in DMF. 

COMU (1 eq) was dissolved in DMF with 1,8-bis(dimethylamino)naphthalene (20 eq) and DIPEA 

(20 eq) and added to the resin. This was allowed to agitate for 5 min at room temperature to activate 

the carboxylic acid on the resin. To this resin solution was then added rhodamine 110 chloride (10 

eq) dissolved in anhydrous DMF. This was agitated for 3 hours at 60°C. The first amino acid was 

coupled using similar conditions of time and temperature, but the amino acid (10 eq) was activated 

with COMU (10 eq) then added to the resin. The first amino acid coupling was repeated once to 

allow better yield as some amino acids were difficult to couple to the free amine on the rhodamine. 

Fmoc deprotection was performed using 20% piperidine for 30 min at 37 °C. Subsequent residues 

were coupled using 10 eq amino acid, 10 eq COMU and 20 eq DIPEA in DMF for 1 hour at 37 °C 

(60 °C could also be used). It was critical to perform a test cleavage of a small portion of resins 

after every coupling when rhodamine was added. LC-MS would help to identify the ratio between 

coupled and uncoupled resins. If less than 60% of the resin was uncoupled after test cleavage, the 

corresponding amino acid residue should be coupled one more time. After the final Fmoc was 

removed, the resin was washed with DCM and dried. For resin cleavage and side chain group 

deprotection, the resin was suspended in 95% TFA, 2.5% DCM, 2.5% TIPS and agitated for 2 

hours at room temperature. The crude mixture was directly dissolved in 50/50 water/acetonitrile 

(with 1% TFA) for HPLC purification (Agilent S9 1260 Infinity system, Eclipse Plus C18 5 μm, 

4.6 x 150 mm column). Purity of each probe was confirmed by LC/MS (Agilent 1260 Infinity II 

with a Zorbax Eclipse Plus C18 column, 2.1x50mm, 1.8-micron attached to an Agilent 6129 

quadrupole mass spectrometer). The probes were dissolved in DMSO to acquire a 5 mM stock for 

later use. 
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Figure 4.25. LC-MS of GPLD-Rh probe. 

 

 
Figure 4.26. LC-MS of LLR-Rh probe. Due to the low coupling efficiency of arg-pbf to rhodamine, some rhodamine 
may not be coupled after two trials and leu could be added to rhodamine. The extra peak was determined as LL-Rh. 
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Figure 4.27. LC-MS of LLR-Rh probe. Due to the low coupling efficiency of arg-pbf to rhodamine, some rhodamine 
may not be coupled after two trials and leu could be added to rhodamine. The extra peak was determined as LL-Rh. 
 

 
Figure 4.28. LC-MS of LLVY-Rh probe. The extra peak was determined as LLV-Rh. 
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Figure 4.29. LC-MS of LLE-Rh probe. 

 

 
Figure 4.30. LC-MS of LLE-Rh probe. 
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 Biochemical assay with rhodamine probes in 20S CP: 

 The 20S CP was diluted 

in 50 mM tris buffer, pH (7.6) to 

acquire a 50 nM stock solution. 

The probes were also diluted in 

tris buffer to acquire a 

concentration of 11.11 µM 

(1.11% DMSO). on a black 96-

well plate, 5 µL of the 20S CP 

solution was added to individual 

wells. 45 µL of the probe 

solution was then added to the 

wells containing the 20S CP in 

a quadruplet. The final 20S CP concentration in wells was 5 nM and final concentration of probes in wells 

were 10 µM (1% DMSO). The probe and the 20S CP were gently mixed by tapping the plate. A Tecan 

Infinite M200 Pro plate reader system was pre-heated to 37°C and the gain was set to 80. The filter was set 

to Ex – 485 (20) nm and Em – 535 (20) nm. The 96-well plate was monitored in the plate reader for 40 

mins. The result was plotted as the average of the quadruplet samples using GraphPad Prism 8 (Figure 

4.29). 

 A549 cell culture and Rh probe testing: 

One day prior to the start of the experiment, a black 96-well round bottom plate was treated 

with collagen by adding 50 µL of 25 μg/mL collagen solution in 0.02M acetic acid solution (12 

µL of acetic acid added into 10 mL of ultrapure water). The plate was left in the incubator overnight. 

The next day, the plate was taken out from the incubator and the collagen solution was removed 

from the plate. The wells were washed with 100 uL of PBS three times and the plate was then put 

back to the incubator for at least 30 mins to dry. 
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Figure 4.31. Raw data of probes incubated with 20S CP. The probes were
incubated with the 20S CP at a final concentration of 10 µM. The result showed
that GPLD-Rh probe was not hydrolyzed significantly by the 20S CP. 
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An A549 cell stock was taken out from the liquid 

nitrogen storage tank and defrosted to R.T. The stock 

was then transferred into a 15 mL falcon tube with an 

additional 1 mL of the DMEM media. The tube was 

centrifuged for 3 mins at 1,000 x g. The media was removed, 

and the cell pellet was re-suspended in 10 mL of media. The 

media was transferred into a T-75 flask (or a 10 cm dish) and 

the plate was incubated at 37°C until cells were confluent. The 

media in the plate was removed and the plate was washed with 

10 mL of sterilized 1X PBS gently. The PBS was removed 

and 2 mL of trypsin buffer was added to the plate. The plate 

was agitated by hand to allow the buffer to cover the whole 

plate and the plate was incubated for 5-10 mins to dissociate 

cells. The dissociation buffer was collected into a 15 mL falcon tube and was centrifuged at 1,000 xg for 5 

mins. The buffer was removed, and 5 mL of media was added to the tube. Another 15 mL falcon tube was 

prepared with 9 mL of cell medium inside. 1 mL of the media containing the cells was added to the falcon 

tube and in total 10 mL of the cell medium was transferred into another new T-75 plate. The T-75 plate was 

incubated at 37°C until cells were confluent. The 4 mL cell media left over was kept for cell dosing. 10 µL 

from the falcon tube was added to each side of a hemocytometer with a glass cover on top. The cells were 

counted. The amount of the cell suspension needed for dilution was further calculated to fulfill the need of 

5,000 cells per well on a 96-well plate. The cells in the falcon tube were taken out and diluted with cell 

media to obtain 2 mL of a 100,000 cell/ mL solution. The cells were transferred onto a 96 well plate and 

the plate was incubated overnight. On next day, the plate was taken out from the incubator and the cells 

were washed with PBS for three times to remove the cell media. The corresponding rhodamine probes were 

dissolved in KRBH buffer to acquire a final concentration of 10 µM (1% DMSO in total). 50 µL of the 

probe solution was added to individual wells in triplicate. The plate was gently agitated by hand and the 

plate was left in the incubator for 10 mins. A Tecan Infinite M200 Pro plate reader system was pre-heated 

to 37°C and the gain was set to 80. The filter was set to Ex – 485 (20) nm and Em – 535 (20) nm. The 96-

well plate was monitored in the plate reader for 40 mins. The result was plotted as the average of the rate 

(Δ RFU/min) of the triplicate samples using GraphPad Prism 8 (Figure 4.30). 

Figure 4.32: Rate (Δ RFU/min) comparison
among three probes in A549 cells at 10 µM
of final concentration. Error bars represent
SEM and n=3. 
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 Biochemical assay with rhodamine probes and AMC probes in 20S CP: 

The 20S CP was diluted in 50 mM tris buffer, pH (7.6) to acquire a 50 nM stock solution. The probes 

were also diluted in tris buffer to acquire a concentration of 33.33 and 11.11 µM (1.11% DMSO). on a 

black 96-well plate, 5 µL of the 20S CP solution was added to individual wells. 45 µL of the probe solution 

was then added to the wells containing the 20S CP in a quadruplet. The final 20S CP concentration in wells 

was 5 nM and final concentration of probes in wells were 10 or 30 µM (1% DMSO). The probe and the  

 
Figure 4.33. Raw data of rhodamine and AMC probes incubated with 20S CP. (A) AMC probe raw data 
comparison. (B) Rh and AMC probe comparison with 10 and 30 µM concentration on the caspase subunit. (C) Rh 
and AMC probe comparison with 10 and 30 µM concentration on the trypsin subunit. (30 µM LLR-Rh error bar 
decreased by the end of the experiment because the readings were above detecting limit) (D) Rh and AMC probe 
comparison with 10 and 30 µM concentration on the chymotrypsin subunit. (30 µM LLVY-Rh error bar decreased by 
the end of the experiment because the readings were above detecting limit, the data presented in Figure 5 had last 20 
mins removed) 
 

20S CP were gently mixed by tapping the plate. A Tecan Infinite M200 Pro plate reader system was pre-

heated to 37°C and the gain was set to 75. The filter was set to Ex – 485 (20) nm and Em – 535 (20) nm for 

the rhodamine probes and Ex – 340 (20) nm and Em – 460 (20) nm for the AMC probes. The 96-well plate 

was monitored in the plate reader for 40 mins. The result was plotted as the average RFU of the quadruplet 

samples using GraphPad Prism 8 (Figure 4.31). 

 Biochemical assay with rhodamine probes in 20S CP and proteasome inhibitor MG-
132: 

 The 20S CP was diluted in 50 mM tris buffer, pH (7.6) to acquire a 50 nM stock solution. The 

probes were also diluted in tris buffer to acquire a concentration of 12.5 µM (0.625% DMSO). MG-132 

was diluted in tris buffer to acquire a concentration of 150 µM (0.625% DMSO). On a black 96-well plate, 
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5 µL of the 20S CP solution was added to individual wells, then 

5 µL of MG-132 solution was added to the same well. Later, 40 

µL of the probe solution was then added to the wells containing 

the 20S CP and MG-132 in a quadruplet. The final 20S CP 

concentration in wells was 5 nM, final concentration of probes 

in wells were 10 µM and final concentration of MG-132 in wells 

were 15 µM (1% DMSO in total). MG-132, Rh probe and the 

20S CP were gently mixed by tapping the plate. A Tecan Infinite 

M200 Pro plate reader system was pre-heated to 37°C and the 

gain was set to 75. The filter was set to Ex – 485 (20) nm and 

Em – 535 (20) nm. The 96-well plate was monitored in the plate 

reader for 40 mins. The result was plotted as the average of the 

rate (Δ RFU/min) of the quadruplet samples using GraphPad 

Prism 8 (Figure 4.22A, 32). 

 Cellular experiments with rhodamine probes in A549 cells and proteasome inhibitor 
MG-132: 

One day prior to the start of the experiment, a black 96-well 

round bottom plate was treated with collagen by adding 50 µL of 

25 μg/mL collagen solution in 0.02M acetic acid solution (12 µL 

of acetic acid added into 10 mL of ultrapure water). The plate was 

left in the incubator overnight. The next day, the plate was taken 

out from the incubator and the collagen solution was removed 

from the plate. The wells were washed with 100 uL of PBS three 

times and the plate was then put back to the incubator for at least 

30 mins to dry. 

The next day, A549 cells were transferred into a 96 well plate 

with 5,000 cells per well. The cells were left in the incubator 

overnight to adhere. The next day, MG-132 was prepared in a 30 

µM stock solution (2% DMSO). 50 µL of the MG-132 was added 

to A549 cells in quadruplets. The final concentration of MG-132 in 

each well was 15 µM (1% DMSO in total). The cells were incubated 

Figure 4.34. Rate (Δ RFU/min) comparison
among three probes treated with MG-132. 
Significant proteasome activity inhibition
was observed with all three catalytic
activities. Error bars represent SEM and
n=4. ****p<0.00005. 
 

Figure 4.35. Rate (Δ RFU/min) 
comparison among three probes in
A549 cells at 10 µM of final 
concentration with 15 µM of MG-
132. Error bars represent SEM and
n=4. ****p<0.00005, ns=p>0.05. 
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with the proteasome inhibitor for 1 hour. After 1 hour, the cell media in testing wells were removed and the 

cells were washed with 1X PBS for three times to remove remaining cell media. The Rh probes were 

dissolved in KRBH buffer to acquire a 10 µM concentration (0.5% DMSO). MG-132 was dissolved in 

corresponding Rh probe solution to acquire a concentration of 15 µM (0.5% DMSO). 50 µL of the solution 

was added to testing wells in quadruplets with a final concentration of MG-132 at 15 µM and probe at 10 

µM (1% DMSO in total). The plate was put back to the incubator for 10 mins. The plate was gently agitated 

by hand and the plate was left in the incubator for 10 mins. A Tecan Infinite M200 Pro plate reader system 

was pre-heated to 37°C and the gain was set to 80. The filter was set to Ex – 485 (20) nm and Em – 535 

(20) nm. The 96-well plate was monitored in the plate reader for 1 hour. The result was plotted as the 

average of the rate (Δ RFU/min) of quadruplet samples using GraphPad Prism 8 (Figure 4.33). 

 Cellular experiments with rhodamine probes in A549 cells and proteasome inhibitor 
bortezomib: 

One day prior to the start of the experiment, a black 96-

well round bottom plate was treated with collagen by 

adding 50 µL of 25 μg/mL collagen solution in 0.02M 

acetic acid solution (12 µL of acetic acid added into 10 mL 

of ultrapure water). The plate was left in the incubator 

overnight. The next day, the plate was taken out from the 

incubator and the collagen solution was removed from the 

plate. The wells were washed with 100 uL of PBS three 

times and the plate was then put back to the incubator for at 

least 30 mins to dry. 

The next day, A549 cells were transferred into a 96 

well plate with 5,000 cells per well. The cells were left in the incubator overnight to adhere. The 

next day, bortezomib was prepared in a 30 µM stock solution (2% DMSO). 50 µL of the 

bortezomib was added to A549 cells in quadruplets. The final concentration of bortezomib in each well 

is 15 µM (1% DMSO in total). The cells were incubated with the proteasome inhibitor for 1 hour. After 1 

hour, the cell media in testing wells were removed and the cells were washed with 1X PBS for three times 

to remove remaining cell media. The Rh probes were dissolved in KRBH buffer to acquire a 10 µM 

concentration (0.5% DMSO). MG-132 was dissolved in corresponding Rh probe solution to acquire a 

concentration of 15 µM (0.5% DMSO). 50 µL of the solution was added to testing wells in quadruplets 

Figure 4.36. Rate (Δ RFU/min) comparison
among three probes in A549 cells at 10 µM
of final concentration with 15 µM of 
bortezomib. Error bars represent SEM and
n=4. **p<0.005, ***p<0.0005,
****p<0.00005. 
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with a final concentration of bortezomib at 15 µM and probe at 10 µM (1% DMSO in total). The plate was 

gently agitated by hand and the plate was left in the incubator for 10 mins. A Tecan Infinite M200 Pro plate 

reader system was pre-heated to 37°C and the gain was set to 80. The filter was set to Ex – 485 (20) nm 

and Em – 535 (20) nm. The 96-well plate was monitored in the plate reader for 1 hour. The result was 

plotted as the average of rate (Δ RFU/min) of the quadruplet samples using GraphPad Prism 8 (Figure 4.34). 

 Viability assay in A549 cells treated with proteasome inhibitor MG-132 and 
bortezomib: 

 A549 cells were transferred into a 96 well plate with 

5,000 cells per well. The cells were left in the incubator 

overnight to adhere. The next day, MG-132 and bortezomib 

were prepared in a 30 µM stock solution (2% DMSO). 50 

µL of the MG-132 or bortezomib was added to A549 cells 

in quintuple. The final concentration of MG-132 or 

bortezomib in each well is 15 µM (1% DMSO in total). The 

cells were incubated with the proteasome inhibitor for 2 

hours. The cells were then treated with Cell-Titer Glo for a 

luminescent viability assay. The result was plotted as the 

average percentage of cells viable of the quadruplet samples using GraphPad Prism 8. No 

significant cell death was observed with MG-132 or bortezomib treated cells (Figure 4.35). 
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 CONCLUSION AND FUTURE DIRECTIONS. 

5.1 General conclusion. 

 The ubiquitin-proteasome system is responsible for protein recycling and maintaining 

proper protein balance in cells.1,2 According to research, this system is responsible for more than 

80% of cellular protein recycling.3,4 Besides regulating protein balance in cells, the UPS is also 

tightly related to immune response as some partially degraded protein fragments will be presented 

on MHC-I complexes for immune cell examination.5–7 

 Since the UPS is responsible for most protein recycling in cells, abnormal protein 

regulation in cells could trigger server consequences such as tumorigenesis.8–10 In response to 

elevated expression of transcriptional proteins in tumor cells, rapid degradation of these proteins 

by UPS is required to avoid cell apoptosis. Therefore, researchers have begun to investigate the 

use of small molecules to inhibit proteasome activities to treat cancer. Bortezomib,11–13 

carfilzomib14,15 and ixazomib16,17 were approved by FDA for multiple myeloma treatment. All 

these small molecules interact with the same enzymatic subunit of the 20S CP and inhibits 

proteasome from hydrolyzing its substrates. However, drug resistance has been observed among 

patients administrating these proteasome inhibitors.18–20 To develop new proteasome inhibitors 

and avoid current drug resistance, researchers have also been looking into other subunits of the 

proteasome. 

 The subunits on the 19S regulatory particle (RP) also significantly contribute to the activity 

of the 26S proteasome.21–24 Small molecule inhibitors have been developed to inhibit the activities 

of some subunits of the 19S RP. Rpn-10 and Rpn-13 are ubiquitin receptors of the 26S proteasome 

but Rpn-13 is a nonessential subunit of the 19S RP in normal cells.25–27 However, it is crucial for 

hematological cancer cells like multiple myeloma.28,29 Inhibiting Rpn-13 function with a small 

molecule could prevent it from recognizing poly-ubiquitinated protein and eventually affect 

proteasome activity.28 Rpt-4 is a subunit of the ATPase ring of the 19S RP.30,31 Inhibiting this 

subunit could prevent the translocation of the target peptide and gate opening of the 20S CP and 

affect proteasome activity.32 There are other subunits on the 19S RP that are crucial for proteasome 

function like the de-ubiquitinase subunit Rpn-11,25,33–36 molecular clamp subunit Rpn-6,37,38 

protein-protein interaction platform subunits Rpn-1 and Rpn-2.39,40 While these subunits are 



 
 

183 

attractive for small molecule binder development, little or none molecule binders were reported. 

The lack of detailed understanding and enzymatic pocket of these subunits make small molecule 

binder development on these subunits difficult. Even though, more and more research are directed 

to better understand the subunits in 19S RP and small molecules are developed to inhibit the 

subunits on the 19S RP because 19S RP is considered as a vital component of the proteasome for 

its assistant function on the 20S CP. 

 Among the 19S RP subunits, we noticed that Rpn-6 is a crucial proteasome subunit for 

structural integrity of the 26S proteasome and presents multiple protein-protein interactions with 

other proteasome subunits including Rpn-5, Rpn-7 and α2 subunits.37,38,41,42 Phosphorylation of 

Ser14 on Rpn-6 boosts proteasome activity by enhancing the formation of the 30S proteasome to 

clear short-lived proteins.43 Rpn-6 is also upregulated in some cancer cells, making Rpn-6 a 

potential target for drug development.43,44 Since Rpn-6 makes multiple protein-protein interactions 

with other proteasomal subunits, we hypothesized that using a small molecule binder of Rpn-6 to 

interact with Rpn-6 will disrupt the protein-protein interaction of Rpn-6 with other subunits and 

eventually decrease proteasome activity in cells. 

 Based on the hypothesis, we started our research on developing a one-bead-one-compound 

(OBOC) peptoid library for screening.45–47 By combing OBOC library with thermal shift assay, 

we discovered potential small molecules that can bind with Rpn-6 in vitro.48–51 We reconstructed 

some small molecules based on the result from the screening and tested their binding affinity 

toward Rpn-6 in vitro using fluorescence polarization assay.52–55 TXS-8 was discovered from the 

screening as the best small molecule binder of Rpn-6. N-methylamine scan on TXS-8 generated 

TXS-13/14/15 and these three derivatives revealed all amines presented on TXS-8 were essential 

for its binding towards Rpn-6. Further structural study on TXS-8 indicated that adding linear side 

chain amines on the C-terminal of TXS-8 like ethylenediamine was tolerated, although no 

significant binding affinity improvement was observed. By modifying TXS-8, we later converted 

the small molecule into a covalent cross-linking binder upon UV treatment. Our covalent pull-

down experiment in purified Rpn-6 and Ramos B-cell lysate all indicated that TXS-8 was selective 

towards Rpn-6. Proteomic analysis on the covalent pull-down experiment validated Rpn-6 as the 

major target of TXS-8.56 

 The discovery of selective binder of Rpn-6, TXS-8, provided us a tool to study the subunit. 

Since Rpn-6 was overexpressed in some hematological cancer cells like multiple myeloma and 
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Ramos B-cell, we wanted to investigate the toxicity of TXS-8 in these cell lines. As we expected, 

TXS-8 showed moderate toxicity in both multiple myeloma and Ramos B-cells with an IC50 of 14 

μM. We also investigated dual dosing TXS-8 in multiple myeloma and Ramos B-cells with 

proteasome inhibitor bortezomib and Rpn-13 inhibitor KDT-11. However, no significant improved 

toxicity was observed regarding either bortezomib or KDT-11. We were unable to determine if 

TXS-8 could serve additive or synergistic effect with the above inhibitors. 

 To study the cause of cell death when dosed with TXS-8, we started some preliminary 

research on the effect of TXS-8 on proteasome activity. Using commercially available probe Suc-

LLVY-AMC, we tested the impact of TXS-8 with purified 26S proteasome and Ramos B-cell 

lysate.57–61 However, TXS-8 showed no significantly effect on proteasome activity in either 

experiments. We also investigated the K-48 polyubiquitinated protein accumulations in Ramos B-

cells when treated with non-lethal concentration of TXS-8.62–67 No significant difference was 

observed with TXS-8 treated and DMSO treated cells regarding the relative amount of K-48 poly-

ubiquitinated protein. However, we observed a significant proteasome activity decrease in 

proteasome activity biochemical assay where we replaced Suc-LLVY-AMC probe with a FRET 

probe developed by our lab.68 The inconsistency of experimental results required us to develop 

sensitive cell permeable probes to directly monitor proteasome activity in cells.  

 Our lab later developed a series of rhodamine-based proteasome probes that were selective 

for the chymotrypsin-like activity on the 20S CP. These probes were more sensitive comparing to 

the commercially available AMC probes and were cell-permeable that allowed us to monitor 

proteasome activity in living cells.69,70 By combining previous reported methods of using 

proteasome activity changes using fluorescence probes and examining protein degradation in cells 

to monitor proteasome activity changes, we developed a three-step general workflow to investigate 

if a small molecule could affect proteasome activity using TXS-8 as example.71–74 We first 

knocked down Rpn-6 expression in HEK-293T cells using a small silencing RNA and observed a 

65% Rpn-6 expression decrease. When we compared the hydrolysis rate of the rhodamine-based 

proteasome probe between Rpn-6 knocked down HEK-293T cells and normal HEK-293T cells, a 

15% decrease was observed with the Rpn-6 knocked down cells. However, when we treated the 

HEK-293T cells with non-lethal concentration of TXS-8, no significant proteasome activity 

changes were observed in either Rpn-6 knocked down or normal cells using the rhodamine-based 

probe. In the second step of workflow, we investigated the degradation of a full-length protein in 
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cells and GFP was selected. GFP was reported to be degraded by the UPS.75 We transfected HEK-

293T cells with GFP and knocked down Rpn-6 in these cells. We examined the relative GFP 

amount in these HEK-293T cells treated with DMSO and non-lethal concentration of TXS-8. 

Similar to what we observed previously, TXS-8 did not significantly change the degradation of 

GFP in either Rpn-6 knocked down or normal HEK-293T cell lines. The last step in the workflow 

involved investigating proteasome activity changes using rhodamine-based probe in primary cells 

lines as some were more sensitive towards proteasome activity inhibition like heart cells.76,77 Like 

what we have observed in the first two steps, when we treated the AC16 cardiomyocyte cells with 

non-lethal concentration of TXS-8, no significant proteasome activity changes were observed. All 

three steps in the workflow demonstrated the same conclusion that TXS-8 did not alter proteasome 

activity at non-lethal concentrations. Meanwhile, the consistent result from these assays validated 

the reliability of the workflow and the processes are also amenable for the evaluation of small 

molecule binders to other proteasome subunits of interest in the future. 

 The conclusion that TXS-8 may not affect proteasome activity at non-lethal concentration 

raised multiple questions: Can we improve the toxicity of TXS-8 in Rpn-6 overexpressed cancer 

cells? Can we find the binding site of TXS-8 on Rpn-6? To address these questions, we designed 

and performed multiple researches to further investigate TXS-8. 

 To improve the toxicity of TXS-8 in Rpn-6 overexpressed cells and provide guidance for 

structural optimization in the future to increase potency, we wanted to investigate the general 

binding pocket of TXS-8 on Rpn-6 and developing TXS-8-based PROTACs.78–80 Besides studying 

TXS-8, we also wanted to explore the development of new sensitive cell permeable proteasome 

probes to monitor the caspase-like and trypsin-like activities on the 20S CP because we did not 

investigate the impact of TXS-8 on these two subunits due to the availability of only chymotrypsin-

like probes by the time the three-step workflow was designed. 

 To develop TXS-8-based PROTACs, we decided to use thalidomide and pomalidomide as 

E3 ligand to recruit CRBN. A derivative of thalidomide and pomalidomide were synthesized for 

coupling and we incorporated them to TXS-8. Since the linker of PROTAC mattered on target 

protein degradation, we chose to use varying length linker for our PROTAC development.81,82 

After we acquired all PROTACs, we performed a viability assay in Ramos B-cells with TXS-8-

based PROTACs. However, after 24 hours of dosing, none of the PROTACs induced significant 

cell death in Ramos B-cells. We also investigated if the PROTAC can sufficiently induce Rpn-6 
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degradation in cells and we treated Ramos B-cell with varying concentrations of TWT-4 and TWT-

5. We monitored the relative Rpn-6 amount in these cells and compared them accordingly with 

DMSO treated cells. No significant Rpn-6 degradation was observed in either PROTAC treated 

Ramos B-cells. The above experiments indicated a failure on TXS-8-based PROTAC development. 

We concluded that the PROTACs were either cell impermeable that could not reach its target, the 

PROTACs were unable to induce a stable ternary complex between Rpn-6 and CRBN, or Rpn-6 

in cells was mostly integrated on the 19S RP while ubiquitination of Rpn-6 on the 19S RP could 

not trigger protein degradation. 

 When we were developing PROTACs for TXS-8, we were also investigating the general 

binding site of TXS-8 on Rpn-6. Discovering the general binding site of TXS-8 on Rpn-6 could 

greatly benefit our future structural optimization of TXS-8 to increase potency. It can also benefit 

our future TXS-8-based PROTAC development as computational methods have been used to 

facilitate the development of PROTACs to optimize the linker length and predict the orientation 

between the E3 ligase and the target protein.83,84 However, due the availability of instrument access, 

we decided to use cross-linking technique to investigate the general binding site of TXS-8 on Rpn-

6.85,86 We came up with two approaches to investigate the binding site of TXS-8. In our first 

approach, Dzn-TXS-8-FP was covalently cross-linked to Rpn-6 first and the excess ligand was 

removed by SDS-PAGE. The protein was trypsin digested and HPLC was used to separate peptide 

fragments. We collected the fractions showing fluorescence signal during HPLC and submitted 

these samples to Purdue Proteomic Facility for LC-MS/MS and MALDI-TOF MS/MS analysis. 

However, we only observed MS peaks for unlabeled peptide fragments from trypsin digestion. 

 In our second approach of TXS-8 binding site investigation, we decided to perform a pull-

down assay on digested Rpn-6 peptide. The protein was first cross-linked with alkyne-Dzn-TXS-

8 and the protein was then trypsin digested. A cleavable biotin probe was added onto the peptide 

fragment carrying TXS-8 via click chemistry. A pull-down experiment was performed to enrich 

the biotinylated peptide fragment and these fragments were later submitted for LC-MS/MS or 

MALDI-TOF MS/MS analysis. 

As mentioned previously, we were also developing sensitive proteasome probes to monitor 

the caspase-like and trypsin-like activities on the 20S CP. Combing commercially available AMC 

probes and rhodamine-based probes our lab previously developed, we designed LLE-Rh and LLR-

Rh probes for the 20S CP caspase-like and trypsin-like activities. We compared these probes with 
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their corresponding AMC probes and the result showed the rhodamine-based probes were more 

sensitive on proteasome hydrolysis and required less amount to be observed with significant 

fluorescence signal. Further proteasome inhibitor MG-132 and bortezomib experiment validated 

that inhibiting proteasome activity also significantly decreased the hydrolysis rate of these probes. 

We concluded that the development of new proteasome probes could greatly benefit the discovery 

of other potential small molecule proteasome regulators.  

5.2 Future directions. 

 Future directions regarding TXS-8 toxicity evaluation. 

 We mentioned that we were unable to determine if TXS-8 served as additive or synergistic 

effect with combined with other small molecules like bortezomib or KDT-11. However, we used 

a constant concentration of TXS-8 during our dual dosing experiment. To fully investigate the dual 

dosing effect of TXS-8 with other small molecules, various concentrations of TXS-8 showed be 

included in the experiment. To better understand how TXS-8 induced toxicity in Rpn-6 

overexpressing cells, investigating the cell permeability of TXS-8 is also important. The calculated 

cLogP of TXS-8 is greater than 7 which is above the upper limit of Lipinski rule.87 A potential 

poor permeability of TXS-8 may result the small molecule accumulation on the membrane surface. 

Therefore, optimization of the small molecule is necessary to improve the permeability and 

potency.88 To investigate the cause of cell death, we can use flow cytometry to investigate if TXS-

8 can induce apoptosis in Rpn-6 overexpressed cancer cells like Ramos B-cells or multiple 

myeloma cells.89,90  

 Future directions regarding TXS-8 PROTAC development. 

 Although we early conclud that the thalidomide and pomalidomide based TXS-8 

PROTACs are not working as expected, developing bifunctional molecules to disrupt target 

protein is still a trend of future molecule development.91–93 There are small molecules that can 

recruit protein kinase to phosphorylate target protein to regulate their function.93,94 To better 

develop TXS-8-based PROTACs, understanding the localization of Rpn-6 is crucial. Previously, 

a RA190 based PROTAC for Rpn-13 was described to sufficiently degrade Rpn-13 in cells and 

reduced tumor size in vivo.95 The Rpn-13 PROTAC indicated proteasome subunit as potential 
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subunits for PROTAC development. However, Rpn-13 was a ubiquitin receptor subunit located 

on the top surface of 19S RP. Cryo-EM study also revealed that Rpn-13 might be the most extended 

subunit from the 19S RP lid.39,96 Unlike Rpn-6 buried deep in the 19S RP, Rpn-13 was released 

after the substrate was delivered to the 20S CP to avoid unspecific degradation of free ubiquitin 

and other ubiquitinated proteins.23 Therefore, free Rpn-13 in cell can be captured by the PROTAC 

and be degraded by the proteasome. Currently, no literature has reported the localization of Rpn-

6. If Rpn-6 mainly exists in the 19S RP, ubiquitination of Rpn-6 may not be able to induce protein 

degradation as Rpn-6 is tightly bound to the 19S RP. Besides, the giant size of 19S RP may also 

block the approach of E3 ligase for sufficient ubiquitination which could also potentially explained 

our previous observation that the PROTACs we developed failed to induce Rpn-6 degradation in 

Ramos B-cells.  

To investigate the localization of Rpn-6, a pull-down experiment could be applied. Cell lysate 

will be treated first with BMCC-BDzn-TXS-8 for covalent cross-linking. The biotinylated protein 

will then be pulled down using streptavidin magnetic beads. Both SDS-PAGE and native gel will 

be performed on the eluent from pull-down experiment. Immunoblot will be performed to blot 

Rpn-6 and Rpn-5/7/2 (or other subunits on 19S RP). In denatured immunoblot, we will be 

comparing the protein amounts among Rpn-6 and other 19S RP subunits to estimate if Rpn-6 is 

overly expressed than other subunits because one 19S RP contains only one of each subunit. In 

native immunoblot, we will be comparing the protein amounts between Rpn-6 in 19S RP and free 

Rnp-6 to estimate the bound and unbound Rpn-6 ratio. With the above two experiments, we will 

be able to estimate the relative amount of Rpn-6 bound to 19S RP and free Rpn-6. If Rpn-6 mainly 

exists only in 19S RP, development of Rpn-6 PROTAC should be suspended. However, if Rpn-6 

exists mainly in unbound form, we should continue our research on Rpn-6 PROTAC development. 

We could either using other E3 ligase like VHL,81,97–101 extending the dosing time from 24 hours 

to 6 days with continuous viability and Rpn-6 degradation monitoring or use FRET pairs to 

construct labeled E3 ligase and target protein to investigate the proximity of the target protein and 

E3 ligase.102–104  

 Future directions regarding TXS-8 binding site study. 

 Currently we have not acquired meaningful data from the binding site study. The first 

approach is cost-effective but co-elution of unlabeled peptide fragment consistently contaminate 
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our sample making later analysis difficult. The second approach is more promising as the pull-

down step serves as both separation and enrichment step. However, we have not reached the final 

step yet. We are currently optimizing the cross-linking conditions with better UV instrument and 

reducing the salt presented in samples by using less buffer in the whole experiment. The extra salt 

brought by buffer in the cross-linking step changed the buffer composition during trypsin digestion 

step and makes the result uncertain. We are also uncertain if streptavidin will be hydrolyzed during 

the pull-down step due to the leftover trypsin after protein digestion. Despite the potential 

difficulties on the second approach, we still want to implement the workflow for once. Currently 

our lab has brought a new UV instrument for cross-linking and we have worked out click-

chemistry conditions with high yield. To reduce the amount of salt in the process, we plan to 

perform SDS-PAGE to remove the salt and excess unbound alkyne-Dzn-TXS-8 from Rpn-6 after 

the cross-linking step and perform in-gel trypsin digestion to maximize digestion efficiency. 

5.3 Final conclusion. 

Proteasome is a crucial component in cells to maintain the protein balance and it is made up 

with a 20S CP and a 19S RP. Dysregulation of proteasome could lead to various diseases such as 

tumorigenesis. Developing novel small molecules to inhibit the enzymatic subunit on the 

proteasome has been proven to be efficient on treating cancers with high proteasome activities. 

However, drug resistance observed among patients administrating current proteasome inhibitors 

indicates that new molecules are required to facilitate current known proteasome inhibitors. 19S 

RP serves to facilitate the function of the 20S CP and it is critical to initialize ubiquitin-dependent 

proteasome degradation. Various subunits exist on 19S RP with different functions. Inhibiting the 

function of these proteasome subunits with a small molecule is a promising field of research as no 

inhibitors have been approved by FDA. However, since most of the subunits on 19S RP does not 

present enzymatic function, it is very difficult to target these subunits. In this work, we 

demonstrated the workflow of using a OBOC library combining with other techniques like thermal 

shift and fluorescence polarization assay to discover a selective binder of proteasomal subunit 

Rpn-6. We demonstrated how we validated the target of TXS-8 and its impact on proteasome 

activity. We believe that demonstrating our work could provide ideas to investigate other 

proteasome subunits that currently have not been studied yet. Developing new molecules of 

proteasome can not only help us to understand the proteasome, but also provides us different tools 
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to study proteasome related diseases. We believe with the effort of ours and other researchers’, we 

will make rapid progress in proteasome small molecule binder discovery that can regulate 

proteasome activity to treat diseases. 
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APPENDIX A. MASS SPEC DATA 

A) LC-MS data for compounds 
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Hits from TSA: 

Plate 1: B4 

Plate 2: C7, D3, D7, E6, F3, F4, F5, F6, F8, G3. G5, G8 

Plate 3: E6 

Plate 4: G4 

Plate 5: E6, E4 

Plate 6: B8, B10, C2, C6, D2, D4, D6, G7 

Plate 7: E2, E4, E5, E6, F5, F6, G3, G4 

 

In total, 33 compounds were identified as hits through TSA. However, we could not obtain either 

MS or MS-MS from plate 2 F3, plate 7 E2, plate 7 E4, and plate 7 F6. We were also not confident 

of the amine composition of plate 2 G3 and plate 6 D2. 
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B) MALDI-TOF MS/MS data of peptoid hits from screen 
 

 

 

 

 

 

 

 

 

 
Plate 1 B4 427 MS-MS 
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Plate 2 C7 423 MS-MS 
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Plate 2 D3 471 MS-MS 
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Plate 2 D7 532 MS-MS 
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Plate 2 E6 472 MS-MS 
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Plate 2 F4 543 MS-MS 
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Plate 2 F5 574 MS-MS 
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Plate 2 F6 658 MS-MS 



 
 

220 

 

  

 
Plate 2 F8 551 MS-MS 
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Plate 2 G5 507 MS-MS 
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Plate 2 G8 546 MS-MS 
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Plate 3 E6 556 MS-MS
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Plate 4 G4 477 MS-MS 
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Plate 5 E6 491 MS-MS 
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Plate 5 E4 491 MS-MS 
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Plate 6 B8 613 MS-MS 
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Plate 6 B10 525 MS-MS 
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Plate 6 C2 571 MS-MS 
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Plate 6 C6 565 MS-MS 
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Plate 6 D4 527 MS-MS 



 
 

232 

 

  

 
Plate 6 D6 468 MS-MS 
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Plate 6 G7 457 MS-MS 
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Plate 7 E5 523 MS-MS 
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Plate 7 E6 565 MS-MS 
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Plate 7 F5 537 MS-MS 
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Plate 7 G3 525 MS-MS 
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Plate 7 G4 540 MS-MS 
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