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Abstract 

 

Pathways to the Proteasome in Yeast 

 

B. Logan Spaller, PhD 

The University of Texas at Austin, 2023 

 

Supervisor:  Andreas Matouschek 

 

The proteasome is a highly selective and precisely regulated protease that degrades 

proteins essential for cellular homeostasis. This dissertation explores the molecular 

mechanisms by which the proteasome selects its substrates from a diverse protein pool 

First, the interplay between different pathways to the proteasome was investigated, 

revealing a hierarchy in degradation whereby substrates delivered by ubiquitin-like 

(UBL) domains may have priority access to the proteasome. Next, the role of spacing 

between the ubiquitin tag and disordered initiation region in degradation was 

investigated. The findings reveal another layer to substrate selection by the proteasome, 

and provide important considerations when determining whether a given protein may be 

degraded by the proteasome. Overall, this research provides new insights into how the 

proteasome selects its substrates in a diverse protein pool. 
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Chapter 1:  Introduction 

Proteins, the cellular machines that power life, are essential for every aspect of 

cell function. DNA encodes proteins, but damaged DNA can lead to imperfect protein 

expression, which can alter protein activity. To maintain genome integrity, cells have 

evolved tight regulatory pathways, such as DNA repair pathways. Cellular health also 

depends on the tight regulation of protein levels and quality. Transcriptional and 

translational control pathways tightly regulate protein expression, and quality control 

checks ensure that proteins are expressed correctly. After translation, newly synthesized 

polypeptides must fold correctly to be functional. Chaperones often catalyze protein 

folding to ensure that proteins form in their active state, and facilitate their destruction if 

incapable of folding correctly. 

At the other end, protein abundance is also controlled by protein degradation, and 

degradation is also essential to ensure destruction of misfolded, damaged, or unnecessary 

proteins. This process is tightly regulated by cellular degradation machinery, including 

the ubiquitin proteasome system and lysosomal degradation. 

THE UBIQUITIN PROTEASOME SYSTEM 

Protein degradation in cells is vital to maintain homeostasis. There are two 

primary protein degradation systems in eukaryotes: the ubiquitin proteasome system 

(UPS), and autophagic degradation, with most of the regulated protein degradation being 

carried out by the UPS [1]. At the center of the ubiquitin proteasome system is the 26S 

proteasome, a large macromolecular machine tasked with regulated intracellular 

proteolysis. The UPS not only is involved in degrading key proteins in cell cycle control 
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[2–4], but also degrades misfolded and damaged proteins as a part of maintaining protein 

quality control [4–6].  

Proteins are typically targeted for degradation to the proteasome by the covalent 

attachment of ubiquitin chains to lysine residues in the target protein by the sequential 

action of E1, E2, and E3 enzymes [1]. Ubiquitin chains are formed by the covalent 

attachment of the C-terminus of one ubiquitin to any of the seven lysine residues, or the 

N-terminus of another ubiquitin [7]. Once a protein has tagged with a ubiquitin chain, it 

can then bind the proteasome at one of its ubiquitin receptors. Once bound to the 

proteasome, a substrate is then engaged at a disordered initiation region, where it is 

pulled into the proteolytic core of the proteasome and degraded (Figure 1.3). The length 

and composition of amino acids within this disordered region also determines 

degradation efficiency [8,9]. 
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Figure 1.3: Substrate processing by the 26S proteasome.  

 

The past decade has seen a tremendous leap in our understanding of the UPS, 

both in mechanism and its importance to physiology and disease. Detailed biochemical 

assays have been performed, demonstrating the kinetic steps in substrate processing [10], 

while cryo-electron tomography studies have shown how the proteasome interacts with 

protein aggregates in neurons, demonstrating a connection between the UPS and disease 

pathology [11–13]. There is still much to be learned about the intricate mechanisms of 

UPS-mediated protein degradation. The field lacks an understanding of how different 

substrates are prioritized for degradation. For example, it’s unclear how substrates are 

ordered if they bind different ubiquitin receptors, or how the initiation region 

composition may impact the ordering of substrate degradation. 

Structure and function of the 26S and 30S proteasomes 

The proteasome is a 2.5 MDa machine consisting of 33 or more unique subunits. 

There are two primary complexes: the 20S core particle (CP) and the 19S regulatory 

particle (RP). The 26S proteasome consists of the 20S CP and the 19S RP (Figure 1.2). 

There are also 30S proteasomes with C2-symmetry, positioning 19S RPs at both ends of 

the 20S CP [4]. The mechanism for degradation happens in three steps: recognition, 

unfolding, and proteolysis.  
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Figure 1.2: Subunits of the 26S proteasome. Adapted from [14]. 

 

Recognition happens at the 19S RP. The 19S RP consists of 19 subunits, 

including six proteasome AAA-ATPases (Rpt1-6) and 13 non-ATPase subunits 

(Regulatory Particle Non-ATPases—RPNs). Ubiquitin chains are recognized by one of 

three RPN subunits, Rpn10, Rpn13, and Rpn1. Rpn10 is close to the entrance channel, 

and ubiquitin binds through Rpn10’s C-terminal ubiquitin-interacting motif (UIM), which 
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is connected by a linker to an N-terminal von Willebrand factor type A (VWA) domain. 

Rpn1 is positioned opposite the entrance channel from Rpn10, and binds ubiquitin by its 

T1 site, which is in one of the toroidal domains of Rpn1. Finally, Rpn13 is at the top of 

the RP, and binds ubiquitin at its Pleckstrin-like receptor for ubiquitin (PRU) domain 

[15]. 

Arranged in a hexameric ring, Rpt1-6 are positioned just above the -ring of the 

20S CP, and covering the entrance channel for substrates.  Unfolding initiates when a  

disordered initiation region in the substrate is engaged by the conserved pore-1 loops 

within the ATPases [16]. Substrates are mechanically unfolded and translocated into the 

CP by repeated cycles of ATP hydrolysis by Rpt1-6 effectively pulling the polypeptide 

chain into the proteolytic channel. During translocation, Rpn11, which is adjacent to the 

entrance of the translocation channel, binds to ubiquitin on the substrate and triggers en 

bloc removal of the ubiquitin chain [16–19]. 

The 20S CP is where the proteolytic activity of the proteasome happens. The 20S 

CP is shaped like a barrel with four stacked rings consisting of two inner 

heteroheptameric rings of -subunits, flanked by an outer heteroheptameric ring of -

subunits on each side [20]. The six proteolytic sites are sequestered in the CP and can 

cleave almost any protein into small peptides ranging from 3-12 residues in length [15]. 

Ubiquitination: a complex and diverse proteasome targeting signal 

Ubiquitination is a versatile signaling mechanism that regulates many cellular 

processes, including DNA repair, protein trafficking, kinase activation and proteasome-

mediated degradation. Ubiquitin can modify proteins in one of two ways: either as a 

single unit, or as a chain of multiple ubiquitins linked together. These different ubiquitin 

modifications have different shapes, and they lead to different effects on the proteins they 
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are attached to. This is the ubiquitin code. Understanding the ubiquitin code is essential to 

understanding how ubiquitin fits into diverse cellular processes, including UPS 

regulation. Ubiquitin is a small, 76-amino acid, globular protein, that can be covalently 

attached at lysine residues in target proteins. 

Proteins can be ubiquitinated by the combined action of ubiquitin-activating 

enzymes (E1), ubiquitin-transferring enzymes (E2), and ubiquitin ligases (E3). The E1 

enzyme activates a ubiquitin in the presence of ATP by covalently ligating the C-terminal 

carboxyl group to the active cysteine residue in the E1 enzyme. Next, the activated 

ubiquitin is transferred to the active cysteine residue in an E2 enzyme. The activated 

ubiquitin is then transferred to a target protein in the presence of an E3 ligase that 

interacts with the target protein [21–23]. There are two E1 enzymes, dozens of E2 

enzymes, and hundred of E3 ligases encoded in the yeast genome to help with 

conjugating reactions.  

E3 ligases are generally classified into three types: HECT (homologous to E6-

associated protein C terminus) E3s, RING finger E3s, and U box E3s. Generally, HECT 

E3s function with a cysteine residue in the HECT domain that accepts a ubiquitin from an 

E2 enzyme before transfer to a substrate. RING and U box E3s, however, do not form 

intermediates with ubiquitin, but act as a scaffold to position a substrate near an E2 

enzyme to facilitate a direct transfer of ubiquitin to the substrate [23–25]. In addition to 

these enzymes, additional E4 ubiquitin elongating enzymes may lengthen ubiquitin 

chains further [23]. 

Substrates are ubiquitinated in a variety of forms. The simplest is 

monoubiquitination, where a single ubiquitin is covalently attached at a lysine residue on 

the substrate (Figure 1.1A). Some substrates can also be monoubiquitinated at multiple 

lysines, leading to multimonoubiquitination (Figure 1.1B). Finally, ubiquitin chains may 
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be attached to some substrates, and they come in many forms. Ubiquitin contains 7 lysine 

residues. Ubiquitin chains are formed by the covalent attachment of one ubiquitin at its c-

terminus to any of the 7 lysine residues, or the N-terminus of another ubiquitin, leading to 

eight structurally diverse polyubiquitin chain types (M1-, K6-, K11-, K27-, K29-, K33-, 

K48-, and K63-linked chains). Polyubiquitin chains can form, and are homogenous if the 

same residue is used for attachment of the next ubiquitin in the chain (Figure 1.1C). 

Heterogeneous ubiquitin chains can form when the topology is mixed with different 

linkage types at different regions of the chain (Figure 1.1D). Finally, branched ubiquitin 

chains form when a single ubiquitin has multiple ubiquitin attachments (Figure 1.1E) [7]. 

Ubiquitination plays a critical role in proteasome-targeting. K48-linked chains are 

the most well understood ubiquitin chain type that targets protein substrates for 

degradation [26]. Recent studies have demonstrated, though, that K63-, K11-, and other 

chain-types may be able to target proteins substrates for degradation as well [27]. 

Branched chains may also play a role in proteasome-mediated degradation targeting. 

Branched K48/K63 chains increase in abundance in response to proteasome inhibition, 

suggesting these are also potent degradation signals [28].  

Ubiquitination also plays a critical role in processes other than proteasome 

targeting. For example, the monoubiquitination of K164 in proliferating cell nuclear 

antigen (PCNA) recruits TLS pols to stalled replication forks, leading to a switch 

between TLS pols and classical replication pols [29,30]. Another example is the 

multimonoubiquitination of the epidermal growth factor receptor (EGFR), which acts as a 

signal for endocytosis and subsequent degradation [31]. Heterogeneous ubiquitin chains 

also occur in NF-kB signaling, where ubiquitination of NF-kB leads to its activation 

[7,32–35].   
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Because ubiquitination can lead to either degradation or other cellular processes, 

the proteasome must have another layer of substrate selection besides the ubiquitin tag. 

This additional layer of selection is likely based on the composition and presence of a 

disordered region, which inserts into the entry channel of the proteasome to initiate 

degradation. 

 

Figure 1.1: Types of ubiquitination 

(A) Monoubiquitination at a single lysine residue in the substrate. 

(B) Multimonoubiquitination at multiple lysine residues in the substrate. 

(C) A homogenous ubiquitin chain with the same linkage type, such as K48-linked 

ubiquitin chain. 

(D) A heterogeneous ubiquitin chain with multiple chain linkage types, such as K48- and 

K63- linked ubiquitin chain. 

(E) A branched ubiquitin chain. 

 

Ubiquitin moieties are removed by deubiquitylating enzymes (DUBs). There are 

two primary classes of DUBs: metalloproteases and cysteine proteases.  Cysteine 
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proteases, with over 80 known ones in humans, use an active cysteine residue, combined 

with a histidine, and asparagine or aspartate to catalyze hydrolysis of a ubiquitin linkage 

[36]. There are six families of cysteine protease DUBs, including: Ubiquitin C-terminal 

hydrolase (UCH), Ubiquitin-specific protease (USP), Ovarian tumor (OTU), Machado–

Josephin domain (MJD), K48 polyubiquitin-specific MINDY domain families, Zinc 

finger with UFM1-specific peptidase domain [37].  

The metalloprotease class of DUBs are zinc dependent enzymes, and six have 

been identified in humans [36]. A well characterized example is Rpn11, which associated 

with the proteasome and is important for proteasome-mediated degradation of substrates. 

Just before degradation, Rpn11 is responsible for cleaving the linkage between the 

proximal ubiquitin in the chain, and the substrate, which removes the ubiquitin chain en 

bloc. Rpn11 activity is tightly regulated by proteasome interactions, and the ATPase 

dependent unfolding activity by the AAA ATPases of the 19S RP [2,36].  

Specificity in the initiation region for proteasomal degradation 

Even though ubiquitination leads to substrates being targeted to the proteasome, 

there is not always efficient degradation. That is because degradation initiates by binding 

of the pore-1 loops to a disordered region in the target protein. The protein is then pulled 

into the proteolytic core of the proteasome and is unfolded and degraded. Early studies of 

proteasomal unfolding and proteolysis used artificial substrates made from tightly folded 

domains that can be stabilized against unfolding by ligands [15,38–41]. The proteasome 

could only degrade these proteins if they also had an unstructured region attached to their 

C-termini. Stabilization of the core domain by ligands also inhibited degradation because 

the proteasome was unable to unfold them [42]. 
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Furthermore, there is proteome-wide evidence that proteins with disordered 

regions may be degraded more by the proteasome. Systematic analysis of sequence, 

structure, expression, and evolutionary relationships of proteins, combined with their 

half-lives, has shown that proteins with longer disordered regions, either internally or at 

the N- or C-termini, have shorter half-lives than proteins lacking these regions [43]. 

Requirements for length, positioning, and amino acid composition of intrinsically 

disordered regions have been extensively studied. 

Studies have shown that the proteasome has specific sequence and length 

preferences for the initiation region. Changes in initiation region sequence composition 

and length can tune degradation of model substrates to the same extent as modifying 

ubiquitination signals, suggesting its equal importance to the ubiquitin code in 

proteasome-mediated degradation. These same studies found a negative correlation 

between sequence complexity (how biased the amino acid composition is) and protein 

stability. This suggests that initiation regions with biased amino acid compositions are 

less efficiently degraded by the proteasome. The study also found that hydrophobicity of 

the initiation region was negatively correlated with stability, while polarity and acidity 

were positively correlated with stability. This suggests that the proteasome is more 

efficient at initiating degradation at less hydrophilic and more hydrophobic regions. 

Sequence dynamics, or how flexible the initiation region is, also plays a role in 

proteasome initiation. Stiffer initiation regions appear to be better recognized and 

degraded by the proteasome [9]. 

Provided that all initiation regions are not created equal, a second layer of 

proteasome-mediated degradation specificity must exist. Since ubiquitination plays a 

critical role in other cellular processes, this second layer may help discriminate between 
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protein substrates that need to be degraded from ones that are ubiquitinated for other 

purposes. 

UPS role in health and disease 

All proteins in the cell are continually being recycled to synthesize new proteins, 

by regulated degradation into amino acids. Proteins of different functions and locations 

are degraded with varying rates. Regulatory proteins may be degraded in minutes, while 

long-lived structural/cytoskeletal proteins, like actin, may have a half-life up to days or 

weeks [44]. The rate of degradation and synthesis of any protein must be strictly balanced 

to ensure cellular health of a given organism. 

The proteasome maintains cellular proteostasis. Is inability to maintain cellular 

proteostasis may lead to disease phenotypes. For example, the protease sites of the 

proteasome are capable of digesting almost any polypeptide sequence. However, some 

proteins are not capable of being degraded by the proteasome, and manifest into 

neurodegenerative disorders. For example, polyglutamine repeat proteins, which seem to 

manifest importance in Huntington’s disease [45], are poorly degraded. This leads to the 

formation of toxic intracellular aggregates, leading to a disease phenotype. Another 

neurodegenerative disorder, Alzheimer’s disease, is characterized by the buildup of 

amyloid-beta plaques and neurofibrillary tangles (NFTs). NFTs are made up of 

hyperphosphorylated tau protein. The proteasome is essential for the breakdown of 

amyloid-beta and tau. Recent studies have shown that both protein oxidation and 

excessive phosphorylation can interfere with the proteasome's ability to break down 

amyloid-beta and tau in Alzheimer’s disease [46]. 

The proteasome also helps regulate the cell cycle by degrading key regulatory 

proteins. Cancer cells, such as multiple myeloma, are particularly dependent on NF-kB to 
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produce growth factors like IL-6. Malignant plasma cells also, for example, produce large 

amounts of abnormal Ig that get degraded by the proteasome in ER-associated 

degradation by the proteasome (ERAD). Both multiple myeloma and malignant plasma 

cells require the functional degradation of proteins by the proteasome for cell 

proliferation and tumor growth. As a result, proteasome inhibitors have been targets for 

cancer therapy. Bortezomib, one such proteasome inhibitor, has been successful as a 

treatment in combination with other chemotherapeutic agents [44]. It has been approved 

by the US Food and Drug Administration as a treatment against multiple myeloma, and 

clinical trials are under way for the treatment of other cancers.  

In addition to its critical role in cell cycle regulation, and proteostasis, the 

proteasome is also critical to the immune system [47,48]. Immune cells, such as those 

found in the spleen and thymus, have developed several adaptive mechanisms to improve 

antigen presentation. The proteasome is responsible for generating antigenic peptides that 

can be presented to the immune system. Intracellular proteins resulting from bacterial and 

viral infections can be degraded by the UPS and trafficked to the ER, where they bind 

MHC class I molecules and are delivered to the cell’s surface and presented to cytotoxic 

CD8+ lymphocytes. When these peptides are identified as non-native proteins, the 

presenting cells are promptly killed by T cells [44]. To improve this process, organisms 

have developed different types of proteasomes, such as immunoproteasomes, that can 

more effectively generate peptides to bind to MHC class I molecules. 

Immunoproteasomes differ from standard proteasomes in that they contain three different 

peptidase subunits. These subunits have different specificities, which allows them to 

cleave proteins in different ways. This results in more peptides that have the correct 

features for binding to MHC class I molecules [49]. 
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Tissue mass and protein stores in the body are achieved by a tight balance 

between synthesis and degradation of cellular proteins. Uremic patients, for example, 

often experience weight loss due to a loss of protein stores. Patients with uremia 

generally show the same level of protein synthesis, but degradation is often upregulated 

[50,51]. The balance between protein degradation and synthesis is fragile, and any 

upregulation of degradation often leads to huge depletions of protein levels and, 

ultimately disease phenotype. 

Ultimately, the mis regulation of the ubiquitin proteasome system has lead to 

disease-causing phenotypes in many ways. The proteasome is important because of its 

broad, yet specific, roles in regulating the cell cycle by degrading cyclins, maintaining 

proteostasis by degrading misfolded and damaged proteins, and mediating the immune 

response by degrading foreign proteins from bacteria and viruses. The development of 

drug interventions, such as proteasome inhibitors, or targeted protein degradation 

technologies may prove useful in facilitating the treatment of related diseases. 

Targeted protein degradation to treat disease 

Traditionally, diseases are treated by a drug binding strategy, where inhibitors or 

antagonists bind to disease-related proteins. The clinical outcome of these interventions, 

therefore, depends on binding efficiency of the drugs to the target-proteins [52]. Some 

classes of proteins, like transcription factors, scaffolding proteins, or non-enzymatic 

proteins that may participate in disease phenotypes remain undruggable. An effective 

approach to blocking the activity of such proteins is to artificially target them to the 

proteasome for degradation. 

One method of achieving targeted protein degradation is with PROteolysis 

TArgeting Chimeras (PROTACs) [53]. PROTACs function by binding a target protein 
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and an E3 ligase to form a ternary complex, followed by subsequent ubiquitination and 

degradation [54]. This technique has been used to treated immunological disorders, 

cancer, viral infections, and neurological disorders [52,55]. For example, oncoproteins 

that are required for tumor growth in cancers are of particular interest for PROTAC 

targets. With effectively designed PROTACs, oncoproteins may be artificially targeted 

for degradation, leading to inhibition of cancer cell division. BCR-ABL in chronic 

myeloid leukaemia and the oestrogen receptor in breast cancer are two proteins that can 

be targeted for degradation by PROTACs and resolve cancer formation. There exist three 

versions of BCR-ABL degraders that are used in the clinic to manage myeloid leukaemia. 

The PROTAC ARV-471 was developed by Arvinas to induce degradation of oestrogen 

receptor in breast cancer patients. This drug is currently in clinical trials [52]. 

While PROTACs and targeted protein degradation are a promising path forward, 

there are still limitations. Many PROTAC designs fail, either because they do not 

effectively induce ubiquitination of the target protein, or the target protein does not get 

degraded after ubiquitination. Clearly, we lack some understanding of regulated protein 

degradation by the proteasome. Understanding in greater detail how the proteasome 

selects its substrates will inform future targeted protein degradation drug strategies in the 

future. 

PATHWAYS TO THE PROTEASOME 

There are many types of ubiquitin modifications that can successfully target a 

substrate for degradation by the proteasome. The three ubiquitin receptors, Rpn1, Rpn10, 

and Rpn13 recognizes these diverse signals, and serves as a versatile recognition 

platform. In vitro biochemical assays of model substrates revealed that K-48 linked single 

ubiquitin chains bind and are targeted almost exclusively by Rpn10, while K-63 and other 
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chain types can interact cooperatively with Rpn1 and Rpn10. Substrates containing 

multiple short ubiquitin chains can be targeted for degradation by any of the three 

receptors. Therefore, it’s clear that the three receptors in the 19S RP act as a versatile 

recognition platform for a diverse range of ubiquitin chains [27]. 

Substrates can also be targeted for degradation by UBL-UBA proteins, which are 

hypothesized to act as shuttling factors that deliver ubiquitinated substrates to the 

proteasome. They do this by binding ubiquitin with their ubiquitin-associating (UBA) 

domain and to one of the proteasome receptors with their ubiquitin-like (UBL) domain. 

In yeast, there are three UBL-UBA proteins: Rad23, Dsk2, and Ddi1 [26,56–60]. 

Finally, some substrates are targeted to the proteasome without ubiquitin tags, and 

are degraded in a ubiquitin independent manner. 

Different ubiquitin tags target to the proteasome 

Substrates can be targeted to the proteasome by the covalent attachment of 

ubiquitin chains.  The canonical degradation signal is a K48-linked ubiquitin chain of at 

least four ubiquitin molecules [61]. Recent advances in the field, however, have 

demonstrated that other ubiquitin chain types also target substrates for proteasome-

mediated degradation. For example, K11 chains have been shown to be important for 

degradation during mitosis [62]. In addition, K63 chains are important for membrane 

trafficking, but can also target for degradation [27]. 

Sometimes, ubiquitin chains can be mixed, where different lysine linkages are 

contained within the same ubiquitin chain. K29/K48, K48/K63, and K11/K48 mixed 

chain linkage types have been shown to target for proteasome-mediated degradation 

[63,64]. Degradation of mitotic proteins, for example, show improved degradation with 

branched K11/K48 chains compared to K11 or K48 chains alone [62,65]. 
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UBL-UBA shuttling factors target substrates for degradation 

Ubiquitinated substrates often bind to the proteasome the one of the three intrinsic 

ubiquitin receptors, Rpn10, Rpn13, and Rpn1. However, some substrates are targeted to 

the proteasome through extrinsic receptors in the form of UBL-UBA proteins. UBL-UBA 

proteins contain an N-terminal ubiquitin-like (UBL) domain that binds to the proteasome 

receptors, along with a ubiquitin-associating (UBA) domain that binds to ubiquitin chains 

on substrates. There are three known UBL-UBA proteins in yeast, Rad23, Dsk2, and 

Ddi1 (Figure 1.4). 

 

 

Figure 1.4: The three UBL-UBA proteins in yeast. 

 

UBL-UBA proteins may be important for some proteasome-mediated 

degradation. When they are dysfunctional, cells, especially neurons, are more likely to be 

damaged by stress or aging, which can lead to earlier neurodegeneration [66].  

The UBL-UBA protein, Rad23, is involved in proteasome-mediated degradation 

and was first demonstrated by its interaction with Rpn10 [67]. Since then, its role in 
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proteasome-mediated degradation has been widely studied by yeast two-hybrid screening 

and co-affinity purification studies. Rad23 contains two UBA domains (Figure 1.4), 

which bind ubiquitinated substrate proteins, leading to their degradation or stabilization. 

Previous studies have shown that Rad23 binds to some proteasomal components to move 

ubiquitylated proteins to the proteasome. It does this by using its N-terminal UBL domain 

to interact with Rpn1 [59,68], a regulatory subunit of the proteasome. Binding of Rad23 

to Rpn1 has also been demonstrated to activate the proteasome’s activity, leading to more 

efficient degradation [69].  Rad23 may provide a versatile recognition platform for 

substrates, as it has been shown in vitro to bind any of the three ubiquitin receptors on the 

proteasome, including Rpn10, Rpn1, and Rpn13 [27]. Targeting to the proteasome by 

Rad23 may be regulated by phosphorylation, as it has been demonstrated that 

phosphorylation of its serine residues may inhibit Rad23 UBL’s interaction with the 

ubiquitin receptors on the proteasome [70], while overexpression leads to inhibition of 

degradation of substrates [71]. 

Rad23 has also been demonstrated to be a delivery factor in ER-associated 

degradation (ERAD) after they are extracted by the Cdc48-Ufd1-Npl4 complex [72]. It 

may interact directly with Cdc48-Ufd1-Npl4 complex and deliver processed substrates to 

the proteasome. 

UBL-UBA proteins, like Rad23, may serve as an alternative pathway to the 

proteasome in addition to ubiquitinated substrate binding directly to ubiquitin receptors 

on the proteasome. 

Ubiquitin independent substrate degradation 

While many substrates are targeted for degradation by ubiquitination, some 

substrates do not require ubiquitination at all. It has been difficult to identify these 
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substrates. Ubiquitin is involved in many cellular processes, and so identifying 

ubiquitination is not enough to determine if it is required for the degradation of that 

substrate. Indeed, many substrates have been identified that do not require ubiquitination 

for their degradation. 

One well known example is ornithine decarboxylase (ODC), which is the rate 

limiting enzyme in polyamine biosynthesis. ODC has been shown to be degraded in a 

ubiquitin-independent manner, but it requires the cofactor antizyme [73]. Antizyme binds 

to ODC and induces a conformational change in the protein to expose its C-terminus 

[74]. The proteasome is thought to recognize and initiate degradation of ODC at its C-

terminus [75,76]. The C-terminal degradation region is sufficient for degradation, 

between it can be fused to other proteins and induce their ubiquitin-independent 

degradation as well [77]. 

Another example is Rpn4 which is a transcription factor involved in the 

expression of proteasome genes. It is also a proteasome substrate itself, which creates a 

negative feedback loop [78,79]. Rpn4 can be degraded in two ways: with and without 

ubiquitination. Rpn4 has a ubiquitin-dependent degron, which is recognized by 

ubiquitinating enzymes like Ubr2 [80]. Rpn4 can also be degraded in a ubiquitin-

independent way. The N-terminal region can target Rpn4 to be degraded rapidly, even if 

all its lysine residues are mutated. This suggests that this region targets degradation in a 

ubiquitin-independent fashion. This is also supported by the fact that several mutants 

affecting ubiquitination of Rpn4 do not impair Rpn4 degradation [81]. 

Ubiquitin-independent degradation may be an alternative pathway to the 

proteasome even if the ubiquitination machinery is mis regulated. This is important 

because the ubiquitination system is essential for many cellular processes, and if it is 

disrupted, it can lead to cell death. Therefore, ubiquitin-independent degradation may 
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provide degradation mechanisms even under ubiquitination machinery stress as a way of 

maintaining cellular homeostasis [82]. 

STATEMENT OF THESIS 

The last decade of research on the ubiquitin proteasome system has demonstrated 

the complexity in  substrate selection and processing. Ubiquitination leads to substrate 

targeting to the proteasome, but ubiquitin is also involved in other cellular processes. 

What’s more, the proteasome has several receptors for binding, and some substrates have 

been shown to be targeted by extrinsic UBL-UBA proteins, while others seem to bind 

directly in the pore-1 loops without ubiquitination. Sophisticated biochemical assays have 

shown the importance of a disordered initiation region for degradation of protein 

substrates. These studies have also revealed that the length and amino acid composition 

of this disordered region governs degradation specificity. 

The goal of this thesis is to broadly understand how the proteasome selects its 

substrates. In Chapter 2, I use yeast as a model organism to investigate how the pathways 

to the proteasome interact. That is, do substrates delivered directly to the proteasome by 

ubiquitin tags compete with substrates delivered by UBL-UBA shuttling factors or 

ubiquitin independent substrates? Or, do these pathways occur in parallel? I measure the 

degradation of fluorescent model substrates integrated into the chromosome of yeast in 

the presence of dark competitors. I find that substrates with different targeting signals do 

not compete with one another, and that UBL-UBA shuttling factors may offer a priority 

path to the proteasome. Using advanced kinetic modeling tools, I have found that my 

competition results are consistent with a model in which UBL substrates can bind to any 

of the three receptors, while ubiquitin substrates can only bind to one receptor. This may 

explain why UBL and ubiquitin substrates do not compete with each other. I have also 
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found that competition of the initiation regions at the pore-1 loop is modest, suggesting 

that the primary competition occurs at the level of receptor binding, and not initiation. I 

further test the degradation of these pathways in the presence of proteotoxic stress, and 

find that ubiquitinated substrates are sensitive to proteotoxic stress, while UBL and 

ubiquitin-independent substrates are not. 

In Chapter 3, I investigate specific features of quality degradation targets. 

Specifically, how the spacing between a proteasome-targeting signal, such as a ubiquitin 

chain or UBL tag, and the initiation region affects the degradation of substrates. I 

designed model substrates with short initiation regions, and with varying distances from 

the proteasome-binding signal such as a ubiquitin chain or UBL tag. I find that substrates 

require specific spacing between the ubiquitin tag and the degradation initiation region. 

Recent advances have revealed the complexity of proteasome substrate selection. 

My findings show that not all substrates are equal, and that the dynamics of proteasome 

substrate selection depend on the type of targeting signal and its spacing to the initiation 

region. The proteasome may prioritize substrates targeted by UBL domains and those 

targeted independently of ubiquitination. Additionally, the spacing between the targeting 

signal and initiation region must be correct for degradation to occur. My work reveals the 

strict substrate requirements for proteasomal degradation and how the proteasome 

prioritizes substrates in the complex degradome pool. 
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Chapter 2:  Ubiquitin-Like Domains Provide a Priority Pathway to the 

Proteasome 

INTRODUCTION 

The protein abundance in a cell determines that cell’s structural and functional 

states. There are two major proteolytic pathways in eukaryotic cells: the ubiquitin 

proteasome system and the lysosome [1,83]. The 26S proteasome is required for the 

control of cell cycle regulation, protein quality and misfolding control [84]. First the 

proteasome targets proteins that have been tagged by a small protein, ubiquitin. Usually a 

ubiquitin tag that can efficiently target a protein for degradation consists of a multi-

ubiquitin chain [1,7]. 

The proteasome also recognizes substrates through extrinsic receptors in the form 

of UBL-UBA proteins. UBL-UBA proteins contain an N-terminal ubiquitin-like (UBL) 

domain, which can bind the same receptors on the proteasome as ubiquitin chains, and 

one or more Ubiquitin-Associating (UBA) domains, which bind polyubiquitin chains. 

The UBL-UBA protein, Rad23, is involved in proteasome-mediated degradation and was 

first demonstrated by its interaction with Rpn10 [67]. Since then, its role in proteasome-

mediated degradation has been widely studied by yeast two-hybrid screening and co-

affinity purification studies. Rad23 contains two UBA domains, which bind ubiquitinated 

substrate proteins, leading to their degradation or stabilization. Previous studies have 

shown that Rad23 binds to some proteasomal components to move ubiquitylated proteins 

to the proteasome. It does this by using its N-terminal UBL domain to interact with Rpn1 

[59,68], a regulatory subunit of the proteasome. Binding of Rad23 to Rpn1 has also been 

demonstrated to activate the proteasome’s activity, leading to more efficient degradation 
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[69]. Rad23 may provide a versatile recognition platform for substrates, as it has been 

shown in vitro to bind any of the three ubiquitin receptors on the proteasome, including 

Rpn10, Rpn1, and Rpn13 [27]. Targeting to the proteasome by Rad23 may be regulated 

by phosphorylation, as it has been demonstrated that phosphorylation of its serine 

residues may inhibit Rad23 UBL’s interaction with the ubiquitin receptors on the 

proteasome [70], while overexpression leads to inhibition of degradation of substrates 

[71]. 

Other substrates are targeted to the proteasome without ubiquitin signals. One 

well known example is ornithine decarboxylase (ODC), which is the rate limiting enzyme 

in polyamine biosynthesis. ODC has been shown to be degraded in a ubiquitin-

independent manner, but it requires the cofactor antizyme [73]. Antizyme binds to ODC 

and induces a conformational change in the protein to expose its C-terminus [74]. The 

proteasome is thought to recognize and initiate degradation of ODC at its C-terminus 

[75,76]. The C-terminal degradation region is sufficient for degradation, between it can 

be fused to other proteins and induce their ubiquitin-independent degradation as well 

[77]. 

Thus, protein substrates are delivered to the proteasome through multiple 

pathways. Impairment of proteasome activity is linked to many human health disorders 

including cardiac dysfunction, cataract formation, neurodegenerative diseases, and cancer 

[85]. Consequently, understanding the proteasome system could lead to the development 

of targeted therapies for the associated diseases. However, we still don’t know how 

substrates may compete for degradation. 

We designed model substrates with different proteasome targeting signals to 

explore the interaction of the pathways they take to the proteasome. We found that 

pathways have a greater impact on themselves than on other pathways. We found that the 
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nature of proteasome binding tags creates a hierarchy where ubiquitin-like domains 

compete out ubiquitinated substrates. We also showed that this hierarchy reveals itself in 

substrate sensitivity to protein misfolding stress where ubiquitinated substrates are 

sensitive but ubiquitin-like substrates are not. 

RESULTS 

Rad23 ubiquitin-like fusion substrate does not compete with the other pathways 

There are at least three pathways to the proteasome. Proteins are targeted to the 

proteasome by ubiquitin chains covalently attached to the substrates. The ubiquitin chains 

are recognized by intrinsic ubiquitin receptors on the proteasome. The proteasome also 

recognizes substrates through extrinsic receptors in the form of UBL-UBA proteins. 

UBL-UBA proteins contain an N-terminal ubiquitin-like (UBL) domain, which can bind 

the same receptors on the proteasome as ubiquitin chains, and one or more Ubiquitin-

Associating (UBA) domains, which bind polyubiquitin chains. Other substrates are 

targeted to the proteasome without ubiquitin signals. Thus, protein substrates are 

delivered to the proteasome through multiple pathways. We wanted to determine how the 

3 pathways to the proteasome compete. To test this, we designed 3 degradation sensors 

that followed the degradation of the three pathways: ubiquitinated sensor, a ubiquitin-like 

fusion sensor, and a ubiquitin-independent sensor.  

To monitor degradation of ubiquitinated substrates, YFP is expressed with an N-

terminal ubiquitin domain that is then cleaved by ubiquitin hydrolases exposing an 

arginine residue, which acts as an N-end rule degron, causing its ubiquitination [86–88]. 

To model substrate degradation by a ubiquitin-like domain, we fused the Rad23 UBL to 

the N-terminus of YFP. To model ubiquitin-independent degradation, we created ODC 

fusions at the C-terminus of YFP [9]. The substrates were introduced into yeast by 
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integrating them into the inactive BY4741 strain's HO locus, under the control of a 

constitutive TPI1 promoter. To induce shutdown of expression, cycloheximide was 

administered, and the degradation of the sensor was monitored through fluorescence 

measurements over a time course using flow cytometry. 

We wanted to determine how our sensors respond to increased load on the 

individual pathways. To do this, we co-expressed a set of analogous competitors on 2-

micron plasmids, with YFP replaced by a dark core domain, DHFR. DHFR competitors 

were expressed on estradiol inducible promoters [89], and cells were treated with varying 

amounts of estradiol to tune the expression level of the competitor. Expression of the 

competitors in yeast strains expressing the sensors were induced with estradiol at 1nM, 

2nM, 5nM, 10nM, and 20nM. Cycloheximide was added and fluorescence of the sensors 

were monitored over time by flow cytometry. Plots of degradation are shown in Figure 

2.1A-C, E-G, and I-K. The initial rate for degradation was determined for each trace, and 

three total independent experiments. The fold-change in initial rate after induction of 

competitor is plotted against the fold-change in BFP signal, representing the level of 

competitor induction. (Figure 2.1D,H,L). 
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Figure 2.1: Competition of N-end rule, UBL, and ODC substrates. 

(A) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM (green), 

10nM (blue), 20nM (purple) concentrations of estradiol.  

(B) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible UBL-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM (green), 

10nM (blue), 20nM (purple) concentrations of estradiol. 
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(C) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible DHFR-ODC 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM (green), 

10nM (blue), 20nM (purple) concentrations of estradiol. 

(D) Plots of log2 transformed normalized initial rates of degradation for ReKK*-YFP-NS 

from A-C as a function of log2 transformed normalized BFP fluorescence, which is 

expressed 1-to-1 on the same inducible promoter separated by a P2A ribosomal 

skipping site from the competitor. BFP fluorescence, therefore is a proxy for 

expression of the competitor. 

(E) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

UBL-YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM (green), 

10nM (blue), 20nM (purple) concentrations of estradiol. 

(F) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

UBL-YFP-NS construct in the presence of estradiol-inducible UBL-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM (green), 

10nM (blue), 20nM (purple) concentrations of estradiol. 

(G) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

UBL-YFP-NS construct in the presence of estradiol-inducible DHFR-ODC 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM (green), 

10nM (blue), 20nM (purple) concentrations of estradiol. 

(H) Plots of log2 transformed normalized initial rates of degradation for UBL-YFP-NS 

construct from E-G as a function of log2 transformed normalized BFP fluorescence, 

which is expressed 1-to-1 on the same inducible promoter separated by a P2A 

ribosomal skipping site from the competitor. BFP fluorescence, therefore is a proxy 

for expression of the competitor. 

(I) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

Barstar-YFP-ODC construct in the presence of estradiol-inducible ReKK-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM (green), 

10nM (blue), 20nM (purple) concentrations of estradiol. 

(J) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

Barstar-YFP-ODC construct in the presence of estradiol-inducible UBL-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM (green), 

10nM (blue), 20nM (purple) concentrations of estradiol. 

(K) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

Barstar-YFP-ODC construct in the presence of estradiol-inducible DHFR-ODC 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM (green), 

10nM (blue), 20nM (purple) concentrations of estradiol. 

(L) Plots of log2 transformed normalized initial rates of degradation for Barstar-YFP-

ODC construct from I-K as a function of log2 transformed normalized BFP 

fluorescence, which is expressed 1-to-1 on the same inducible promoter separated by 

a P2A ribosomal skipping site from the competitor. BFP fluorescence, therefore is a 

proxy for expression of the competitor. 
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Data information: In (A-C, E-G, and I-K), experiments were performed in triplicate, one 

representative kinetic experiment shown. In (D, H, and L) data represent the combination 

of replicates from three experiments. The line is a linear regression fit to the data.  

 

The plasmids used are shown in Appendix Table 2.1. The strains used are BLS 877, BLS 

920, BLS 917, BLS 927, BLS 928, BLS 929, BLS 881, BLS 922, BLS 919 and are 

shown in Table 2.2. 

 

Plasmid ID 

Number 

Protein Vector Function/Use/purpose 

pBLS183 pZ4EV-tagBFP-P2A-Ub-ReKK-

DHFR-Su9-tGAL1 

pYES2 ReKK-DHFR-Su9 Competitor 

pBLS174 pZ4EV-tagBFP-P2A-

UBL(Rad23)-DHFR-Su9-tGAL1 

pYES2 UBL-DHFR-Su9 Competitor 

pBLS184 pZ4EV-tagBFP-P2A-DHFR-

ODC-tGAL1 

pYES2 DHFR-ODC Competitor 

pBLS175 pZ4EV-tagBFP-P2A-Ub-ReKK-

DHFR-Su9-His6-tGAL1 

pYES2 ReKK-DHFR-Su9-His 

Competitor 

pBLS176 pZ4EV-tagBFP-P2A-

UBL(Rad23)-DHFR-Su9-His6-

tGAL1 

pYES2 UBL-DHFR-Su9-His 

Competitor 

pBLS177 pZ4EV-tagBFP-P2A-DHFR-

ODC-His6-tGAL1 

pYES2 DHFR-ODC-His Competitor 

Table 2.1: Plasmids used in this study. 

 

 

Strain 

Name 

Genotype 

BLS 877 MATa ho::natMX6-pTPI1-DsRed-P2A-ReKK*-sYFP-NS-tADH [pBLS183] 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 920 MATa ho::natMX6-pTPI1-DsRed-P2A-ReKK*-sYFP-NS-tADH [pBLS174] 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 917 MATa ho::natMX6-pTPI1-DsRed-P2A-ReKK*-sYFP-NS-tADH [pBLS184] 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 927 MATa ho::natMX6-pTPI1-DsRed-P2A-UBL(Rad23)-sYFP-NS-tADH 
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[pBLS183] his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 928 MATa ho::natMX6-pTPI1-DsRed-P2A-UBL(Rad23)-sYFP-NS-tADH 

[pBLS174] his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 929 MATa ho::natMX6-pTPI1-DsRed-P2A-UBL(Rad23)-sYFP-NS-tADH 

[pBLS184] his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 881 MATa ho::natMX6-pTPI1-DsRed-P2A-Barstar-sYFP-ODC-tADH [pBLS183] 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 922 MATa ho::natMX6-pTPI1-DsRed-P2A-Barstar-sYFP-ODC-tADH [pBLS174] 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 919 MATa ho::natMX6-pTPI1-DsRed-P2A-Barstar-sYFP-ODC-tADH [pBLS184] 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 949 MATa ho::natMX6-pTPI1-DsRed-P2A-ReKK*-sYFP-NS-tADH pdr5::KANR 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 948 MATa ho::natMX6-pTPI1-DsRed-P2A-UBL(Rad23)-sYFP-NS-tADH 

pdr5::KANR his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 946 MATa ho::natMX6-pTPI1-DsRed-P2A-Barstar-sYFP-ODC-tADH pdr5::KANR 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 872 MATa ho::natMX6-pTPI1-DsRed-P2A-ReKK*-sYFP-NS-tADH 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 926 MATa ho::natMX6-pTPI1-DsRed-P2A-UBL(Rad23)-sYFP-NS-tADH  

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 868 MATa ho::natMX6-pTPI1-DsRed-P2A-Barstar-sYFP-ODC-tADH  

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 933 MATa ho::natMX6-pTPI1-DsRed-P2A-ReKK*-sYFP-NS-tADH [pBLS175] 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 1001 MATa ho::natMX6-pTPI1-DsRed-P2A-ReKK*-sYFP-NS-tADH [pBLS175] 

ubr2::KANR his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 934 MATa ho::natMX6-pTPI1-DsRed-P2A-ReKK*-sYFP-NS-tADH [pBLS176] 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 935 MATa ho::natMX6-pTPI1-DsRed-P2A-ReKK*-sYFP-NS-tADH [pBLS177] 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 930 MATa ho::natMX6-pTPI1-DsRed-P2A-UBL(Rad23)-sYFP-NS-tADH 

[pBLS175] his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 931 MATa ho::natMX6-pTPI1-DsRed-P2A-UBL(Rad23)-sYFP-NS-tADH 

[pBLS176] his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 932 MATa ho::natMX6-pTPI1-DsRed-P2A-UBL(Rad23)-sYFP-NS-tADH 

[pBLS177] his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 936 MATa ho::natMX6-pTPI1-DsRed-P2A-Barstar-sYFP-ODC-tADH [pBLS175] 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 937 MATa ho::natMX6-pTPI1-DsRed-P2A-Barstar-sYFP-ODC-tADH [pBLS176] 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 938 MATa ho::natMX6-pTPI1-DsRed-P2A-Barstar-sYFP-ODC-tADH [pBLS177] 
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his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

Table 2.2: Yeast strains used in this study. 

 

As shown in Figure 2.1A, the induction of the N-End rule competitor caused 

inhibition of degradation of the N-End rule substrate. We quantified that level of 

inhibition by fitting the cycloheximide chases and calculating the initial rates. A 4-fold 

increase in competitor expression, represented by an increase in BFP fluorescence, leads 

to a 9-fold decrease in initial rate of degradation (Figure 2.1D). This effect is consistent 

in the steady-level of the sensor before the cycloheximide chase. Western blotting 

showed an accumulation of YFP with an increase in competitor (Figure2.1.2A-D). This 

increase in steady state levels is also consistent by flow cytometry (Figure 2.1.1A). We 

confirmed that the inhibition of degradation of the N-End rule substrate in the presence of 

an N-End rule competitor is not due to the loss of free ubiquitin in the strain by detecting 

the level of free ubiquitin in the presence and absence of the competitor by western blot. 

This demonstrated that the level of free ubiquitin did not change based on the addition of 

competitor (Figure 2.1.5). 
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Figure 2.1.2: Steady state levels by western blot of N-end rule, UBL, and ODC substrates 

in the presence of competitors. 

(A) Immunoblotting of ReKK*-YFP-NS construct and of estradiol-inducible ReKK-

DHFR-Su9-His competitor in the presence of 0nM, 10nM, and 20nM 

concentrations of estradiol in the wildtype BY4741 yeast background. 

(B) Immunoblotting of ReKK*-YFP-NS construct and of estradiol-inducible UBL-

DHFR-Su9-His competitor in the presence of 0nM, 10nM, and 20nM 

concentrations of estradiol in the wildtype BY4741 yeast background. 
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(C) Immunoblotting of ReKK*-YFP-NS construct and of estradiol-inducible DHFR-

ODC-His competitor in the presence of 0nM, 10nM, and 20nM concentrations of 

estradiol in the wildtype BY4741 yeast background. 

(D) Plots of normalized YFP/Tubulin signal for ReKK*-YFP-NS construct from A-C 

as a function of normalized 6xHis/Tubulin signal for each of the competitors. 

(E) Immunoblotting of UBL-YFP-NS construct and of estradiol-inducible ReKK-

DHFR-Su9-His competitor in the presence of 0nM, 10nM, and 20nM 

concentrations of estradiol in the wildtype BY4741 yeast background. 

(F) Immunoblotting of UBL-YFP-NS construct and of estradiol-inducible UBL-

DHFR-Su9-His competitor in the presence of 0nM, 10nM, and 20nM 

concentrations of estradiol in the wildtype BY4741 yeast background. 

(G) Immunoblotting of UBL-YFP-NS construct and of estradiol-inducible DHFR-

ODC-His competitor in the presence of 0nM, 10nM, and 20nM concentrations of 

estradiol in the wildtype BY4741 yeast background. 

(H) Plots of normalized YFP/Tubulin signal for UBL-YFP-NS construct from E-G as 

a function of normalized 6xHis/Tubulin signal for each of the competitors. 

(I) Immunoblotting of Barstar-YFP-ODC construct and of estradiol-inducible ReKK-

DHFR-Su9-His competitor in the presence of 0nM, 10nM, and 20nM 

concentrations of estradiol in the wildtype BY4741 yeast background. 

(J) Immunoblotting of Barstar-YFP-ODC construct and of estradiol-inducible UBL-

DHFR-Su9-His competitor in the presence of 0nM, 10nM, and 20nM 

concentrations of estradiol in the wildtype BY4741 yeast background. 

(K) Immunoblotting of Barstar-YFP-ODC construct and of estradiol-inducible 

DHFR-ODC-His competitor in the presence of 0nM, 10nM, and 20nM 

concentrations of estradiol in the wildtype BY4741 yeast background. 

(L) Plots of normalized YFP/Tubulin signal for Barstar-YFP-ODC construct from I-K 

as a function of normalized 6xHis/Tubulin signal for each of the competitors. 

 

Data information: In (A-C, E-G, I-K), experiments were performed in triplicate, one 

representative immunoblot shown. In (D, H, and L) data represent the average of the 

replicates from three experiments. Standard error shown. 

 

The plasmids used are shown in Table 2.1. The strains used are BLS 933, BLS 934, 

BLS 935, BLS 930, BLS 931, BLS 932, BLS 936, BLS 937, and BLS 938 and are 

shown in Table 2.2. 
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Figure 2.1.1: Steady state levels by flow cytometry of N-end rule, UBL, and ODC 

substrates in the presence of competitors. 

(A) Plots of log2 transformed normalized YFP/RFP fluorescence for ReKK*-YFP-NS 

in the presence of ReKK-DHFR-Su9 (black), DHFR-ODC (red), or UBL-DHFR-

Su9 (blue) competitors as a function of log2 transformed normalized BFP 
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fluorescence, which is expressed 1-to-1 on the same inducible promoter separated 

by a P2A ribosomal skipping site from the competitor. BFP fluorescence, 

therefore is a proxy for expression of the competitor. 

(B) Plots of log2 transformed normalized YFP/RFP fluorescence for UBL-YFP-NS in 

the presence of ReKK-DHFR-Su9 (black), DHFR-ODC (red), or UBL-DHFR-

Su9 (blue) competitors as a function of log2 transformed normalized BFP 

fluorescence, which is expressed 1-to-1 on the same inducible promoter separated 

by a P2A ribosomal skipping site from the competitor. BFP fluorescence, 

therefore is a proxy for expression of the competitor. 

(C) Plots of log2 transformed normalized YFP/RFP fluorescence for Barstar-YFP-

ODC in the presence of ReKK-DHFR-Su9 (black), DHFR-ODC (red), or UBL-

DHFR-Su9 (blue) competitors as a function of log2 transformed normalized BFP 

fluorescence, which is expressed 1-to-1 on the same inducible promoter separated 

by a P2A ribosomal skipping site from the competitor. BFP fluorescence, 

therefore is a proxy for expression of the competitor. 

 

Data information: In (A-C), experiments were performed in triplicate, data represent 

the combination of replicates from three experiments. The line is a linear regression 

fit to the data.  

 

The plasmids used are shown in Table 2.1. The strains used are BLS 877, BLS 920, 

BLS 917, BLS 927, BLS 928, BLS 929, BLS 881, BLS 922, BLS 919 and are shown 

in Table 2.2. 
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Figure 2.1.5: Free ubiquitin by western blot in strain expressing N-end rule substrate and 

in the presence of N-end rule competitor. 

(A) Immunoblotting of ubiquitin in a strain expressing ReKK*-YFP-NS construct and 

the estradiol-inducible ReKK-DHFR-Su9 in the presence of 0nM, 10nM, and 

20nM concentrations of estradiol in the wildtype BY4741 yeast background. 

(B) Plot of normalized Free Ubiquitin/Tubulin signal from A against estradiol 

concentration. The bars are averages of 2 independent experiments. The points are 

the individual experiments. 

 

The plasmid used is shown in Table 2.1. The strain used is BLS 933 and is shown in 

Table 2.2. 
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To the contrary, induction of UBL and ODC competitors do not slow the 

degradation of the N-end rule substrate (Figure 2.1B and C). At most, induction of these 

competitors lead to a 2-fold change in the initial rate. (Figure 2.1D). This effect is, again, 

consistent in the steady-level of the sensor before the cycloheximide chase. Western 

blotting showed no accumulation of YFP with an increase in UBL and ODC competitors 

(Figure 2.1.2A-D). This is also consistent by flow cytometry (Figure 2.1.1A). 

Surprisingly, when we monitored the degradation of the UBL substrate in the 

presence of competitors, we found that a 4-fold increase in expression of any of the three 

competitors causes a very small decrease in initial rate, not even 2-fold (Figure 2.1E, F, 

G, and H). This effect is consistent in the steady-level of the sensor before the 

cycloheximide chase. Western blotting showed no accumulation of YFP with an increase 

in any of the three competitors (Figure 2.1.2E-H). This is also consistent by flow 

cytometry (Figure 2.1.1B). 

Finally, we tested how the ubiquitin independent sensor, ODC, responds to the 

introduction of competitors. We found that all three competitors lead to a 2-4 fold 

decrease in the initial rate after a 4-fold increase in expression of the competitors (Figure 

2.1 I, J, K, and L). This effect is consistent in the steady-level of the sensor before the 

cycloheximide chase. Western blotting showed not much accumulation of YFP with an 

increase in any of the three competitors (Figure 2.1.2I-L). This is also consistent by flow 

cytometry (Figure 2.1.1C). 

Can the proteasome degrade more than one substrate at a time? 

We next aimed to describe the competition dynamics observed in Figure 2.1 with 

a kinetic model. For this, we built kinetic models in KinTek explorer [90–92] to fit the 

data. The model is described in Figure 2.2A and in more detail in Table 2.3. The first step 
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in the model is synthesis of the YFP substrate by its gene, followed by binding of the 

substrate to the proteasome, represented by P, followed by degradation and release of the 

proteasome. Then we introduced the competitor into the model, where the first step is 

synthesis of the competitor. Then, degradation of the competitor with first a binding step 

and then degradation step. There is also the possibility of the competitor first binding the 

proteasome, followed by binding of the substrate, then simultaneous degradation. 

Another possibility is the reverse of this, where the substrate first binds the proteasome 

followed by the competitor. These possibilities were also included in the model. 
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Figure 2.2: Kinetic model of competition dynamics at the proteasome for N-end rule, 

UBL, and ODC substrates. 

(A) The reaction scheme for the kinetic model used to fit the competition data in 

Figure 1 with KinTek Explorer. All but the constrained parameters (green: k1, k2, 

and k3) were locked to nominal values (red). The kinetic model is described in 

Appendix Table 2.3. 
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(B) Time courses of raw YFP fluorescence illustrating in vivo degradation of ReKK*-

YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol.  Lines represent 

the best fit of the data to the kinetic model defined in A. The first 120 minutes 

simulate expression of the competitor before cycloheximide addition. 

(C) Time courses of raw YFP fluorescence illustrating in vivo degradation of ReKK*-

YFP-NS construct in the presence of estradiol-inducible UBL-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol.  Lines represent 

the best fit of the data to the kinetic model defined in A. The first 120 minutes 

simulate expression of the competitor before cycloheximide addition. 

(D) Time courses of raw YFP fluorescence illustrating in vivo degradation of ReKK*-

YFP-NS construct in the presence of estradiol-inducible DHFR-ODC competitor 

in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM (green), 10nM 

(blue), 20nM (purple) concentrations of estradiol.  Lines represent the best fit of 

the data to the kinetic model defined in A. The first 120 minutes simulate 

expression of the competitor before cycloheximide addition. 

(E) Plots of log2 transformed relative kcat/KM values for degradation of ReKK*-

YFP-NS construct on proteasome bound to the indicated competitor and free 

proteasome. 

(F) Time courses of raw YFP fluorescence illustrating in vivo degradation of UBL-

YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol.  Lines represent 

the best fit of the data to the kinetic model defined in A. The first 120 minutes 

simulate expression of the competitor before cycloheximide addition. 

(G) Time courses of raw YFP fluorescence illustrating in vivo degradation of UBL-

YFP-NS construct in the presence of estradiol-inducible UBL-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol.  Lines represent 

the best fit of the data to the kinetic model defined in A. The first 120 minutes 

simulate expression of the competitor before cycloheximide addition. 

(H) Time courses of raw YFP fluorescence illustrating in vivo degradation of UBL-

YFP-NS construct in the presence of estradiol-inducible DHFR-ODC competitor 

in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM (green), 10nM 

(blue), 20nM (purple) concentrations of estradiol.  Lines represent the best fit of 

the data to the kinetic model defined in A. The first 120 minutes simulate 

expression of the competitor before cycloheximide addition. 

(I) Plots of log2 transformed relative kcat/KM values for degradation of UBL-YFP-

NS construct on proteasome bound to the indicated competitor and free 

proteasome. 
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(J) Time courses of raw YFP fluorescence illustrating in vivo degradation of Barstar-

YFP-ODC construct in the presence of estradiol-inducible ReKK-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol.  Lines represent 

the best fit of the data to the kinetic model defined in A. The first 120 minutes 

simulate expression of the competitor before cycloheximide addition. 

(K) Time courses of raw YFP fluorescence illustrating in vivo degradation of Barstar-

YFP-ODC construct in the presence of estradiol-inducible UBL-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol.  Lines represent 

the best fit of the data to the kinetic model defined in A. The first 120 minutes 

simulate expression of the competitor before cycloheximide addition. 

(L) Time courses of raw YFP fluorescence illustrating in vivo degradation of Barstar-

YFP-ODC construct in the presence of estradiol-inducible DHFR-ODC 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol.  Lines represent 

the best fit of the data to the kinetic model defined in A. The first 120 minutes 

simulate expression of the competitor before cycloheximide addition. 

(M) Plots of log2 transformed relative kcat/KM values for degradation of 

Barstar-YFP-ODC construct on proteasome bound to the indicated competitor and 

free proteasome.  

Data information: In (B-D, F-H, and J-L), experiments were performed in triplicate, 

one representative kinetic experiment shown. The data are from the experiments in 

Figure 2.1. In (E, I, and M) data represent the combination of replicates from the 

three experiments. The points represent individual competition experiments. The bars 

are averages of the three independent experiments. Relative kcat/KM was calculated 

by dividing the kcat/KM for free proteasome (10/(1+10/k1)) by the kcat/KM for 

competitor-bound proteasome (10/(1+10/k3)). 

 

 

Reaction Setup 

Reaction k+ k- 

Substrate + Proteasome → Substrate:Proteasome k1 1 

Substrate:Proteasome → Proteasome + Peptides 10 0 

Competitor + Proteasome → Competitor:Proteasome 0.01 1 

Competitor:Proteasome → Proteasome + Peptides 10 0 
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Substrate:Proteasome + Competitor → 

Substrate:Competitor:Proteasome 

k2 1 

Competitor:Proteasome + Substrate → 

Substrate:Competitor:Proteasome 

k3 1 

Substrate:Competitor:Proteasome → Proteasome + Peptides 10 0 

Gene-Substrate → Substrate + Gene-Substrate 1 0 

Gene-Competitor → Competitor + Gene-Competitor 1 0 

Experiment Simulation Setup-t1-120minutes 

Species Concentration (a.u.) 

Substrate Starting YFP signal 

Proteasome 25 

Competitor 0 

Gene Substrate 10 

Gene Competitor BFP signal 

Experiment Simulation Setup-t2-120minutes 

Species Concentration (a.u.) 

Substrate 0 

Proteasome 0 

Competitor 0 

Gene Substrate [%0] 

Gene Competitor [%0] 
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Table 2.3: Kinetic model to compare kinetic efficiency of free proteasome vs. 

competitor bound proteasome. 

 

Using this model, we fit the data using a computer simulation in KinTek Explorer 

[90–92] to determine the apparent rates of each of the reactions in Figure 2.2A. The first 

120 minutes of the simulation simulate the expression of the competitor after the addition 

of estradiol. Then, cycloheximide is added to shut off expression, and this is simulated by 

turning off expression of the substrates and competitors. The model fit quite well to the 

data, as shown in Figure 2.2 B-D, F-H, and J-L. We locked all but the binding rate to 

nominal values because the other parameters were not well constrained when fitting the 

data.  

After this, we calculated the apparent kcat/Km, the catalytic efficiency, and 

performed a constraint analysis, where we allowed the catalytic efficiency to float, and 

measured Chi2minimum/Chi2 as a function of that floating catalytic efficiency. These 

plots are shown in Figure 2.1.3 for each of the different competition experiments. The 

binding rates were well-constrained for all fits. 
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Figure 2.1.3: Constraint analysis of the kinetic model fits to the competition data for the 

determined catalytic efficiency. 

(A-L) 1D confidence contours for individual fits to the kinetic model, showing 

the normalized Chi2 as a function of the variable parameter, demonstrating that 

each of the fits provide upper and lower limits for the variable parameters. 
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The fold-change in catalytic efficiency of free proteasome to competitor-bound 

proteasome indicates the likelihood that a substrate could be degraded in parallel with a 

competitor on the same proteasome. A larger fold-change indicates that the proteasome is 

less capable of degrading those two proteins at a time, while a smaller fold-change 

indicates a great likelihood that the proteasome could degrade both proteins 

simultaneously. 

For the N-End rule substrate, there is a roughly 32-fold decrease in catalytic 

efficiency when the proteasome is bound to the N-End rule competitor, while there is a 

very small, at most 2-fold change in catalytic efficiency when the other two competitors 

are bound to the proteasome (Figure 2.2E), suggesting that the N-end rule substrate 

degradation is unaffected by binding of the UBL and ODC competitors, but not with the 

N-end rule competitor. 

Then, we looked at the change in catalytic efficiency for the UBL sensor, and 

found a modest, roughly 4-fold decrease for proteasome bound to a UBL competitor, and 

a slightly smaller change for the other two competitors (Figure 2.2I). This suggests that 

the UBL substrate degradation is unaffected by binding of any of the three competitors on 

the proteasome. 

Finally, we looked at the ODC substrate, and found a 4 to 8-fold decrease in 

catalytic efficiency for proteasome bound to the N-End rule and ODC competitors, with a 

very small decrease for UBL (Figure 2.2M). This suggests that the ODC substrate 

degradation may be modestly affect by binding of any of the three competitors, but not to 

a huge extent. 

We found that N-end rule substrate degradation is affected by binding of the 

proteasome to N-end rule competitors, but not by binding to UBL or ODC competitors. 
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Furthermore, UBL and ODC substrates may not be affected by binding of any of the 

three competitors. 

UBL substrates can bind to multiple receptors, making them more robust substrates 

less sensitive to competitors 

Next, we asked why UBL does not compete much, even with itself? The previous 

kinetic model revealed that UBL substrate degradation may not be affected by binding of 

any of the three competitors, while ubiquitinated substrates may be affected by 

proteasome binding to a ubiquitinated competitor. Martinez-Fonts et al show that UBL 

substrates degrade well on proteasomes possessing Rpn1, Rpn10, or Rpn13, suggesting it 

can bind all three receptors. Whereas, ubiquitinated substrates only bind Rpn10 [27]. 

Applying these findings, we modeled the degradation of substrates in the presence 

of competitors, with one receptor (Figure 2.3A) or with UBL able to bind any of the three 

receptors consistent with Martinez-Fonts et al (Figure 2.3B) to determine if this 

observation may be able to explain our data. The kinetic models are described in greater 

detail in Table 2.4. 
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Figure 2.3: Kinetics models of N-End and UBL substrate binding to one or three 

receptors. 

(A) Illustration of 1 receptor model used to fit the data from Figure 2.1 in KinTek 

Explorer, whereby UBL and N-End substrates compete for binding at the same 

receptor. 

(B) Illustration of 3 receptor model used to fit the data from Figure 2.1 in KinTek 

Explorer, whereby UBL competes for binding at three receptors, while N-End 

substrates compete for binding at one receptor. 

(C) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-

Su9 competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol. Lines represent 

the best fit of the data to the 1 receptor model described in A. 

(D) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible UBL-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol. Lines represent 

the best fit of the data to the 1 receptor model described in A. 
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(E) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

UBL-YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol. Lines represent 

the best fit of the data to the 1 receptor model described in A. 

(F) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

UBL-YFP-NS construct in the presence of estradiol-inducible UBL-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol. Lines represent 

the best fit of the data to the 1 receptor model described in A. 

(G) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-

Su9 competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol. Lines represent 

the best fit of the data to the 3 receptor model described in B. 

(H) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible UBL-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol. Lines represent 

the best fit of the data to the 3 receptor model described in B. 

(I) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

UBL-YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol. Lines represent 

the best fit of the data to the 3 receptor model described in B. 

(J) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

UBL-YFP-NS construct in the presence of estradiol-inducible UBL-DHFR-Su9 

competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol. Lines represent 

the best fit of the data to the 3 receptor model described in B. 

(K) Quantified Chi2 for the 1 receptor model (A) and 3 receptor model (B) global fits 

to the data, demonstrating that the 3 receptor model fits the data better than the 1 

receptor model. 

 

Data information: In (C-J), experiments were performed in triplicate, one 

representative kinetic experiment shown and kinetic fit shown. The data are from the 

experiments in Figure 2.1. The models used for fitting the data is described in 

Appendix Table 2.4. For the three receptor model, N-end rule substrates/competitors 

were only allowed to bind receptor1, while UBL substrates/competitors were allowed 

to bind receptor1, receptor2, or receptor3. 
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One Receptor Model Reaction Setup 

Reaction k+ k- 

Receptor1 + Substrate → Receptor1:Substrate k1 1 

Receptor1:Substrate → Receptor1 + Peptides 10 0 

Receptor1 + Competitor → Receptor1:Competitor k2 1 

Receptor1:Competitor → Receptor1 + Peptides 10 0 

One Receptor Model Experiment Simulation Setup-120minutes 

Species Concentration (a.u.) 

Substrate 1 

Proteasome (Receptor1) 0.1 

Competitor 0,10,20,50,100,200 

 

Three Receptor Model Reaction Setup 

Reaction k+ k- 

Receptor1 + Substrate → Receptor1:Substrate k1 1 

Receptor1:Substrate → Receptor1 + Peptides 10 0 

Receptor2 + Substrate → Receptor2:Substrate k1 1 

Receptor2:Substrate → Receptor2 + Peptides 10 0 

Receptor3 + Substrate → Receptor3:Substrate k1 1 

Receptor3:Substrate → Receptor3 + Peptides 10 0 

Receptor1 + Competitor → Receptor1:Competitor k2 1 
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Receptor1:Competitor → Receptor1 + Peptides 10 0 

Receptor2 + Competitor → Receptor2:Competitor k2 1 

Receptor2:Competitor → Receptor2 + Peptides 10 0 

Receptor3 + Competitor → Receptor3:Competitor k2 1 

Receptor3:Competitor → Receptor3 + Peptides 10 0 

Three Receptor Model Experiment Simulation Setup-120minutes 

Species Concentration (a.u.) 

Substrate 1 

Proteasome (Receptor1) 0.1 

Competitor 0,10,20,50,100,200 

Table 2.4: Kinetic model to compare one receptor vs. three receptor availability. 

 

The kinetic model with only one available receptor binding site deviates 

substantially from the experimental data (Figure 2.3C-F). We found that a kinetic model 

having three available receptors for UBL, which is consistent with [27], fit our data far 

better than a kinetic model where R and UBL compete for only one binding site. Some 

data suggest that UBL domains can activate proteasome activity [69]. This suggests that 

UBLs may have increased binding capacity in addition to proteasome activity activation. 

Together, these findings suggest two explanations for why our UBL substrate 

competes less with itself: (1) UBL can bind multiple receptors, thus leading to increased 

binding capacity on the proteasome, and (2) UBL binding activates the proteasomes, 

which may compensate, to some extent, for the inhibitive effect of competition. 
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UBL substrates are not sensitive to an accumulation of ubiquitinated proteins 

caused by MG-132 treatment 

Our main observation is that the ubiquitin pathway competes with ubiquitin 

competitors, but UBL and ODC do not. Since we tested this with a synthetic ubiquitin 

competitor, we wanted to test if this applies to endogenously ubiquitinated competitors. 

We used MG-132 to inhibit the proteasome in vivo for all three of our sensors. 

We observed slowed degradation for all three sensors in the presence of MG-132 (Figure 

2.4A-C). And proteasome inhibition also leads to an accumulation of ubiquitinated 

proteins. We blotted for ubiquitin after MG-132 treatment and observed an increase in the 

accumulation of ubiquitinated species (Figure 2.4J-O).  

When we washed out MG-132 and allowed the cells to recover for one hour, then 

all substrates were degraded back to no-treatment level, demonstrating that the treatment 

was reversible (Figure 2.4G-I). And the accumulation of ubiquitinated proteins returned 

to pre-treatment levels, demonstrating that this accumulation was also reversible (Figure 

2.4J-O).  

However, if we wash out MG-132 and measure degradation immediately, the 

UBL and ODC sensors are degraded to no treatment levels (Figure 2.4E and F), while the 

N-End rule sensor is still inhibited (Figure 2.4D). This may be because the N-End rule 

sensor is competing for degradation with the accumulated ubiquitin species (Figure 2.4J 

and M), while the UBL and ODC sensors do not compete with the accumulated ubiquitin 

species (Figure 2.4K and N, L and O) and can recover much more quickly. 
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Figure 2.4: N-End substrate competes with accumulation of endogenous ubiquitinated 

species, while UBL and ODC substrates do not. 

(A-C) Normalized time courses of YFP fluorescence illustrating in vivo degradation 

of ReKK*-YFP-NS, UBL-YFP-NS, and  Barstar-YFP-ODC constructs in the 

presence of 0uM (black), 50uM (red), or 100uM (blue) concentrations of MG-132.  

(D-F) Normalized time courses of YFP fluorescence illustrating in vivo degradation 

of ReKK*-YFP-NS, UBL-YFP-NS, and  Barstar-YFP-ODC constructs immediately 

after 1 hour treatment with 0uM (black), 50uM (red), or 100uM (blue) concentrations 

of MG-132, followed by a wash-out of MG-132.  

(G-I) Normalized time courses of YFP fluorescence illustrating in vivo degradation 

of ReKK*-YFP-NS, UBL-YFP-NS, and  Barstar-YFP-ODC constructs with 1 hour 

recovery after a 1 hour treatment with 0uM (black), 50uM (red), or 100uM (blue) 

concentrations of MG-132, followed by a wash-out of MG-132. 

(J-L) Immunoblotting of ubiquitin in the strains expressing ReKK*-YFP-NS, UBL-

YFP-NS, and  Barstar-YFP-ODC constructs immediately, or after 1 hour recovery 

from treatment with 0uM, or 50uM concentrations of MG-132. 

 

(M-O) Plot of normalized Ubiquitin/Tubulin signal from J-L against MG-132 

concentration with and without 1 hour recovery. 

 

Data information: In (A-C, D-F, and G-I), experiments were performed in 

triplicate, one representative kinetic experiment shown. In (J-L) experiments were 

performed in triplicate, one representative immunoblot shown. In (M-OL) data 

represent the average of the replicates from three experiments. The points are 

individual experiments. 
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The strains used are BLS 949, BLS 948, and BLS 946 and are shown in Table 2.2. 

Ubiquitinated substrates are sensitive to misfolding stress conditions, while UBL 

and ODC substrates are not 

Because we observed that the N-end rule substrate competes with the 

accumulation of endogenous ubiquitin species, but the UBL substrate does not, we 

wanted to determine how these three pathways are affected by proteotoxic stress in the 

cell, since a typical response to protein misfolding is degradation by the proteasome [4–

6]. 

To induce protein misfolding, we introduced the drug canavanine, an amino acid 

analog of arginine. Canavanine gets incorporated into newly synthesized polypeptides 

leading to protein misfolding and cellular stress [93].  

The addition of 3 μg/mL of canavanine leads to a 4-fold decrease in the initial rate 

for degradation of the N-end rule substrate (Figure 2.5A and D). Canavanine has no 

effect on degradation for the UBL and ODC substrates, even at the 3 μg/mL 

concentration (Figure 2.5B-D). This is likely because the N-End rule substrate is 

competing for degradation with the accumulation of misfolded proteins which clog up the 

ubiquitin pathway, but not the UBL and ODC pathways. 

UBL and ubiquitinated substrates are involved in separate pathways to the 

proteasome, with UBL substrates seemingly having more capacity due to multi-receptor 

binding. 
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Figure 2.5: Sensitivity of N-End, UBL, and ODC substrates to protein misfolding stress 

caused by canavanine. 

(A)  Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of 0 g/mL (black), 1 g/mL (red), 

2 g/mL (blue), and 3 g/mL (green) concentrations of canavanine. 

(B) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

UBL-YFP-NS construct in the presence of 0 g/mL (black), 1 g/mL (red), 

2 g/mL (blue), and 3 g/mL (green) concentrations of canavanine. 

(C)  
(D) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

Barstar-YFP-ODC construct in the presence of 0 g/mL (black), 1 g/mL (red), 

2 g/mL (blue), and 3 g/mL (green) concentrations of canavanine. 

(E) Plots of log2 transformed normalized initial rates of degradation of the three 

constructs from A-C as a function of canavanine concentration. 

 

Data information: In (A-C), experiments were performed in triplicate, one 

representative kinetic experiment shown. In D data represent the combination of 

replicates from three experiments. The lines are linear regression fits to the data.  

 

The strains used are BLS 872, BLS 926, and BLS 868 and are shown in Table 2.2. 
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Ubiquitinated substrates compete at the level of proteasome capacity 

The ubiquitin proteasome system is a part of a feedback loop, whereby increased 

loads on the proteasome leads to increased expression. Rpn4, a transcription factor for 

proteasome subunits, can be ubiquitinated by the E3 ligase, Ubr2, leading to its 

degradation. When the load on the proteasome is increased, Rpn4 is not degraded, 

leading to its accumulation and increase in expression of proteasome [79]. 

We wanted to determine how proteasome expression levels may affect the 

competition dynamics of our N-end rule substrate against an N-end rule competitor. We 

compared the competition dynamics in WT vs. a ubr2∆ mutant, where proteasome 

expression is increased due to the stabilization of Rpn4. 

The ubr2∆ mutant lead to faster degradation of the N-end rule substrate (Figure 

2.6A-B), even in the presence of the N-end rule competitor (Figure 2.6A-C). These data 

are consistent by western blotting as well (Figure 2.1.4). 

 We wanted to make sure our observations of competition in WT vs. the 

ubr2∆ mutant were consistent with a kinetic model where the ubr2∆ mutant has increased 

proteasome expression. We built two kinetic models like ones in Figure 3. More details 

about the model used here are in Table 2.5. The first model had the same amount of 

proteasome in WT vs. ubr2∆ mutant (1x Proteasome Model). As shown in Figure 2.6D-

E, the fit was not good. However, when we switched the model to account for double the 

proteasome in the ubr2∆ mutant compared to WT (2x Proteasome Model), the fit was 

improved (Figure 2.6F-G). This observation is confirmed when quantifying and 

comparing the Chi2 for each model. As shown in Figure 2.6H, the Chi2 is larger in the 1x 

Proteasome Model compared to the 2x Proteasome Model, suggesting that the 1x 

Proteasome Model deviates more from the experimental data than the 2x Proteasome 

Model. 
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Taken together, these data suggest that an increase in proteasome expression may 

increase the degradation of the N-end rule substrate. However, as the load on the 

proteasome is ramped up by an increase in expression of the N-end rule competitor, the 

degradation rates return to WT levels. 

 

 

Figure 2.6: Competition between N-End substrate and N-End competitor for binding to 

the proteasome, with increasing proteasome expression. 

(A) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-

Su9 competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol in the wildtype 

BY4741 yeast background. 

(B) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-
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Su9 competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol in the ubr2∆ 

yeast background. 

(C) Plots of initial rates of degradation for ReKK*-YFP-NS from A-B in wildtype 

(black) and ubr2∆ (blue) backgrounds as a function of BFP fluorescence, which is 

expressed 1-to-1 on the same inducible promoter separated by a P2A ribosomal 

skipping site from the competitor. BFP fluorescence, therefore is a proxy for 

expression of the competitor. 

(D) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-

Su9 competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol in the wildtype 

BY4741 yeast background. Lines represent the best fit of the data to a kinetic 

model whereby proteasome levels are equal in WT and ubr2∆ (1x Proteasome 

Model). 

(E) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-

Su9 competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol in the ubr2∆ 

yeast background. Lines represent the best fit of the data to a kinetic model 

whereby proteasome levels are equal in WT and ubr2∆ (1x Proteasome Model). 

(F) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-

Su9 competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol in the wildtype 

BY4741 yeast background. Lines represent the best fit of the data to a kinetic 

model whereby proteasome levels are 2-fold higher ubr2∆ than in WT (2x 

Proteasome Model). 

(G) Normalized time courses of YFP fluorescence illustrating in vivo degradation of 

ReKK*-YFP-NS construct in the presence of estradiol-inducible ReKK-DHFR-

Su9 competitor in the presence of 0nM (black), 1nM (red), 2nM (orange), 5nM 

(green), 10nM (blue), 20nM (purple) concentrations of estradiol in the ubr2∆ 

yeast background. Lines represent the best fit of the data to a kinetic model 

whereby proteasome levels are 2-fold higher ubr2∆ than in WT (2x Proteasome 

Model). 

(H) Quantified Chi2 for the best global fits of the data to the 1x Proteasome Model 

and the 2x Proteasome Model, demonstrating that the 2x Proteasome model fits 

the data better than the 1x Proteasome Model. 

 

Data information: In (A-B, and D-G), experiments were performed in triplicate, one 

representative kinetic experiment shown. In C data represent the combination of 

replicates from three experiments. The points represent individual competition 
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experiments. The lines are fits to the 2x kinetic model. The kinetic models used in D-

H are described in Table 2.5. 

 

The plasmids used are shown in Table 2.1. The strains used are BLS 933 and BLS 

1001 and are shown in Table 2.2. 

 

 

 

Figure 2.1.4: Steady state levels by western blot of N-end rule substrate in the presence of 

N-end rule competitor in WT and ubr2∆ backgrounds. 

(A) Immunoblotting of ReKK*-YFP-NS construct and of estradiol-inducible ReKK-

DHFR-Su9-His competitor in the presence of 0nM, 10nM, and 20nM 

concentrations of estradiol in the wildtype BY4741 yeast background. 
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(B) Immunoblotting of ReKK*-YFP-NS construct and of estradiol-inducible ReKK-

DHFR-Su9-His competitor in the presence of 0nM, 10nM, and 20nM 

concentrations of estradiol in the ubr2  yeast background. 

(C) Plots of normalized YFP/Tubulin signal for ReKK*-YFP-NS construct from A 

and B as a function of normalized ReKK-DHFR-Su9-His/Tubulin signal in the 

WT (black) and ubr2  (blue) backgrounds. The points are averages of 2 

independent experiments. The errors are standard error. 

 

The plasmids used are shown in Table 2.1. The strains used are BLS 933 and BLS 

1001 and are shown in Table 2.2. 

 

One Receptor Model Reaction Setup 

Reaction k+ k- 

Proteasome + Substrate → Proteasome:Substrate k1 1 

Proteasome:Substrate → Proteasome + Peptides 10 0 

Proteasome + Competitor → Proteasome:Competitor k2 1 

Proteasome:Competitor → Proteasome + Peptides 10 0 

One Receptor Model Experiment Simulation Setup-120minutes 

Species Concentration (a.u.) 

Substrate 1 

Proteasome 0.1 for WT and ubr2  

strains in 1x model or 0.1 

for WT and 0.2 for ubr2  

in 2x model 

Competitor 0,100,200,500,1000,2000 

Table 2.5: Kinetic model to compare WT vs. ubr2∆ competition dynamics in R*eKK-

YFP-NS vs. ReKK-DHFR-Su9 
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DISCUSSION 

The proteasome targets substrates for degradation by at least three distinct 

pathways: ubiquitinated proteins bind directly to ubiquitin receptors on the proteasome, 

ubiquitinated proteins bind to UBL-UBA shuttle factors that deliver them to the 

proteasome, or ubiquitin-independent degradation. We designed model substrates with 

different proteasome targeting signals, along with a parallel set of dark competitors to 

explore the pathways they take to the proteasome. Ubiquitinated substrates were 

modelled with an N-end rule degron. UBL substrates were modelled with a Rad23 UBL 

fusion. Ubiquitin independent degradation was modelled with a C-terminal ODC fusion. 

 The N-end rule substrate competed with the N-end rule competitor, but 

surprisingly did not compete with the UBL and ODC competitors. In Martinez-Fonts et 

al, different degradation targeting signals require different proteasome receptors for 

degradation. Ubiquitinated substrates require Rpn10, while UBL substrates can be 

degraded on any of the three receptors, Rpn10, Rpn13, and Rpn1 [27]. So, it’s possible 

that the explanation for this is that substrates compete at the level of receptor binding, and 

not tail insertion. 

 This was surprising, however, because the proteasome possesses only one 

entry channel for degradation to initiate, and we predicted that this would be a rate 

limiting step in competition between substrates. Single molecule FRET-based 

biochemistry assays have tracked the kinetics of ubiquitin binding to receptors, and tail 

insertion into the pore. Ubiquitin binding is thought to be significantly faster [94] than 

tail insertion. It takes 1.6 seconds for the tail to insert, followed by a rapid conformational 

switch that takes 0.4 seconds. The ubiquitin chain is then removed within about 5 

seconds, and the mechanical unfolding, translocation, and cleavage of the substrate takes 

an additional 11 seconds. Therefore, the data overwhelmingly suggest that the majority of 
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substrate processing time is spent on deubiquitination and unfolding/translocation. 

Furthermore, some in vitro competition assays have suggested that ubiquitin-chain 

interactions with receptors are short lived, and that substrates with better initiation 

regions competed more than substrates with poor initiation regions [10]. We, therefore, 

initially hypothesized that substrates would compete at the level of tail insertion. 

However, our data support a model where receptor binding is most limiting, and 

their tails may be inserted simultaneously. This can be supported by the evidence of some 

substrates initiating degradation at an internal initiation region, which must form a loop 

with a width of at least two polypeptide chains when entering the channel, suggesting that 

more than one polypeptide chain may fit in the entry channel [95]. Also, some 

proteasomes are doubly capped, meaning they may be able to degrade polypeptides in 

both directions simultaneously [96].  

With this model, then, the ubiquitinated substrate competes with itself because it 

competes for binding at the same receptor on the proteasome, while a UBL competitor 

can bind a different receptor. This is further supported when we switched the substrate to 

UBL, where we saw much less competition with any of the three competitors. This makes 

sense because UBL can bind any of the three receptors, and so the competitors are not 

directly competing for binding at the same receptor. 

 We directly tested competition at the level of tail insertion with the ODC 

substrate, which is thought to directly engage the entry channel to initiate degradation. 

We observed a modest level of competition with any of the three competitors, consistent 

with a basal level of competition at engagement into the channel. This modest level of 

competition is consistent with our model that the channel can engage more than one 

polypeptide at a time. 
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 Our data suggest substrates that bind to the same receptor binding site on 

the proteasome compete, while substrates that bind to different receptor binding sites do 

not affect the degradation of others. We built a kinetic model to quantify how well a 

proteasome bound to any given competitor may degrade any given substrate. To do this, 

we determined the relative kcat/KMapp from free proteasome to proteasome bound to a 

competitor, and found that the kcat/KMapp decreased significantly for the ubiquitinated 

substrate when the proteasome was bound to a ubiquitinated competitor. However, the 

kcat/KMapp for the ubiquitinated competitor did not change significantly for the 

ubiquitinated substrate when the proteasome was bound to a UBL or ODC competitor. 

The kcat/KMapp for the UBL substrate did not change much when the proteasome was 

bound to any of the three competitors, either. These findings are consistent with the idea 

that competitor binding to the proteasome does not interfere with degradation of a 

substrate, just so it is targeted through a different pathway. 

 We were surprised to find that substrates are unaffected by competitor 

delivered through different pathways, and even that the UBL substrate is unaffected by a 

UBL competitor. Biochemical assays have revealed that the Rad23 UBL can bind and 

target substrates through Rpn10, Rpn13, or Rpn1, while ubiquitinated substrates can only 

target through Rpn10 [27]. We modelled this to determine if this interpretation was 

enough to explain the data. We compared the fit of our data to a kinetic model whereby 

UBL can bind any of the three receptors against a model whereby UBL substrates 

compete for the same receptor binding. We quantified the goodness of fit to each model 

to determine which our data are more consistent with. The kinetic model with only one 

available receptor binding site deviates substantially from the experimental data (Figure 

2.3C-F), while the kinetic model having three available receptors for UBL was consistent 

with our experimental data. 
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Furthermore, ubiquitinated substrate degradation was dependent on the level of 

proteasome. The degradation of the ubiquitinated substrate was faster in a ubr2∆ mutant 

than in WT, even in the presence of ubiquitinated competitor. However, as the amount of 

the ubiquitinated competitor was increased further, the degradation returned to WT 

levels. This suggests that the Ubr2/Rpn4 feedback loop is sufficient to improve 

degradation of the N-end rule substrate, even in the presence of competitor to a point 

until the proteasome is so overloaded, likely because it leads to an increased proteasome 

load. Similarly, having multiple receptors on the proteasome could mean that more than 

one substrate can be degraded at a time if a receptor is accessible to the substrate, thus 

leading to increased binding capacity on the proteasome. 

We also showed that our UBL and ODC substrates are not sensitive to an 

accumulation of ubiquitinated proteins caused by MG-132 treatment, or an accumulation 

of misfolded proteins caused by canavanine treatment, while our ubiquitinated substrate 

was sensitive to both. This is likely because ubiquitinated proteins are limited to binding 

at Rpn10, while UBL can bind any of the three receptors [27], and ODC does not need to 

interact with a receptor. These data demonstrate that UBL substrates are not sensitive to 

cellular stress that leads to an increase in proteasome load. 

 Rad23 and other UBL-UBA proteins could serve to open more 

accessibility to the proteasome by providing binding of ubiquitin chains to more than just 

Rpn10, thus decreasing competition of priority substrate degradation under stress. 

 For example, Sic1, a Cdk1-Clb complex inhibitor, prevents premature cell 

cycle progression from G1 to S phase. Degradation of Sic1 by the proteasome relieves 

inhibition of Cdk1-Clb complexes and allows progression to S phase [97]. Sic1 

degradation has been demonstrated to be mediated by direct binding to Rpn10, or by 

binding to Rad23 [98]. UBL-UBA shuttle factors, such as Rad23 and Dsk2, may serve as 
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a backup route to the proteasome for high-priority substrates, such as Sic1, during stress. 

For instance, ubiquitinated proteins accumulate on proteasomes in yeast strains that lack 

Cdc48 function [99,100]. Additionally, it has been demonstrated that Rad23 and Dsk2 

further increase the amount of ubiquitinated substrate occupancy on the proteasome in 

strains that lack Cdc48 function [99]. Furthermore, deleting RAD23 and DSK2 in a 

cdc48 mutant strain results in a progressively worse growth defect [101], which suggests 

that Rad23 and Dsk2 may be involved in alleviating the growth defects of cdc48 mutants, 

maybe because they serve to deliver high-priority substrates to the proteasome when the 

load is high. 

 We found that the nature of proteasome binding tags creates a dominant 

hierarchy where ubiquitin-like domains compete out ubiquitinated substrates and that 

substrates targeted by UBLs are largely unaffected by cellular stress. This provides a 

surprising explanation for the functionality of UBL-UBA shuttling factors in cells: they 

may serve to deliver high-priority substrates for degradation under cellular stress or 

increased proteasome load. 

MATERIALS AND METHODS 

Yeast Proteasome Substrates Design 

Yeast YFP substrate variants were built off a central YFP (sYFP2) domain and 

constructed with either an N-end rule degron, an N-terminal UBL domain derived from 

the first 80 amino acids of S. cerevisiae Rad23, or a C-terminal degron derived from the 

last 52 amino acids of ornithine decarboxylase (ODC) [9]. The ODC substrate also 

contained an N-terminal barstar domain to improve expression of the substrate. N-end 

rule substrates consisted of a ubiquitin domain followed by a destabilizing Arg residue 

followed by a 19 amino acid linker derived from E. coli lacI, which contains two Lys 
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residues (ReKK*). However, amino acids 4-13 were replaced with a serine-rich linker 

derived from herpes virus 1 ICP4 to prevent the N-terminal degron from being a 

disordered region that could initiate degradation. The N-end rule and UBL substrates also 

contained the C-terminal disordered initiation region, NS, derived from influenza A virus 

non-structural protein 1 (NS1) and is described in [9]. 

To correct for cell-to-cell variation in transcriptional, translational, or cell size 

variation, RFP dsRed-Express2 was expressed upstream of YFP separated by a P2A 

ribosomal skipping site. The ratio of YFP over RFP for individual cells was a measure of 

the steady state concentration of YFP variants. 

Substrates were integrated into the ORF of HO1 in S. cerevisiae strain BY4741 

and expressed from a constitutive TPI1 promoter. Correct integration was confirmed by 

selection with nourseothricin and sanger sequencing. 

Yeast Proteasome Competitors Design 

The competitor variants were built off a central E. Coli DHFR domain with 

similar degrons to the substrates. N-end rule competitors consisted of a ubiquitin domain 

followed by a destabilizing Arg residue followed by a 19 amino acid linker derived from 

E. coli lacI, which contains two Lys residues (ReKK). The UBL competitor consisted of 

an N-terminal UBL domain derived from the first 80 amino acids of S. cerevisiae Rad23. 

Both the UBL and N-end rule competitors contained the C-terminal disordered initiation 

region, Su9, which is 51 amino acids from subunit 9 of the Fo component of the 

Neurospora crassa ATP synthase and has been previously characterized as an efficient 

initiation region [9]. The ODC competitor consisted of a C-terminal fusion of a degron 

derived from the last 52 amino acids of ornithine decarboxylase (ODC) [9]. 
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To detect levels of expression of the dark competitors, tagBFP was expressed 

upstream of DHFR separated by a P2A ribosomal skipping site. The level of tagBFP was 

indicative of total expression levels of the competitor. 

Competitors were expressed from a 2-micron plasmid (pYES2) with a URA3 

selection marker and the estradiol-inducible promoter Z4EV as previously described [89]. 

The plasmids were transformed into the S. cerevisiae strain BY4741 with the substrates. 

Plasmids used in this study are shown in Table 2.1. The yeast strains constructed 

and used in this study are shown in Table 2.2. 

Flow Cytometry 

Cells were grown in synthetic complete (SC) medium at 25oC to mid-log phase 

after 7-8 doublings and harvested for direct fluorescent measurement of RFP and YFP 

channels by an LSR Fortessa (BD biosciences) flow cytometer. Time courses of YFP 

fluorescence were measured to determine in vivo degradation rates by inhibition of 

protein synthesis through the addition of 125 µM cycloheximide and YFP fluorescence 

measurements were taken for 120 minute time courses.  

Competition assays were performed by first adding varying concentrations of 

estradiol to the yeast cultures for 2 hours. MG-132 assays were performed by first adding 

varying concentrations of MG-132 to cultures for 1 hour, and then either directly 

harvesting, or centrifuging and replacing the media with fresh SC to wash out the MG-

132, and harvested directly, or allowed to recover again for 1 hour before harvesting. 

Canavanine assays were performed by adding varying concentrations of canavanine for 2 

hours before harvesting. 

Degradation rates were calculated. Background (average fluorescence of lowest 

signal fluorescence in an experiment) was subtracted and fluorescence plotted as a 
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function of time. Normalized fluorescence was calculated as a percentage from time 0. 

The decay curves were fitted to the equation describing a single exponential decay (y = 

Ae-kt + C) using the software Prism (version 7). Initial degradation rate was determined 

by multiplying the amplitude of degradation (% fluorescence) by the rate constant (min-

1). If a single exponential fit was not appropriate, the first 30 minutes of the curve was fit 

to a linear function, and the slope was used as the initial rate for degradation. 

The data were analyzed by FlowJo (FlowJo version 10.2). Cells were gated first 

along the FSC-A vs. SSC-A axes to eliminate dead cells. They were then gated against 

SSC-H vs. SSC-W and FSC-H vs. FSC-W axes to eliminate doublets. Finally, cells were 

gated to only include RFP-positive cells. Data was collected for at least 10,000 cells and 

we report the median of those at least 10,000 cells per data point. 

Western Blots 

Cells were grown in synthetic complete (SC) medium at 25oC to mid-log phase 

after 7-8 doublings and harvested. Competition assays and MG-132 assays were treated 

the same as in the flow cytometry experiments before harvesting. 

Cells were harvested by centrifugation at 8,000xg for 30 seconds at 4oC. The 

pellet was resuspended in 1 mL cold water and harvested by centrifugation at 8,000xg for 

30 seconds at 4oC. Cells were treated with 2.0 M LiOAc and then 0.4 M NaOH for 5 

minutes each on ice. Cells were suspended in 100 μL of lysis buffer (0.1M NaOH, 0.05M 

EDTA, 2% SDS, 2% b-mercaptoethanol with protease and phosphatase inhibitor). The 

lysates were incubated at 90oC for 10 mins, and then neutralized by adding 2.5 μL of 4M 

acetic acid and vortexed for 30 seconds. Lysates were again incubated at 90oC for 10 

mins and cleared by centrifugation at 16,000xg for 10 mins.  
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Protein extracts were analyzed by western blotting by first running 50-100 μg of 

total protein extract on 4-20% Mini-PROTEAN TGX gels (BioRad catalog no. 4561094) 

at 120V. Protein content was then transferred from the gel to a nitrocellulose membrane 

with the Trans-Blot Turbo RTA Transfer System (BioRad catalog no. 1704158) . YFP 

fusion proteins were detected with a mouse monoclonal anti-enhanced GFP antibody 

(1:3000, Clontech, catalog no. 632569) and an IRDye 800CW goat anti-mouse secondary 

antibody (1:15000, LI-COR, catalog no. 926-32210). DHFR competitors were labeled 

with a C-terminal his tag and detected with a mouse monoclonal anti-histidine antibody 

(1:3000, Millipore Sigma, catolog no.05-949) and an IRDye 800CW goat anti-mouse 

secondary antibody (1:15000, LI-COR, catalog no. 926-32210). Ubiquitin was detected 

with a rabbit polyclonal anti-ubiquitin antibody (1:1000, Abcam, catolog no. 19247) and 

an IRDye 680RD goat anti-rabbit secondary antibody (1:15000, LI-COR, catalog no. 

926-68071). Tubulin was detected with a rabbit monoclonal anti-tubulin antibody 

(1:3000, Abcam, catolog no. 184970) and an IRDye 680RD goat anti-rabbit secondary 

antibody (1:15000, LI-COR, catalog no. 926-68071).  

Protein amounts were estimated by direct infrared fluorescence imaging (Odyssey 

LI-COR Biosciences). 

Kinetic Modelling 

Data were fit to defined kinetic models by numerical integration of rate equations 

in the model, as described in [90–92]. The enzyme and substrate concentrations were 

estimated and set to reasonable and consistent values. The exact enzyme and substrate 

concentrations could not be defined because these experiments were performed in vivo. 

However, because we only compare relative kinetic parameters, the exact concentrations 

are not necessary if they remain internally consistent.  
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The fits in Figure 2.2 simulate expression of the competitor for the 2 hours prior 

to data collection, and then shut off expression of the competitor and substrates when 

cycloheximide is added and measurements are taken. Constraint analysis was performed 

whereby the goodness of fit is assessed while varying any given rate in the model. Rates 

that were not well constrained by the data were locked to nominal values, because the 

data cannot define all individual parameters, but defines well the ratio of parameters. 

Relative kcat/KM was calculated by dividing the kcat/KM for free proteasome 

(10/(1+10/k1)) by the kcat/KM for competitor-bound proteasome (10/(1+10/k2)). The 

values for k1 and k2 are defined in Figure 2.2A. 

The model used for fitting the data in Figure 2.2 is described in Table 2.3. The 

models used for fitting the data in Figure 2.3 are in Table 2.4. For the three receptor 

model, N-end rule substrates/competitors were only allowed to bind receptor1, while 

UBL substrates/competitors were allowed to bind receptor1, receptor2, or receptor3. The 

models used for fitting the data in Figure 2.6 are in Table 2.5. 

Contributions 

BLS, KT, GC, and AR designed and conducted experiments and interpreted data, 

BLS, KT, and CY constructed unique reagents for the study, and AM conceived the 

study, designed experiments, and interpreted data. BLS, and AM wrote the manuscript. 
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Chapter 3:  Proteasomal degradation requires specific spacing between 

ubiquitin tag and degradation initiation 

INTRODUCTION 

The Ubiquitin Proteasome System (UPS) is the major pathway of regulated 

protein degradation in eukaryotes. It clears damaged and misfolded proteins from cells, 

digests foreign proteins as part of the adaptive immune response, and controls the 

concentration of regulatory proteins involved in diverse cellular processes [102]. The 26S 

proteasome is the proteolytic machine at the center of the UPS. Proteins are primarily 

targeted to the proteasome by the covalent attachment of one or more ubiquitin molecules 

to lysine residues within target proteins by the sequential action of E1, E2, and E3 

enzymes. The process forms polyubiquitin chains in which the ubiquitin moieties are 

linked through isopeptide bonds between the C-terminus of one ubiquitin and one of the 

seven Lys residues or the N-terminal Met residue of another ubiquitin [7,23,103]. Once a 

ubiquitinated protein is recognized by the proteasome, degradation initiates at a stretch of 

disordered amino acids within the substrate [1,4,15,26,42,83,104–108].  

The proteasome is composed of a cylindrical 20S Core Particle (CP) and a 19S 

Regulatory Particle (RP) that caps either or both ends of the CP [83]. Access to the 

proteolytic chamber in the CP is controlled by the RP, which recognizes substrates and 

transfers them to the CP for degradation. Substrates travel from the RP to the CP via the 

substrate translocation channel, a passage that, because it is narrow, allows entry of 

unfolded polypeptides but excludes folded domains. This channel within the RP and is 

formed by a heterohexameric ring of ATPases of the AAA+ family, known as Rpt1-Rpt6. 

At least three subunits of the RP recognize ubiquitin: Rpn10, Rpn13, and Rpn1 [56–
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58,109]. The degradation rates of ubiquitinated substrates typically show the strongest 

dependence on Rpn10, which is situated closest to the entrance of the substrate 

translocation channel. Rpn13 is located at the top of the RP, somewhat further from the 

entrance channel than Rpn10 [56,58,110], while Rpn1 is located on the opposite side of 

the entrance channel relative to Rpn10.  

Rpn10, Rpn13, and Rpn1 can also bind UBL domains of UBL-UBA proteins [56–

59]. UBL UBA proteins contain an N-terminal UBL domain connected by a flexible 

linker to one or more copies of a Ubiquitin-Associating (UBA) domain, which binds 

ubiquitin. Hence, UBL UBA proteins are thought to act as extrinsic substrate receptors by 

binding polyubiquitin through their UBA domain(s) and the proteasome through their 

UBL domain [26,60,68,106–108,111–115]. Some UBL-UBA proteins are required for 

the degradation of select natural proteins, though the mechanism of action remains 

unclear [98]. 

Recognition by ubiquitin receptors is not sufficient for substrate degradation. The 

proteasome must also physically engage the target protein at a segment of unstructured 

amino acids to initiate degradation [42,116]. This initiation region inserts into the 

substrate translocation channel and is engaged by hydrophobic pore loops (pore-1 loops) 

of the ATPase ring. The initiation region must be of the appropriate length and 

composition for effective degradation [8,9,15,95,117,118]. Initiation regions at the C-

terminus of a protein must be some 30 residues in length for efficient degradation, but 

internally located initiation regions must be much longer [15,42,95,104,116,117]. 

The proteasome must be able to precisely distinguish between its substrates and 

other ubiquitinated proteins in the cell to avoid promiscuous degradation. Intriguingly, 

ubiquitination and the presence of an initiation region do not always lead to rapid or 

efficient degradation [27]. How then does the proteasome select its substrates? Perhaps 



 83 

the arrangement of ubiquitin modification sites and the initiation region within some 

substrates prevents their simultaneous recognition by ubiquitin and initiation region 

receptors of the proteasome, preventing effective degradation [117]. The initiation region 

binding site is situated within the substrate translocation channel, while the three 

ubiquitin receptors of the RP are located at distinct distances and directions away from 

the channel [83,102]. It stands to reason that an initiation region must at least be long 

enough to bridge the distance between the entrance to the translocation channel and the 

pore loops for effective engagement.  

Here we determine how the position of the initiation region relative to a ubiquitin 

tag affects substrate selection by the proteasome by measuring the degradation of defined 

model substrates in which an initiation region is placed varying distances from the 

ubiquitin chain on the substrate. Our data suggest that the receptor that mediates substrate 

binding determines whether the proteasome can initiate degradation, presumably due to 

its distance from the pore loops within the substrate translocation channel. These 

observations provide new insight into the mechanism of substrate selection by the 

proteasome. 

RESULTS 

Ubiquitin chain length and initiation 

We first sought to determine how initiation region length affects the degradation 

of substrates possessing the canonical degradation-targeting signal (Ub4K48) [61]. To 

this end, we built substrates based on a central fluorescent protein domain (derived from 

GFP) with an N-terminal in-frame ubiquitin domain and a C-terminal initiation region 

(Fig 3.1a). We attached defined K48-linked ubiquitin chains to the N-terminal ubiquitin 

domain in purified base protein and measured fluorescence over time in the presence of 
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purified proteasome, as described previously (see methods) [27]. Here we refer to the 

initiation region as a tail because of its location at the C-terminus of the fluorescent 

model protein. Tails were either 18 or 38 amino acids in length (Table 3.3). RP and CP 

were affinity purified from Saccharomyces cerevisiae with high salt washes to remove 

co-purifying proteasome-interacting proteins [57]. The proteasome was reconstituted by 

mixing CP and RP in a 1:2 molar ratio. 

 

Tail 

Name 

Base 

Substrate 
Amino Acid Sequence 

Tail Length 

(amino acids) 

18 GFP PRLRYQPLLRSGRISPAE 18 aa 

38 GFP 
PRLRYQPLLRISQNCEAAILRASQTRLNTISGRIS

PAE 

38 aa 

96 GFP 

PRLRYQPLLRISQNCEAAILRASQTRLNTIGAYG

STVPRSQSFEQDSRQRTQSWTALRVGAIPAATS

SVAYLNWHNGQIDNEPQLDMNRQRISPAE 

96 aa 

Su9 YFP 
RMASTRVLASRLASQMAASAKVARPAVRVAQ

VSKRTIQTGSPLQTRAYSS 

49 aa 

SP25 YFP 
RSPESMREEYRKEGSPESMREEYRKEGSPESMR

EEYRKEGSPESMREEYRKEGSPESMREEYRKE 

65 aa 

19 YFP PRGLRYQPLLRSGRISPAE 19 aa 

Table 3.3: Amino acid sequences of initiation regions (i.e., tails) used in this study. 

 

In presence of excess proteasome, thus under single turnover conditions, substrate 

with the longer tail was degraded rapidly, whereas that with a short tail remained stable 

(Fig 3.1b,c), as observed previously [42,104,116,117]. Assuming that the initiation region 

is too short to reach the pore loops in the substrate translocation channel, it is possible 
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that increasing the length of the ubiquitin chain would change how the substrate binds 

Ub/UBL receptors, perhaps positioning the short tail for productive engagement by the 

proteasome. However, increasing the length of the ubiquitin chain from five to nine 

ubiquitin moieties did not enhance degradation of the short-tail substrate (Fig 3.1d,e). 

Interestingly, the longer ubiquitin chain reduced degradation of the longer-tail substrate, a 

pattern observed in previous steady-state experiments [27]. Thus, extending the ubiquitin 

chain does not compensate for a short initiation region. 

 

 

Figure 3.1: Ubiquitin chain length cannot compensate for initiation region length. 

(M) Schematic of in vitro ubiquitinated model substrates. Substrates consist of an N-

terminal in-frame ubiquitin domain (dark blue with orange center) that serves as the 

attachment point for ubiquitin chains of precise length, followed by a GFP domain 

(green), and a C-terminal initiation region referred to as a tail (red). 

(N) In vitro degradation kinetics of Ub5(K48)-tagged GFP substrates with 18 (red) or 38 

(blue) amino acid (aa) length tails under single turnover conditions (5 nM substrate, 
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25 nM wildtype proteasome) plotting substrate fluorescence as a percentage of the 

initial fluorescence as a function of time in minutes. No proteasome (no prot) control 

included. 

(O) Initial degradation rates of substrates with the indicated tail from B calculated by 

fitting kinetics to single exponential decay. 

(P) In vitro degradation kinetics of Ub9(K48)-tagged GFP substrates with 18 (red) or 38 

(blue) amino acid (aa) length tails under single turnover conditions (5 nM substrate, 

25 nM wildtype proteasome) plotting substrate fluorescence as a percentage of the 

initial fluorescence as a function of time in minutes. 

(Q) Initial degradation rates of substrates with the indicated tail from D calculated by 

fitting kinetics to single exponential decay. 

Data information: In (B,D), experiments were performed in triplicate, one representative 

kinetic experiment shown. In (C, E) data represent the mean from three experiments and 

error bars represent the standard deviations (SD). **** P < 0.0001 and *** P < 0.001 

(two-tailed unpaired t test). 

Proteasome types are described in Table 3.1. 

 

Strain 

Name 

Genotype Proteasome 

Label 

YYS40 * MAT α RPN11-FLAG::HIS3 RP (wildtype) 

YYS37 * MAT α PRE1-FLAG::HIS3 CP 

SY1962a MAT α RPN11-FLAG::HIS3 rpn1-AKAA-ARR::HGR 

rpn13-PRU::NATmx 

Rpn10  

SY1961a  MAT α RPN11-FLAG::HIS3 rpn1-AKAA-ARR::HGR 

rpn10-UIM::KANmx  

Rpn13  

SY1572b  MAT α RPN11-FLAG::HIS3 rpn10-UIM::KANmx rpn13-

PRU::NATmx 

Rpn1  

SY1960a MAT α RPN11-FLAG::HIS3 rpn1-AKAA-ARR::HGR 

rpn10-UIM::KANmx rpn13-PRU::NATmx UBP6-

pADH1-Ub::URAmx 

QM (quadruple 

mutant) 

BLS635 MAT a RPN11-FLAG::HIS3 rpn1-AKAA-ARR:: 

rpn13::KANmx4 

Rpn10 

(Rpn13∆) 

Table 3.1: Proteasome mutant yeast strains used in this study. 
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Moving the initiation region away from the ubiquitin chain 

We then asked whether moving the tail further from the ubiquitin chain by 

altering the base substrate itself would increase degradation. We inserted stable α-helices 

of varying length between GFP and the tail to move the tail further from the ubiquitin 

chain (Fig 3.2a).  

 

Figure 3.2: The initiation region must be placed at a distance from a ubiquitin chain to 

trigger efficient degradation. 

(A) Schematic of in vitro ubiquitinated model spacing substrates. Substrates contain an N-

terminal Ub5(K48) tag (dark blue circles), a C-terminal 15 tail (red), and varying 

amino acid (aa) lengths of α-helices inserted between the GFP and tail (dark green 

circles). The amino acid lengths of the α-helices used are shown as numbers.  

(B) In vitro degradation kinetics of spacing substrates from A under single turnover 

conditions (5 nM substrate, 25 nM wildtype (WT) proteasome) plotting substrate 

fluorescence as a percentage of the initial fluorescence as a function of time in 

minutes. The amino acid (aa) length of the α-helix is shown to the right of the 

corresponding curve.  

(C) Initial degradation rates of substrates from B calculated by fitting kinetics to single 

exponential decay or linear equation. Graph plots the rate as a function of amino acid 

length of the α-helix.  

Data information: In (B), experiments were performed in triplicate, one representative 

kinetic experiment shown. In (C) data are plotted as a mean calculated from at least three 

experiments +/- the SD.  
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These α-helices, referred to here as linkers, were derived from mouse myosin VI 

and were found to be stable even in isolation in the absence of stabilizing tertiary 

interactions [9,119]. Degradation of the substrates increased sharply with the addition of 

a linker of only 9 residues. Extension of the linker to 19 residues accelerated degradation 

further to its peak rate, after which lengthening the linker further to 30 residues or more 

suppressed degradation again. The linkers were not functioning as initiation regions since 

removing the tail inhibited degradation substantially (Fig 3.1.1a), presumably because the 

amino acid sequences of the linkers are charged and compositionally biased (Table 3.4), 

which prevents proteasomal recognition [9]. These results suggest that efficient 

degradation of a ubiquitinated substrate requires placing the initiation region at the right 

distance from the ubiquitin chain; as placing the ubiquitin chain too close or too far 

relative the initiation region strongly suppresses degradation. 
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Figure 3.1.1: The α-helices do not function as effective initiation regions 

(A) (Left) In vitro degradation kinetics of Ub5(K48)-tagged GFP substrate with the 30 

amino acid (aa) long α-helix linker and either a 15 (orange) or 0 aa length tail 

(yellow) under single turnover conditions (5 nM substrate, 25 nM wildtype (WT) 

proteasome). Substrate fluorescence is plotted as a percentage of the initial 

fluorescence as a function of time in minutes. No proteasome (no prot) control 

included. (Right) Initial degradation rates of substrates with the indicated tail 

calculated by fitting kinetics to single exponential decay. 

(B) (Left) In vitro degradation kinetics of UBL-tagged GFP substrate with the 56 amino 

acid (aa) long α-helix linker and either a 15 tail (blue) or 0 aa length tail (yellow) 

under single turnover conditions (5 nM substrate, 25 nM WT proteasome). Substrate 

fluorescence is plotted as a percentage of the initial fluorescence as a function of 

time in minutes. (Right) Initial degradation rates of substrates with the indicated tail 

calculated by fitting kinetics to single exponential decay. 

Data information: In (A,B), experiments were performed in triplicate, one representative 

kinetic experiment shown. In (A,B) rate data represent the means from three experiments 

and error bars represent the standard deviations (SD). **** P < 0.0001 and *** P < 0.001 

(two-tailed unpaired t test). 
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Helix 

Identification 

Amino Acid Sequence 

α9 EEEERRRQQ 

α19 EEEERRRQQEEEAERLRRI 

α30 EEEERRRQQEEEAERLRRIQEEMERERRRR 

α39 EEEERRRQQEEEAERLRRIQEEMERERRRREEDEERRRR 

α48 EEEERRRQQEEEAERLRRIQEEMERERRRREEDEERRRREEEERRMRL 

α56 EEEERRRQQEEEAERLRRIQEEMERERRRREEDEERRRREEEERRMRL

EMEARRRQ 

α64 EEEERRRQQEEEAERLRRIQEEMERERRRREEDEERRRREEEERRMRL

EMEARRRQEEEERRRR 

α70 EEEERRRQQEEEAERLRRIQEEMERERRRREEDEERRRREEEERRMRL

EMEARRRQEEEERRRREDDERR 

Table 3.4: Amino acid sequences of α-helices used in this study. 

Degradation of model substrates mediated by specific proteasomal ubiquitin 

receptors 

The three ubiquitin receptors of the RP are located at different distances and 

directions from the entrance to the substrate translocation channel, which houses the 

pore-1 loops responsible for engaging initiation regions (see discussion) [16,120–123]. 

Rpn10 is adjacent and closest to the translocation channel (65-95 Å from pore-1 loops), 

Rpn1 is located on the opposite side of the RP from Rpn10 (~100 Å from pore-1 loops), 

but at its outer surface furthest from the translocation channel, and Rpn13 is at the top of 

the RP at a somewhat shorter distance from the translocation channel than Rpn1 (~107 Å 

from pore-1 loops). Thus, the optimal linker length between ubiquitination site and 
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initiation region could be characteristic of the particular ubiquitin receptor, on the 

assumption that concurrent binding of the ubiquitin chain by the receptor and of the 

initiation region by the pore-1 loops is required for degradation.  To test this model, we 

engineered proteasomes in which only a single identified receptor was functional, thereby 

limiting substrate binding to one receptor. Each receptor was mutated so as to specifically 

abolish ubiquitin binding, using well-characterized substitution mutants: Rpn10 in its 

UIM element (rpn10-UIM) [68]; Rpn13 in its PRU domain  (rpn13-PRU) [56,58]; and 

Rpn1 in its T1 and T2 sites  (rpn1-ARR-AKAA) [57]. Here we refer to proteasomes by 

the single receptor that retains Ub/UBL binding (Table 3.1). Proteasomes in which 

ubiquitin binding to all three receptors is attenuated are called Quadruple Mutant (QM).  

Rpn10 and wildtype proteasomes degraded ubiquitinated substrates equally well 

(Compare Fig 3.3a and Fig 3.2b) suggesting that K48-linked ubiquitin chains targeted the 

substrates to degradation principally through Rpn10, consistent with previous findings 

[27]. Degradation was strongly reduced on Rpn13 proteasome (Fig 3.3b), Rpn1 

proteasome (Fig 3.3c), and QM proteasome (Fig 3.3d), though not completely abolished. 

The narrow width of the peak in degradation rates (Fig 3.3a) relative to linker length seen 

for degradation mediated by Rpn10 suggests that the spacing requirements are 

surprisingly well defined, considering that the UIM is thought to be flexibly connected to 

the proteasome. In the absence of Rpn10 Ub/UBL binding, the residual degradation 

appears less dependent on the linker length and spacing, perhaps because the residual 

degradation is mediated by multiple receptors with differing linker length optimal [124–

126]. 
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Figure 3.3: Optimal spacer lengths of proteasomal ubiquitin receptors 

(A-D) (Left) In vitro degradation kinetics of ubiquitinated model spacing substrates under 

single turnover conditions (5 nM substrate, 25 nM proteasome) by the indicated 

proteasome receptor mutant (Rpn10, Rpn13, Rpn1, QM). Graphs plot substrate 

fluorescence as a percentage of the initial fluorescence as a function of time in minutes. 

The amino acid (aa) length of the α-helix is shown to the right of the corresponding 

curve. (Right) Initial degradation rates of ubiquitinated spacing substrates from the left 
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calculated by fitting kinetics to single exponential decay or linear equation. Graphs plot 

the rate as a function of amino acid length of the α-helix.  

Data information: In (A-D, left), experiments were performed in triplicate, one 

representative kinetic experiment shown. In (A-D), rate data are plotted as a mean 

calculated from at least three experiments +/- the SD.  

Proteasome types are described in Table 3.1. 

 

Degradation of model substrates with an UBL tag 

UBL-UBA proteins are thought to function as extrinsic substrate receptors, and 

there are three in yeast (Rad23, Dsk2, Ddi1) [56–60,68,111–114]. They can bind all three 

ubiquitin receptors of the proteasome through their UBL domain and bind ubiquitin 

chains through their UBA domains. To investigate degradation of substrates targeted to 

the proteasome via UBL-UBA proteins while bypassing the complexities of protein 

complex formation, we fused the UBL domain from yeast Rad23 directly to the N-

terminus of GFP, and appended tails of 18 or 96 amino acids in length to the C-terminus 

(Fig 3.4a) (Table 3.3). As observed for substrate with ubiquitin chains, UBL substrate 

with the short tail resisted degradation whereas substrate with the longer tail was 

degraded readily (Fig 3.4b,c). We again moved the short tail away from the UBL tag by 

inserting linkers of increasing length after the GFP domain. At first, degradation 

accelerated slowly with linker length, but then increased sharply, peaking with a 56 

residue linker, before decreasing again (Fig 3.4e,f). The linkers themselves did not allow 

the proteasome to engage the substrates as shown by control experiments in which 

removing the tail inhibited degradation (Fig 3.1.1b).  
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Figure 3.4: Optimal spacer length of UBL-tagged substrates is much longer than that of 

ubiquitin-tagged substrates 

(A) Schematic of in vitro UBL model substrates. Substrates consist of the UBL domain of 

S. cerevisiae Rad23 (cyan with orange center) at the N-terminus, followed by a GFP 

domain (green), and a tail (red) at the C-terminus. 

(B) In vitro degradation kinetics of UBL-tagged GFP substrates with 18 (red) or 96 (blue) 

amino acid (aa) length tails under single turnover conditions (5 nM substrate, 25 nM 

wildtype (WT) proteasome) plotting substrate fluorescence as a percentage of the 

initial fluorescence as a function of time in minutes.  

(C) Initial degradation rates of substrates with the indicated tail from B calculated by 

fitting kinetics to single exponential decay.  

(D) Schematic of in vitro UBL model spacing substrates. Substrates contain an N-

terminal UBL tag (cyan circle), a C-terminal 18 tail (red), and varying amino acid 

(aa) lengths of α-helices inserted between the GFP and tail (dark green circles). The 

amino acid lengths of the α-helices used are shown as numbers. 
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(E) In vitro degradation kinetics of spacing substrates from E under single turnover 

conditions (5 nM substrate, 25 nM WT proteasome) plotting substrate fluorescence as 

a percentage of the initial fluorescence as a function of time in minutes. The amino 

acid length of the α-helix is shown to the right of the corresponding curve.  

(F) Initial degradation rates of substrates from E calculated by fitting kinetics to single 

exponential decay. Graph plots the rate as a function of amino acid length of the α-

helix.  

Data information: In (B,E), experiments were performed in triplicate, representative 

kinetic experiment shown. In (C), data represent the means calculated from three 

experiments. Error bars represent the standard deviations (SD). *** P < 0.001 (two-tailed 

unpaired t test). In (F), data are plotted as a mean calculated from at least three 

experiments +/- the SD.  

 

Degradation of UBL substrates required greater distance between the two parts of 

the degradation signal than the ubiquitin substrates. It also proceeded largely through 

different Ub/UBL receptors. Substrates with the UBL domain were degraded equally well 

on Rpn13 and wildtype proteasome (compare Fig 3.4e,f and Fig 3.5b), as expected [27], 

and degradation was strongly reduced on Rpn10 (Fig 3.5a) and QM (Fig 3.5d) 

proteasomes. The slow degradation by Rpn10 proteasome (Fig 3.5a) appeared to be 

mostly through residual binding to the mutated Rpn13, because deleting the Rpn13 

subunit entirely in the Rpn10 proteasome (i.e., Rpn10 (Rpn13∆)) reduced degradation 

further (Fig 3.1.2). The remaining degradation by Rpn10 (Rpn13∆) proteasome was 

likely due to the UBL domain binding the proteasome elsewhere because replacing the 

UBL domain with a protein of similar size but unrelated in sequence (Barstar) stabilized 

the substrate completely, even when all Ub/UBL binding sites were functional in 

wildtype proteasome (Fig 3.1.3). In comparison, Rpn1 proteasome degraded the UBL 

substrates almost as well as Rpn13 proteasome (Fig 3.5c), suggesting that Rpn1 can also 

serve as a UBL receptor for degradation. Degradation through Rpn13 and Rpn1 changed 

with separation between UBL domain and tail in similar ways, likely because the two 

receptors are located at similar distances from the pore-1 loops. 
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Figure 3.5: Degradation of UBL-tagged spacing substrates by proteasome receptor 

mutants reveals a preference for Rpn13 

(A-D) (Left) In vitro degradation kinetics of UBL spacing substrates under single 

turnover conditions (5 nM substrate, 25 nM proteasome) by the indicated proteasome 

receptor mutant (Rpn10, Rpn13, Rpn1, QM). Graphs plot substrate fluorescence as a 

percentage of the initial fluorescence as a function of time in minutes. The amino acid 

(aa) length of the α-helix is shown to the right of the corresponding curve. (Right) Initial 

degradation rates of UBL spacing substrates calculated by fitting degradation kinetics to 
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single exponential decay or linear equation. Graphs plot the rate as a function of amino 

acid length of the α-helix.  

Data information: In (A-D, left), experiments were performed in triplicate, one 

representative kinetic experiment shown. In (A-D, right), rate data are plotted as a mean 

calculated from at least three experiments +/- the SD.  

Proteasome types are described in Table 3.1. 

 

 

Figure 3.1.2: Degradation of UBL-tagged spacing substrates on Rpn10 only proteasome 

is due to residual binding to mutated Rpn13 

(Left) In vitro degradation kinetics of UBL spacing substrates under single turnover 

conditions (5 nM substrate, 25 nM proteasome) by Rpn10(Rpn13∆) proteasome. Graph 

plots substrate fluorescence as a percentage of the initial fluorescence as a function of 

time in minutes. The amino acid (aa) length of the α-helix is shown to the right of the 

corresponding curve. (Right) Initial degradation rates of UBL spacing substrates by the 

indicated proteasome were calculated by fitting kinetics to single exponential decay or 

linear equation. Graph plots the rate as a function of aa length of the α-helix.  

Data information: experiments were performed in triplicate, one representative kinetic 

experiment shown. Rate data are plotted as a mean calculated from at least three 

experiments +/- the SD.  

Proteasome types are described in Table 3.1. 
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Figure 3.1.3: Degradation of UBL-tagged substrate is due to UBL binding the proteasome 

In vitro degradation kinetics of model GFP substrates with the 56 amino acid (aa) length 

α-helix, 18 tail, and the indicated N-terminal domain under single turnover conditions (5 

nM substrate, 25 nM wildtype (WT) proteasome). Graph plots substrate fluorescence as a 

percentage of the initial fluorescence as a function of time in minutes. The N-terminal 

domain is shown to the right of the corresponding curve.  

Data information: experiment was performed in triplicate, one representative kinetic 

experiment shown. 

Degradation of model substrates in yeast 

We asked next whether the distance between the proteasome-binding tags and the 

initiation region also controlled degradation in cells. We expressed model substrates 

analogous to those used in the in vitro experiments, alongside a stable red fluorescent 

reference protein and followed degradation by monitoring the fluorescence signals 

originating from the substrate and reference protein in single yeast cells by flow 

cytometry. We measured degradation rates by stopping protein synthesis with 

cycloheximide and monitored steady state accumulation by calculating the ratio of 

substrate fluorescence to reference protein fluorescence, as done previously [9,118]. The 
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yeast model substrates contained YFP instead of GFP and the UBL substrates were 

otherwise identical (Fig 3.6c). The ubiquitinated substrates differed further as 

ubiquitination was induced by an N-end degron attached to the N-terminus [87,127] and 

so ubiquitin chains were attached on Lys residues in a 14-residue N-terminal tail attached 

to the YFP domain (Fig 3.6a). Nevertheless, degradation proceeded from the C-terminal 

tail as replacing a tail that is well recognized by the proteasome (Su9) with a tail that is 

poorly recognized (SP25) inhibited degradation (Fig. 3.1.4a) [9]. Degradation of the 

ubiquitinated substrate depended on UBR1, which encodes the N-end rule E3, and neither 

ubiquitin nor UBL substrate relied on the autophagy machinery (Fig 3.1.4b). 
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Figure 3.6: Observation of spacing differences in vivo 

(A,C) Substrate design of fluorescence-based degradation assay in S. cerevisiae. 

DsRedExpress2 (RFP), followed by a ribosome skipping sequence (P2A), and model 

YFP substrate are expressed from a single promoter (pTPI1) to ensure equal production 

of the RFP reference protein and the YFP model substrates.  

(A) Ubiquitinated model substrates consist of an N-terminal in-frame ubiquitin domain 

(dark blue), followed by a modified N-end rule degron Rkk (orange), YFP (yellow), and 

a C-terminal tail (red). Upon expression in yeast, the ubiquitin domain is cleaved by 

ubiquitin hydrolases, exposing the modified N-end rule degron Rkk. Ubiquitin ligases 

recognize the degron and then ubiquitinate the lysine residues within the Rkk, which 

targets the substrate to the proteasome.  
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(C) UBL model substrates consist of the UBL domain of S. cerevisiae Rad23 (cyan with 

orange center) at the N-terminus, followed YFP, and a C-terminal tail (red).  

(B,D) Yeast cells were treated with 125 µM cycloheximide to inhibit protein synthesis 

and YFP fluorescence was measured roughly every 20 minutes for approximately 120 

minutes.  

(B) (Left) In vivo degradation kinetics of ubiquitinated YFP spacing substrates. 

Fluorescence plotted as a fraction of the initial fluorescence as a function of time and 

fitted to a single exponential decay or linear equation to calculate degradation rates. The 

amino acid (aa) length of the α-helix is shown to the right of the corresponding curve. 

(Right) Initial degradation rates of ubiquitinated YFP spacing substrates calculated by 

fitting degradation kinetics to single exponential decay or linear equation. Graph plots the 

rate as a function of amino acid length of the α-helix 

(D) (Left) In vivo degradation kinetics of UBL YFP spacing substrates. (Right) Initial 

degradation rates of UBL YFP spacing substrates calculated by fitting degradation 

kinetics to single exponential decay or linear equation. Graph plots the rate as a function 

of amino acid length of the α-helix 

Data information: In (B,D), experiments were performed in triplicate, one representative 

kinetic experiment shown. Degradation rate data are plotted as a mean calculated from at 

least three experiments +/- the SD 

Yeast strains are described in Table 3.5. 

 

 

Figure 3.1.4: Model YFP proteins are proteasome substrates and degraded in a ubiquitin-

dependent and autophagy-independent manner 

(A) Corrected medians of cellular YFP fluorescence (median YFP/RFP values) 

representing steady-state degradation of yeast cultures expressing YFP substrates 
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targeted to the proteasome through an N-end degron (Rkk, dark blue) or UBL domain 

(cyan) with Su9 or SP25 tail. Proteasome substrates were expressed in the genetic 

background by4741 (WT, wild type) 

(B) Corrected medians of cellular YFP fluorescence (median YFP/RFP values) 

representing steady-state degradation of yeast cultures expressing YFP substrates 

targeted to the proteasome through an N-end degron (Rkk, dark blue) or UBL domain 

(cyan) with Su9 tail. Proteasome substrates were expressed in the genetic background 

by4741 with no additional mutations (WT, wild type), the open reading frame of 

UBR1 deleted (ubr1∆) to abolish ubiquitination by the N-end rule pathway, or the 

open reading frame of PEP4 deleted (pep4∆) to reduce proteolytic activity involved in 

autophagy. 

Data information: experiments were performed in triplicate. YFP/RFP ratios are plotted 

as a mean calculated from at least three experiments +/- the SD.  

Yeast strains are described in Table 3.5. 

 

Strain 

Name 

Genotype 

JBK 001 MATa ho::natMX6_pTPI1_DsRed_P2A_Ub-Rkk_N10SRR-Cd20-sYFP-19-

His6_tADH his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 002 MATa ho::natMX6_pTPI1_DsRed_P2A_Ub-Rkk_N10SRR-Cd20-sYFP-

ahelix09-19-His6_tADH his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 005 MATa ho::natMX6_pTPI1_DsRed_P2A_Ub-Rkk_N10SRR-Cd20-sYFP-

ahelix19-19-His6_tADH his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 006 MATa ho::natMX6_pTPI1_DsRed_P2A_Ub-Rkk_N10SRR-Cd20-sYFP-

ahelix30-19-His6_tADH his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 003 MATa ho::natMX6_pTPI1_DsRed_P2A_Ub-Rkk_N10SRR-Cd20-sYFP-

ahelix39-19-His6_tADH his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 004 MATa ho::natMX6_pTPI1_DsRed_P2A_Ub-Rkk_N10SRR-Cd20-sYFP-

ahelix48-19-His6_tADH his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 007 MATa ho::natMX6_pTPI1_DsRed_P2A_Ub-Rkk_N10SRR-Cd20-sYFP-

ahelix56-19-His6_tADH his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 008 MATa ho::natMX6_pTPI1_DsRed_P2A_Ub-Rkk_N10SRR-Cd20-sYFP-

ahelix64-19-His6_tADH his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 009 MATa ho::natMX6_pTPI1_DsRed_P2A_Ub-Rkk_N10SRR-Cd20-sYFP-

ahelix70-19-His6_tADH his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 010 MATa ho::natMX6_pTPI1_DsRed_P2A_Rad23-sYFP-19-His6_tADH his3Δ1 

leu2Δ0 met15Δ0 ura3Δ0 

JBK 011 MATa ho::natMX6_pTPI1_DsRed_P2A_Rad23-sYFP-ahelix09-19-His6_tADH 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 012 MATa ho::natMX6_pTPI1_DsRed_P2A_Rad23-sYFP-ahelix19-19-His6_tADH 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 013 MATa ho::natMX6_pTPI1_DsRed_P2A_Rad23-sYFP-ahelix30-19-His6_tADH 
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his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 014 MATa ho::natMX6_pTPI1_DsRed_P2A_Rad23-sYFP-ahelix39-19-His6_tADH 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 015 MATa ho::natMX6_pTPI1_DsRed_P2A_Rad23-sYFP-ahelix48-19-His6_tADH 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 016 MATa ho::natMX6_pTPI1_DsRed_P2A_Rad23-sYFP-ahelix56-19-His6_tADH 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 017 MATa ho::natMX6_pTPI1_DsRed_P2A_Rad23-sYFP-ahelix64-19-His6_tADH 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

JBK 018 MATa ho::natMX6_pTPI1_DsRed_P2A_Rad23-sYFP-ahelix70-19-His6_tADH 

his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 623 MATa [pBLS005] his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 742 MATa [pBLS005] pep4::kanMX4 his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 746 MATa [pBLS005] ubr1::kanMX4 his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 613 MATa [pBLS137] his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 744 MATa [pBLS137] pep4::kanMX4 his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 748 MATa [pBLS137] ubr1::kanMX4 his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 611 MATa [pBLS138] his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

BLS 617-1 MATa [pBLS047] his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

Table 3.5: Yeast strains used in this study. All strains made for this study 

 

In yeast, degradation was most effective when the tail and ubiquitination site were 

placed next to each other, and degradation was faster for substrate without an additional 

linker inserted after the YFP domain, and gradually decreased as linker length increased 

(Fig 3.6b). In vitro degradation was most efficient with a linker of 19 residues inserted 

after the fluorescent protein (Fig 3.2c) but note that the N-end degron used in the yeast 

substrates inserts eleven unstructured residues before the fluorescent domain, which may 

function similarly to the short linkers used in the in vitro model substrates by positioning 

the tail a bit further from the ubiquitination site. The geometry of the ubiquitin chain in 

the two substrates also differs in the attachment point itself, where the chain is attached to 

a Lys residue in a folded domain in vitro and to Lys residue in an unstructured region in 

yeast. 
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Substrates targeted to the proteasome with a UBL domain were poorly degraded 

without a linker (Fig 3.6d) and degradation rates steadily improved as linker length 

increased until it plateaued, and then sharply decreased as linkers were lengthened past 

56 residues. Substrates with very long linkers were degraded as poorly as substrate 

lacking any linker. Thus, degradation of  UBL substrates in cells again followed the same 

pattern as in vitro. Degradation in yeast was somewhat more tolerant to separation and 

proceeded similarly well with linkers between 19 and 56 residues in length, roughly 

translated to 28.5 and 84 Å in length, respectively. 

DISCUSSION 

Controlling protein concentration through the precisely targeted degradation via 

the UPS is central to the regulation of many processes such as cell cycle progression, 

DNA repair, signaling cascades, and others. The proteasome must be able to degrade 

almost any protein but do so in a highly selective manner. Proteasomal degradation 

requires localization of the target protein to the proteasome, typically through a ubiquitin 

chain conjugated to the target protein, as well as a disordered region within the target 

protein of appropriate length and amino acid composition [2,7,15,69]. However, 

ubiquitination is also involved in regulating nonproteolytic processes [128], and 

intrinsically disordered regions are found throughout the entire proteome. Therefore, if 

ubiquitination and the existence of a disordered region were the only requirements for 

proteasomal degradation, most cellular proteins could be subject to proteasomal 

degradation at any given time. Instead, proteins can escape degradation, even with 

ubiquitin modifications and disordered regions, suggesting the degradation-targeting code 

is more nuanced than currently defined [27,117]. Here, we investigated a steric 

requirement for the degradation signal in proteasomal degradation.  
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We find that the position of the ubiquitin modification in a protein relative to the 

initiation region modulates its degradation in vitro and in yeast. The reason is likely 

found in the structure of the proteasome itself and the location of the ubiquitin binding 

receptors on the proteasome relative to the ATPase ring, where disordered initiation 

regions are inserted and physically engaged by the pore-1 loops. Previous biochemical 

studies show initiation regions must be of a certain minimal length to target for 

degradation [8,9,42,116–118,129]. For instance, C-terminal initiation regions must be 

approximately 30 residues in length for effective degradation [15,42,116,117]. We find 

here that shorter initiation regions can trigger degradation if they are placed the required 

distance from a proteasome-binding tag. Thus, substrate degradation can be controlled by 

the spatial arrangement of the proteasome-binding tag and the initiation region on a 

protein.  

Ancillary cellular factors such as UBL-UBA proteins and Cdc48 are believed to 

function in the UPS [130–132]. UBL-UBA proteins are thought to shuttle substrates to 

the proteasome by binding ubiquitin chains and the proteasome through their UBA 

domain(s) and UBL domain, respectively [26,68,106–108,113–115,132,133]. The UBL 

and UBA domain(s) are connected through long flexible linkers, which likely allow the 

domains, and any bound proteins, to explore many orientations relative to each other, 

contrasting the relative spatial rigidity of the Ub/UBL receptors and pore-1 loop positions 

on the proteasome [8,134]. Thus, UBL-UBA proteins could loosen the strict initiation 

region and ubiquitin chain spacing requirements observed in vitro by positioning of 

substrates so that disordered regions are close to the entrance to the substrate channel and 

the pore-1 loops. Cdc48, a homohexameric AAA+ ATPase, is thought to work upstream 

of the proteasome by unfolding proteins prior to delivery to the proteasome [135,136]. 

Thus, in effect Cdc48 could lengthen the initiation region in substrates, allowing it to 
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reach the pore-1 loops regardless of the placement of the ubiquitin chain in the folded 

state of the substrate protein.  

Degradation of the fluorescent model substrates with different linkers followed 

similar patterns in vitro and in yeast (Figs 3.2, 3.4, and 3.6). The ubiquitin-dependent 

substrates both showed fastest degradation when the ubiquitin chain was close to the 

initiation region, whereas UBL substrates were degraded best when the initiation region 

was placed further from the UBL domain. The degradation profiles did differ in the 

details, most notably for the ubiquitinated substrates in which the constructs differed in 

the attachment sites of the ubiquitin chains. In addition, the peaks in degradation rates 

were noticeably broader in yeast than in vitro. Nevertheless, the fact that degradation of 

the substrates investigated here follows similar patterns in vitro and in yeast suggests that 

they interact directly with the proteasome, bypassing the accessory factors discussed 

above. We suspect that UBL-UBA proteins and Cdc48 did not recognize the model 

substrates because of some property of the ubiquitin chains such as their length [137], 

linkage, or branching pattern [28,64], or because they were not localized to the same 

subcellular location [138]. The mechanism by which such extrinsic cellular factors 

contribute to degradation of some natural proteins requires further investigation.  

The Ub/UBL binding sites of Rpn13 and Rpn1 are approximately 107 Å and 100 

Å away from the pore loops, which must engage the initiation region for degradation to 

proceed. The Ub/UBL binding site of Rpn10 has not been resolved, but the last resolved 

residue of the proteasome docked VWA domain of Rpn10 is 95 Å away from the pore-1 

loops. The Ub/UBL binding domain is connected to the VWA domain by a flexible 20 

amino acid long linker [110], which may allow the Ub/UBL binding domain to approach 

the pore-1 loops and decrease the separation by some 30 Å. Substrates targeted to the 

proteasome by K48 linked ubiquitin chains are recognized primarily through Rpn10 and 
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are degraded most rapidly when the ubiquitin chain is close to the initiation region. 

Substrates targeted to the proteasome by UBL domains are primarily recognized by 

Rpn13 and degraded most rapidly when the UBL domain is placed further from the 

initiation region compared to substrates with K48 linked ubiquitin chains. Thus, 

substrates targeted to the proteasome by ubiquitin chains and UBL domains require very 

different arrangements of proteasome-binding tag and initiation region for rapid 

degradation, probably because their Ub/UBL receptors on the proteasome are positioned 

at different distances form the pore-1 loops (Fig. 3.7).  
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Figure 3.7: Model illustrating how position of initiation region relative to a proteasome-

binding tag modulates engagement by the proteasome 

(A-D) Cartoon of the proteasome highlighting the three known ubiquitin receptors 

(yellow) and the pore loops within the translocation channel formed by the ATPase ring 



 108 

(pink) of the RP. Substrates with variously arranged proteasome-binding tag and 

initiation region (red) superimposed on proteasome. Ubiquitin chains shown in dark blue 

and UBL domain shown in cyan.  

(A) The initiation region of a ubiquitinated substrate is unable to reach the pore loops 

when bound to Rpn10. 

(B) Degradation of substrate from A can be achieved when the initiation region is placed 

a short distance from the ubiquitin chain and by proxy Rpn10.   

(C) The initiation region of a substrate targeted to the proteasome through a UBL domain 

is unable to reach the pore loops when bound to Rpn13. 

(D) Degradation of substrate from C can be achieved when the initiation region is placed 

a far distance from the UBL domain and by proxy Rpn13.   

 

The previously underappreciated importance of steric requirements in 

proteasome-mediated degradation has the potential to improve design of therapeutics that 

utilize the proteasome. Inducible degradation of endogenous cellular proteins has 

potential to address otherwise undruggable targets, offering new therapeutic applications 

[139–141]. PROTACs (PROteolysis-TArgeting Chimeras) are small heterobifunctional 

molecules that induce the degradation of a protein of interest (POI) through the UPS by 

combining an E3 ubiquitin ligase binding part and a POI binding part in the same 

molecule connected by a short linker [142,143]. Ubiquitination is induced when a 

PROTAC brings together the E3 ligase and the POI, leading to the POI’s ubiquitination 

and degradation by the proteasome. Although there are more than 600 E3 ligases in 

humans, only a handful of E3 ligases have been successfully leveraged by PROTACs to 

induce protein degradation. In some cases, PROTACs fail to induce degradation even 

when they are found to bind to both E3 and POI [39,144]. For example, a PROTAC 

recruiting the E3 ligase VHL was unable to induce the degradation of nonreceptor 

tyrosine kinases c-Abl and Arg despite formation of a stable ternary complex in cell 

extracts [144].  It is possible that the PROTACs formed complexes between E3s and 

POIs but either failed to successfully ubiquitinate the target, or that ubiquitination was 
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successful but led to the placement of the ubiquitin chain in a position that did not allow 

the proteasome to engage a disordered region in the POI when bound to a ubiquitin 

receptor on the proteasome. Therefore, keeping this limitation in mind could improve the 

design of PROTACs and expand the landscape of PROTAC-based therapies.  

Taken together, our data demonstrate that the proteasome can effectively degrade 

substrates with short initiation regions if they are positioned a certain distance from a 

ubiquitin chain. Moreover, this distance depends on which ubiquitin receptor mediates 

substrate recognition, likely due to the distance of the ubiquitin receptor to the pore loops 

which engage the initiation region. Our findings suggest that the ubiquitin chain and 

disordered region of substrates must be spatially compatible with the architecture of the 

proteasome to permit their productive engagement and degradation, and may explain why 

some proteins with a ubiquitin chain and initiation region are not successfully degraded 

by the proteasome. Understanding the mechanistic constraints that apply to the 

degradation-targeting signal and its relationship to the architecture of the proteasome 

sheds light on how the proteasome achieves highly precise substrate selection to maintain 

cellular functioning. At the same time, two targeting mechanisms with different structural 

requirements acting in tandem may provide a more robust proteasome function in the 

face of a highly heterogenous pool of substrates. 

MATERIALS AND METHODS 

Molecular Biology 

In Vitro Substrate Proteins 

Ub-GFP-tail and UBL-GFP-tail fusion constructs were described previously [27]. 

Ubiquitin containing constructs, from N- to C-terminus, consist of the coding sequence 
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for S. cerevisiae ubiquitin (Ub) with a G76V mutation, a GSGGSG linker, A. victoria 

circular permutant of superfolder GFP (CP8), a G linker, the first 15 or 35 amino acids 

from S. cerevisiae cytochrome b2 with lysine residues replaced by arginine, and a 6xHis 

tag. Ubiquitin-like domain (UBL) containing constructs were made by replacing the Ub 

coding region of the Ub-GFP-tail constructs with the first 80 amino acids of S. cerevisiae 

Rad23. UBL constructs, from N- to C-terminus, consist of UBL derived from Rad23, a 

GSGGSG linker, A. victoria circular permutant of superfolder GFP (CP8), a G linker, the 

first 15 or 95 amino acids from S. cerevisiae cytochrome b2 with lysine residues replaced 

by arginine, and a 6xHis tag. Ub-GFP-α-helix-tail and UBL-GFP-α-helix-tail fusion 

constructs were made by inserting a TS linker, an ER/K α-helix motif of specified amino 

acid length, followed by a GALM linker between the GFP domain and the tail in the Ub-

GFP-tail and UBL-GFP-tail constructs, respectively.  Ub-GFP-α-helix(30) was made by 

removing the tail from Ub-GFP-α-helix(30)-15 and leaving the C-terminal 6xHis tag. 

UBL-GFP-α-helix(56) was made by removing the tail and 6xHis tag from UBL-GFP-α-

helix(56)-15 and moving the 6xHis tag to the N-terminus. Barstar-GFP-α-helix(56)-15 

was made by replacing the UBL domain of UBL-GFP-α-helix(56)-15 with the coding 

region from E. coli Barstar protein. All α-helix constructs lacked the C-terminal E244 in 

GFP to reduce electrostatic interactions between GFP and the Glutamic acid/Glu/E rich 

α-helix motif. The α-helices were derived from Mus musculus myosin VI [119]. Amino 

acid sequences of tails and α-helices used in this study are indicated in Table 3.3 and 

Table 3.4, respectively. Plasmids used in this study are shown in Table 3.2. 

 

Plasmid 

ID 

Number 

Protein Vector Function/Use/purpose 
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pCD#018 Ub-CP8-35-His6 pET-3a Proteasome substrate 

pCD#023 Ub-CP8-15-His6 pET-3a Proteasome substrate 

pCD#024 Ub-CP8-α9-15-His6 pET-3a Proteasome substrate 

pCD#025 Ub-CP8-α19-15-His6 pET-3a Proteasome substrate 

pCD#041 Ub-CP8-α30-15-His6 pET-3a Proteasome substrate 

pCD#049 Ub-CP8-α39-15-His6 pET-3a Proteasome substrate 

pCD#051 Ub-CP8-α48-15-His6 pET-3a Proteasome substrate 

pCD#053 Ub-CP8-α56-15-His6 pET-3a Proteasome substrate 

pCD#055 Ub-CP8-α64-15-His6 pET-3a Proteasome substrate 

pCD#026 Ub-CP8-α70-15-His6 pET-3a Proteasome substrate 

pCD#073 Ub-CP8-α30-His6 pET-3a Proteasome substrate 

pCD#071 UBL(80)-CP8-35-His6 pET-3a Proteasome substrate 

pCD#077 UBL(80)-CP8-15-His6 pET-3a Proteasome substrate 

pCD#078 UBL(80)-CP8-α9-15-His6 pET-3a Proteasome substrate 

pCD#079 UBL(80)-CP8-α19-15-His6 pET-3a Proteasome substrate 

pCD#080 UBL(80)-CP8-α30-15-His6 pET-3a Proteasome substrate 

pCD#081 UBL(80)-CP8-α39-15-His6 pET-3a Proteasome substrate 

pCD#082 UBL(80)-CP8-α48-15-His6 pET-3a Proteasome substrate 

pCD#083 UBL(80)-CP8-α56-15-His6 pET-3a Proteasome substrate 

pCD#084 UBL(80)-CP8-α64-15-His6 pET-3a Proteasome substrate 

pCD#085 UBL(80)-CP8-α70-15-His6 pET-3a Proteasome substrate 

pCD#112 His6-UBL(80)-CP8-α56 pET-3a Proteasome substrate 

pCD#037 Ube1 pET28 Ubiquitin chain 

synthesis 
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pCD#013 E2-25K pGEX-

6P-1 

Ubiquitin chain 

synthesis 

pCD#004 Ubiquitin (wildtype) pET-3a Ubiquitin chain 

synthesis 

pCD#030 His6-HRV3C-Ub(K48R) pET-3a Ubiquitin chain 

synthesis 

pCD#017 His6-HRV3C Protease pETDuet His-tag cleavage 

pCD#016 GST-HRV3C Protease pGEX-

4T-1 

GST-tag cleavage 

pBLS005 pTPI1_4A_DsRed_P2A_Ub-

Rkk_N10SRR-C 20-sYFP-

Su9_tADH 

YCplac33 In vivo proteasome 

substrate plasmid 

pBLS137 pTPI1_4A_DsRed_P2A_UBL(80)-

sYFP-Su9_tADH 

YCplac33 In vivo proteasome 

substrate plasmid 

pBLS138 pTPI1_4A_DsRed_P2A_UBL(80)-

sYFP-SP25_tADH 

YCplac33 In vivo proteasome 

substrate plasmid 

pBLS047 pTPI1_4A_DsRed_P2A_Ub-

Rkk_N10SRR-C 20-sYFP-

SP25_tADH 

YCplac33 In vivo proteasome 

substrate plasmid 

Table 3.2: Plasmids used in this study 

 

Protein Expression and Purification 

In Vitro Substrate Proteins 

His-tagged GFP containing protein variants were purified as previously described 

[27], with modifications. Substrate constructs were purified via immobilized metal 

affinity chromatography through a C-terminal 6xHis-tag by gravity purification. Proteins 

were expressed in E. coli Rosetta (DE3)pLysS (Novagen) cells from pET3a-derived 
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plasmids. A starter culture was inoculated in 25 mL of 2xYT media with 100 ug/mL 

ampicillin and 34 ug/mL chloramphenicol and grown to OD600 of ~ 0.5 at 37 ̊C then 

stored at 4 ̊C overnight. The starter culture was diluted 1:100 and grown in 2 L of 2xYT 

media with 100 ug/mL ampicillin and 34 ug/mL chloramphenicol to OD600 of ~ 0.5 at 

37 ̊C. Culture was then cooled to 16 ̊C and induced with 0.4 mM dioxane-free isopropyl 

B-D-1-thiogalactopyranoside (IPTG) (Calbiochem) overnight at 16 ̊C. Cells were 

harvested by centrifugation at 5,000xg for 10 min, resuspended in ~30 mL of NPI-10 (10 

mM imidazole, 50 mM phosphate buffer pH 8, 300 mM NaCl), and stored at -80C. For 

purification, cold NPI-10 buffer was added up to 50 mL. Cells were supplemented with 

1X Protease Inhibitor Cocktail Set V EDTA-Free (Calbiochem), 10 mM MgCl2, and 

DNase I (MP Biomedical) and thawed in a room temperature water bath. Cells were then 

lysed between 10,000 and 15,000 psi in a high-pressure homogenizer (EmulsiFlex-C3 

homogenizer, Avestin) for 10 minutes at 4 ̊C. Lysate was cleared by centrifugation at 

38,400xg for 20 min at 4 ̊C. Clarified lysate was then filtered through a 0.45 µm syringe 

filter and mixed with 2 mL of washed TALON® Metal Affinity Resin beads (Takara). 

The mixture was allowed to bind under nutation at 4 ̊C for 1 hr. The mixture was poured 

into a PD-10 column and allowed to settle by gravity. The column was washed once with 

5 CV (column volume) of NPI-10 and once with 10 CV of NPI-35 (35 mM imidazole, 50 

mM phosphate buffer pH 8, 300 mM NaCl). Protein was eluted three times with 1 CV of 

NPI-250 (250 mM imidazole, 50 mM phosphate buffer pH 8, 300 mM NaCl). The eluate 

was concentrated between 1 and 1.5 mL and buffer exchanged in an Amicon Ultra 

Centrifugation filter with a 10 kDa cutoff into 50 mM TrisHCl of pH at least 1 unit above 

pI of the protein, 50 mM NaCl, and 0.5 mM DTT. Protein concentration was determined 

by Pierce Assay. Glycerol was added to 5%, protein aliquoted, flash frozen using liquid 

nitrogen, and stored at -80 ̊C. Purity was assessed by SDS-PAGE analysis. Proteins with 
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95 amino acid length initiation regions were purified as described above expect with the 

addition of 1 mM PMSF to thawed cells. 

Ubiquitin and Ubiquitin Variants 

His6-HRV3C-Ub(K48R) was purified as described previously [27] by 

immobilized metal affinity chromatography through an N-terminal 6xHis-tag using a 

HisTrap FF Crude 5 mL column (GE) on an FPLC system (AKTAPurifier). Protein was 

expressed and lysed as described above for substrate constructs. Lysate was cleared by 

centrifugation at 38,400xg for 20 min at 4 ̊C two times. Clarified lysate was then filtered 

through a 0.45 µm syringe filter and applied to a 5 mL HisTrap FF Crude column on an 

FPLC system at a rate of 3 mL/min. The column was washed with 5 CV of NPI-10, 

washed with 10 CV of NPI-20 (20 mM imidazole, 50 mM phosphate buffer pH 8, 300 

mM NaCl), and protein eluted with 10 CV of NPI-250 in 2 mL fractions. Fractions 

containing protein were pooled, concentrated between 1 and 2 mL, and buffer exchanged 

in an Amicon Ultra Centrifugation filter with a 3 kDa cutoff into 50 mM TrisHCl pH 7.6 

and 50 mM NaCl. Protein concentration was determined by Pierce Assay. The protein 

was aliquoted, flash frozen using liquid nitrogen, and stored at -80 C̊. Purity was assessed 

by SDS-PAGE analysis.  

Ubiquitin (S. cerevisiae) was purified using published methods [145] by cation 

exchange chromatography using a Resource S 6 mL column (GE) on an FPLC system 

(AKTAPurifier). Ubiquitin was expressed as described above except that the 2 L culture 

was induced with 0.4 mM dioxane-free isopropyl B-D-1-thiogalactopyranoside (IPTG) 

(Calbiochem) for four hrs at 37 ̊C. Cells were harvested by centrifugation at 5,000xg for 

10 min, resuspended in ~30 mL of 50 mM TrisHCl pH 7.6 and stored at -80 ̊C. For 

purification, cold 50 mM TrisHCl pH 7.6 was added up to 50 mL. Cells were 
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supplemented with 1X Protease Inhibitor Cocktail Set V EDTA-Free (Calbiochem), 10 

mM MgCl2, and DNase I (MP Biomedical) and thawed in a room temperature water 

bath. Cells were then lysed between 10,000 and 15,000 psi in a high-pressure 

homogenizer (EmulsiFlex-C3 homogenizer, Avestin) for 10 minutes. Lysate was cleared 

by centrifugation at 38,400xg for 20 min at 4 ̊C. Perchloric acid was added to clarified 

lysate (0.5% (v/v)) and precipitated proteins removed by centrifugation at 38,400xg for 

20 min at 4 ̊C. Supernatant was dialyzed against 2 L of 50 mM ammonium acetate pH 4.5 

at 4 ̊C for four hours in SnakeSkin® dialysis tubing with a 3.5 kDa cutoff 

(ThermoScientific). Dialysis was repeated in 2 L of fresh buffer overnight at 4 ̊C. The 

dialysate was filtered through a 0.45 µm syringe filter then applied to a Resource S 6 mL 

column (GE). Column was washed with 5 CV of 50 mM ammonium acetate pH 4.5 and 

ubiquitin eluted by applying a linear gradient of 0 to 500 mM NaCl in 50 mM ammonium 

acetate pH 4.5 over 20 CV in 2 mL fractions. Fractions containing ubiquitin were pooled, 

concentrated between 1 and 2 mL, and buffer exchanged in an Amicon Ultra 

Centrifugation filter with a 3 kDa cutoff into 50 mM TrisHCl pH 7.6 and 50 mM NaCl. 

Concentration was determined by Pierce Assay, protein aliquoted, flash frozen using 

liquid nitrogen, and stored at -80 ̊C. Purity was assessed by SDS-PAGE analysis. 

Ubiquitination enzymes 

Ube1 (Mus musculus) was purified as described previously [146] by immobilized 

metal affinity chromatography through an N-terminal 6xHis-tag by gravity purification 

with some modifications described. Ube1 was expressed in E. coli Rosetta (DE3)pLysS 

(Novagen) cells from a pET28-derived plasmid. A starter culture was inoculated in 50 

mL of LB media with 25 ug/mL kanamycin and 34 ug/mL chloramphenicol and grown to 

OD600 of ~ 0.6 at 37 ̊C then stored at 4 ̊C overnight. The starter culture was diluted 
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1:200 and grown in 1 L of LB media with 25 ug/mL kanamycin and 34 ug/mL 

chloramphenicol to OD600 of ~ 0.6 at 37 ̊C. Culture was then cooled to 16 ̊C and induced 

with 0.5 mM dioxane-free isopropyl B-D-1-thiogalactopyranoside (IPTG) (Calbiochem) 

overnight at 16 ̊C. Cells were harvested by centrifugation at 5,000xg for 10 min, 

resuspended in ~30 mL of NPI-10 and stored at -80 C̊. For purification, cold NPI-10 was 

added to 50 mL. Cells were supplemented with 0.1% TritonX-100, 1 mM DTT, 1X 

Protease Inhibitor Cocktail Set V EDTA-Free (Calbiochem), 10 mM MgCl2, and DNase 

I (MP Biomedical) and thawed in a room temperature water bath. Cells were then lysed 

between 10,000 and 15,000 psi in a high-pressure homogenizer (EmulsiFlex-C3 

homogenizer, Avestin) for 10 minutes at 4 ̊C. Lysate was cleared by centrifugation at 

38,400xg for 20 min at 4 ̊C. Clarified lysate was then filtered through a 0.45 µm syringe 

filter and mixed with 1.5 mL of washed Ni-NTA Agarose beads (Qiagen). The mixture 

was allowed to bind under nutation at 4 ̊C for 2 hr. The mixture was poured into a PD-10 

column and allowed to settle by gravity. The column was washed three times with 10 CV 

of NPI-10, once with 10 CV of NPI-20, and eluted three times with 1 CV of NPI-250. 

The eluate was concentrated to ~1.0 mL and buffer exchanged in an Amicon Ultra 

Centrifugation filter with a 30 kDa cutoff into 10 mM TrisHCl pH 8, 1 mM EDTA, and 1 

mM DTT. Protein concentration was determined by Pierce Assay and assumed 40% pure 

as described in published protocols (Carvalho et al, 2012). Protein was aliquoted, flash 

frozen using liquid nitrogen, and stored at -80 ̊C.  

E2-25K (Homo sapiens) was purified by affinity chromatography as a GST-fusion 

protein by gravity purification and GST-tag removed by GST-HRV3C protease as 

described by the published protocol (Cannon et al, 2015) with some modifications. E2-

25K was expressed in E. coli Rosetta (DE3)pLysS (Novagen) cells from a pGEX-6P-1-

derived plasmid. A starter culture was inoculated in 25 mL of 2xYT media with 100 
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ug/mL ampicillin and 34 ug/mL chloramphenicol and grown to OD600 of ~ 0.6 at 37 C̊ 

then stored at 4 ̊C overnight. The starter culture was diluted 1:100 and grown in 2 L of 

2xYT media with 100 ug/mL ampicillin and 34 ug/mL chloramphenicol to OD600 of ~ 

0.6 at 37 ̊C. Culture was then cooled to 16 ̊C and induced with 0.4 mM dioxane-free 

isopropyl B-D-1-thiogalactopyranoside (IPTG) (Calbiochem) overnight at 16 ̊C. Cells 

were harvested by centrifugation at 5,000xg for 10 min, resuspended in ~30 mL of 1X 

PBS and stored at -80 ̊C. For purification, cold 1X PBS was added to 50 mL. Cells were 

supplemented with 1% TritonX-100, 1 mM DTT, 1X Protease Inhibitor Cocktail Set V 

EDTA-Free (Calbiochem), 10 mM MgCl2, and DNase I (MP Biomedical) and thawed in 

a room temperature water bath. Cells were then lysed between 10,000 and 15,000 psi in a 

high-pressure homogenizer (EmulsiFlex-C3 homogenizer, Avestin) for 10 minutes at 4 ̊C. 

Lysate was cleared by centrifugation at 38,400xg for 20 min at 4 C̊. Clarified lysate was 

then filtered through a 0.45 µm syringe filter and mixed with 2.5 mL of washed 

Glutathione Sepharose 4B beads (GE). The mixture was allowed to bind under nutation at 

4 ̊C for 2 hr. The mixture was poured into a PD-10 column and allowed to settle by 

gravity. The column was washed three times with 10 CV of 1X PBS supplemented with 1 

mM DTT then washed once with 10 CV of GST HRV3C cleavage buffer (150 mM NaCl, 

50 mM TrisHCl pH 7.4, 1 mM EDTA, 1 mM DTT). The column was filled with GST 

HRV3C cleavage buffer and incubated with GST-HRV3C Protease overnight at 4 ̊C. E2-

25K was eluted twice with 3 CV of GST HRV3C cleavage buffer. Eluate was 

concentrated between 1 and 1.8 mL and buffer exchanged in an Amicon Ultra 

Centrifugation filter with a 10 kDa cutoff into 50 mM TrisHCl pH 7.6, 50 mM NaCl, and 

0.5 mM DTT. Protein concentration was determined by Pierce Assay. Glycerol was 

added to 5%, protein aliquoted, flash frozen using liquid nitrogen, and stored at -80 ̊C. 

Purity was assessed by SDS-PAGE analysis. 
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Affinity Tag Protease 

His6-HRV3C Protease was purified by immobilized metal affinity 

chromatography through an N-terminal 6xHis-tag by gravity purification. Protein was 

purified as described above for His-tagged substrate constructs. 

Ubiquitin Chain Synthesis 

Ub4(K48) and Ub8(K48) ubiquitin chains were generated using enzymes that are 

part of the natural synthesis machinery and purified following the published protocols 

[27,147] as described below. Chains were synthesized from a mixture of wildtype 

ubiquitin and an N-terminally 6xHis-tagged ubiquitin in which lysine residue 48 was 

mutated to arginine so chain synthesis terminated with the His-tagged ubiquitin molecule. 

Polyubiquitin chains of different lengths were then isolated in three steps: an initial 

enrichment using the N-terminal 6xHis-tag (elution with His6-HRV3C protease) was 

followed by purification on a cation exchange column (Resource S) using a linear salt 

gradient and finally size exclusion chromatography (Superdex 75). 

K48-linked ubiquitin chains were generated using H. sapiens ubiquitin-

conjugating enzyme E2 25K together with the M. musculus ubiquitin activating enzyme 

(E1) Ube1 acting on a mixture of wildtype S. cerevisiae ubiquitin and a mutant of S. 

cerevisiae ubiquitin carrying the mutation K48R and an N-terminal 6xHis-tag attached 

through a linker containing a HRV3C protease cleavage site (His-HRV3C-Ub(K48R)). 

Chains of four ubiquitin moieties in length were synthesized by incubating 7.5 mg mL−1 

wildtype ubiquitin and 7.5 mg mL−1 His HRV3C-Ub(K48R), in one-fifth volume of 

PBDM8 buffer (250 mM Tris-HCl pH 8.0, 25 mM MgCl2, 50 mM creatine phosphate, 3 

units mL−1 inorganic pyrophosphatase, 3 units mL−1 creatine phosphokinase), 2.5 mM 

ATP, and 0.5 mM DTT, with 30 μM E2-25K, and 0.4 μM E1 at 37 ̊C overnight. The 



 119 

reactions were quenched with 5 mM DTT and aggregates were removed by 

centrifugation at 15,000 x g for 5 min at 4 ̊C. The supernatants were then diluted with an 

equal volume of NPI-10, 1 mL of washed Ni-NTA beads (Qiagen catalog no. 30210) 

were added for each 50 mg of total ubiquitin in the reaction, and the mixtures were 

allowed to bind under nutation at 4 °C for 1 h. The mixture was then poured into an 

empty PD-10 column and allowed to settle by gravity. The column was washed twice 

with 10 CV of NPI-10, followed by 10 CV of HRV3C cleavage buffer (50 mM Tris HCl 

pH 7.4, 150 mM NaCl, 1 mM DTT). His6-HRV3C protease in HRV3C cleavage buffer 

was then added to the column, the column capped and nutated overnight at 4 ˚C. Finally, 

the chains were eluted with 1 CV HRV3C cleavage buffer. For the next purification step 

by cation exchange chromatography, the eluate was acidified by the addition of 0.03 

volumes of 2 N acetic acid to a pH of 4 and loaded on to 6 mL Resource S (GE catalog 

no. 17-1180-01) in a Tricorn column equilibrated with 50 mM ammonium acetate pH 4.5. 

The column was washed with 2 CV of 50 mM ammonium acetate pH 4.5 and the chains 

were eluted in the same buffer with a NaCl gradient as follows: 1 CV of 0 to 200 mM 

NaCl, 25 CV of 200 to 450 mM NaCl, and 1 CV of 450 to 1000 mM NaCl in 50 mM 

ammonium acetate pH 4.5, taking 2 mL fractions. The peak containing the chains of the 

desired length was concentrated to 0.5 mL using an Amicon Ultra Centrifugation filter 

with a 3 kDa molecular weight cutoff. The chains were purified further on a Superdex Hi-

Load 75-pg (GE catalog no. 28-9893-33) column at a rate of 0.25 mL min−1 in ubiquitin 

size exclusion buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.6, 0.5 mM EDTA), 

collecting 2 mL fractions. Fractions containing chains of the desired length were 

concentrated and exchanged into 50 mM Tris-HCl pH 7.6 using an Amicon Ultra 

Centrifugation filter with a 3 kDa molecular weight cutoff. Chain concentration was 
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determined by Pierce Assay. Protein was aliquoted, flash frozen using liquid nitrogen, 

and stored at -80 ̊C. Purity was assessed by SDS-PAGE analysis. 

Ubiquitinated Substrate Synthesis 

Ubiquitinated substrates were generated following the published protocol [27]. 

Polyubiquitin chains were attached to the ubiquitin domain in the target protein using the 

same enzymes used to create the polyubiquitin chains. After incubation with enzymes 

and free ubiquitin chains, the reaction was quenched with 5 mM DTT and aggregates 

were removed by centrifugation at 15,000 x g for 5 min at 4 °C. Base protein was 

separated from unreacted ubiquitin chains and enzymes by nickel affinity 

chromatography using the C-terminal His-tag on the base protein. The reaction was 

mixed with 1.5 mL of washed Ni-NTA Agarose beads (Qiagen). The mixture was 

allowed to bind under nutation at 4 ̊C for 1 hr. The mixture was poured into a PD-10 

column and allowed to settle by gravity. The column was washed once with 5 CV of 

NPI-10 and once with 10 CV of NPI-20. Protein was eluted three times with 1 CV of 

NPI-250. Finally, modified and unmodified base protein were separated by size exclusion 

chromatography. The eluate from the nickel column was concentrated to 0.5 mL using an 

Amicon Ultra Centrifugation filter with a 30 kDa molecular weight cutoff and applied to 

a Superdex Hi-Load 200-pg (GE catalog no. 28-9893-35) column at a flow rate of 0.25 

mL min−1 in ubiquitin size exclusion buffer supplemented with 1 mM DTT, collecting 2 

mL fractions. Fractions containing ubiquitinated substrate were pooled, concentrated, and 

buffer exchanged into 50 mM Tris-HCl pH 7.6 and 0.5 mM DTT using an Amicon Ultra 

Centrifugation filter with a 30 kDa molecular weight cutoff. Protein concentration was 

determined by Pierce Assay. Glycerol was added to 5%, protein aliquoted, flash frozen 

using liquid nitrogen, and stored at -80 ̊C. Purity was assessed by SDS-PAGE analysis. 
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Proteasome Purification 

Proteasome was purified from S. cerevisiae following published protocols [148] 

with modifications described below. The Core Particle (CP) and Regulatory Particle (RP) 

of the proteasome were purified separately using 3xFLAG tags fused to Pre1 and Rpn11, 

respectively. The CP was purified from YYS37 and the regulatory particles were purified 

from strains indicated in Table 3.1. Strains created for this study were constructed using 

standard methods described [57] and are isogenic SUB61 (MAT α lys2-801 leu2-3,2-112 

ura3-52 his3-Δ200 trp1-1(am) [149].  

Starter yeast cultures were inoculated into 5 mL of YPD with 2% glucose and 

grown for 24 hrs at 30 ̊C. Culture was diluted 1:100 into 2 L of YPD with 2% glucose 

and grown to OD600 ~ 2 at 30 ̊C. Cells were centrifuged at 5,000xg for 10 min, washed 

with cold water, and centrifuged again at 5,000xg for 10 min. Cells were then washed in 

1X Buffer A (50 mM TrisHCl pH 7.6, 5% glycerol), centrifuged at 5,000xg for 10 min, 

and stored at -80 ̊C. For purification, cells were resuspended in ARS Wash Buffer (50 

mM TrisHCl pH 7.6, 5% glycerol, 1 mM ATP, 10 mM MgCl2, 1 mM DTT, 20 mM 

creatine phosphate, 0.02 mg/mL creatine phosphokinase). Cells were lysed between 

25,000 and 30,000 psi in a high-pressure homogenizer (EmulsiFlex-C3 homogenizer, 

Avestin) for 10 minutes at 4 ̊C. Lysates were clarified by centrifuging at 30,000xg for 30 

min at 4 ̊C. Clarified lysate was filtered with a 0.45 µm filter syringe then supplemented 

with 5 mM ATP, 10 mM creatine phosphate, and 0.01 mg/mL creatine phosphokinase. 

Supplemented lysate was then mixed with 1 mL of pre-washed anti-FLAG M2 agarose 

beads (Sigma) and allowed to bind under nutation at 4 ̊C for 2 hrs. The mixture was then 

collected in a PD-10 column and allowed to settle by gravity. The column was washed 

twice with 15 CV of ATP Wash Buffer (50 mM TrisHCl pH 7.6, 5% glycerol, 2 mM 

ATP, 5 mM MgCl2, 1 mM DTT) then once with ATP500 buffer (50 mM TrisHCl pH 
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7.6, 5% glycerol, 2 mM ATP, 5 mM MgCl2, 1 mM DTT, 500 mM NaCl). The column 

was filled with ATP500 buffer, capped, and nutated for 1 hr at 4 ̊C. Mixture was allowed 

to settle by gravity, washed twice with 15 CV of ATP500 buffer, washed twice with 15 

CV of ATP Wash Buffer, and excess buffer was removed by centrifuging at 500xg for 5 

sec. Column was incubated with 0.75 mL of Elution Buffer (0.15 mg/mL 3xFLAG 

peptide in ATP Wash Buffer) for 20 min at room temperature and proteasome eluted by 

centrifuging at 500xg for 5 sec. A second elution was performed using 0.5 mL Elution 

Buffer, and the two elutions were pooled. Concentration was determined by Pierce 

Assay. The concentration of the Elution Buffer was subtracted from the concentration of 

the pooled eluates to determine the proteasome concentration. Eluate was aliquoted, flash 

frozen in liquid nitrogen, and stored at -80 ̊C. Proteasome composition and purity was 

assessed by SDS-PAGE analysis. 

Kinetic Plate Reader Degradation Assays 

Single turnover degradation assays were performed as previously described [27] 

with modifications. In short, 25 nM reconstituted proteasome was presented to 5 nM 

purified substrates in the presence of an ATP Regeneration System (ARS) at 30 ̊C in 384-

well plates (flat bottom, low flange, non-binding, black, Corning). 

Proteasomes were first reconstituted in a 1:2 ratio at twice that of the final 

concentration by incubating 50 nM CP and 100 nM RP in presence of 2X ARS (2 mM 

ATP, 20 mM creatine phosphate, 0.2 mg/mL creatine phosphokinase), 1X Degradation 

Buffer (50 mM TrisHCl pH 7.6, 5 mM MgCl2, 1% glycerol), and 8 mM DTT at 30 ̊C for 

30 min. Substrates were diluted to twice that of the final concentration (i.e., 10 nM) using 

protein buffer (4 mg/mL BSA, 1X Degradation Buffer, 100 mM NaCl). Reactions were 

initiated by mixing 20 µL of proteasome mixture with 20 µL of substrate mixture. Thus, 
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final reactions contained 25 nM proteasome and 5 nM substrate in 1X ARS (1 mM ATP, 

10 mM creatine phosphate, 0.1 mg/mL creatine phosphokinase), 4 mM DTT, 1X 

Degradation Buffer, 2 mg/mL BSA, and 50 mM NaCl.  

Substrate fluorescence (488 nm excitation, 520 nm emission) was measured every 

60 seconds for 90 minutes in a plate reader (Infinite M1000 PRO, Tecan). Background 

(average fluorescence of well containing everything except substrate) was subtracted 

from proteasome containing reactions and fluorescence plotted as a function of time. 

Likewise, background (average fluorescence of well containing everything except 

substrate and proteasome) was subtracted from reactions lacking proteasome and 

fluorescence plotted as a function of time. The decay curves were fitted to the equation 

describing a single exponential decay (y = Ae-kt + C) using the software Prism (version 

7). Initial degradation rate was determined by multiplying the amplitude of degradation 

(% fluorescence) by the rate constant (min-1). 

Yeast Model Substrate Design and Expression 

Yeast YFP substrate variants were built off a central YFP (sYFP2) domain and 

constructed with either an N-end rule degron, or an N-terminal UBL domain derived 

from the first 80 amino acids of S. cerevisiae Rad23. N-end rule substrates consisted of a 

ubiquitin domain followed by a destabilizing Arg residue followed by a 19 amino acid 

linker derived from E. coli lacI, which contains two Lys residues (Rekk). However, 

amino acids 4-13 were replaced with a serine-rich linker derived from herpes virus 1 

ICP4 to prevent the N-terminal degron from being a disordered region that could initiate 

degradation. To correct for cell-to-cell variation in transcriptional, translational, or cell 

size variation, RFP dsRed-Express2 was expressed upstream of YFP separated by a P2A 
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ribosomal skipping site. The ratio of YFP over RFP for individual cells was a measure of 

the steady state concentration of YFP variants. 

The N-end rule degron and UBL yeast substrates with Su9 and SP25 tails were 

individually expressed from CEN plasmids using a constitutive TPI1 promoter. The Su9 

tail represents 51 amino acids from subunit 9 of the Fo component of the Neurospora 

crassa ATP synthase and has been previously characterized as an efficient initiation 

region [9]. The SP25 tail consists of 5 repeats of peptide region 2 in influenza A virus M2 

protein used to produce antisera and has been previously characterized to be a poor 

initiation region [9]. Plasmids were then transformed into WT, ubr1∆, and pep4∆ yeast 

strains. Plasmids used in this study are shown in Appendix Table S2. The deletion strains 

were obtained from the yeast gene deletion collection [150].  

Ubiquitinated and UBL substrates were depleted when attaching a tail that is 

recognized by the proteasome (Su9, Fig 3.1.4a) [9], but accumulated when attaching a 

tail that is not recognized (SP25, Fig 3.1.4a). Deleting the primary ubiquitin ligase that 

targets N-end rule substrates (ubr1∆) to the proteasome caused buildup of substrate with 

the Su9 tail, while not affecting degradation of UBL substrate, indicating N-end rule 

substrates require ubiquitination for degradation. Deleting the gene encoding proteinase 

A (pep4∆), which functions in the final step of autophagy, did not affect substrate 

abundance (Fig 3.1.4b) suggesting substrates are not degraded through the autophagy-

lysosome pathway. Taken together, the YFP model substrate platform is an effective way 

to measure degradation by the proteasome in yeast. 

Varying amino acid lengths of ER/K α-helix motifs were inserted between YFP 

and tail of N-end rule degron and UBL substrates to generate YFP spacing substates. The 

tail was the same as the 18 amino acid long tail attached to GFP substrates used in the in 

vitro studies, but is 19 amino acids in length due to insertion of a glycine/Gly/G residue 
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at position three. Tails retained a C-terminal 6xHis tag to maintain design consistency 

between in vitro and in vivo substrates. Substrates containing α-helices were integrated 

into the ORF of HO1 in S. cerevisiae and expressed from a constitutive TPI1 promoter. 

Correct integration was confirmed by selection with nourseothricin and sanger 

sequencing. Yeast strains used in this study are shown in Table 3.5. 

Flow Cytometry 

Cells were grown in synthetic complete medium at 25oC to mid-log phase after 7-

8 doublings and harvested for direct fluorescent measurement of RFP and YFP channels 

by an LSR Fortessa (BD biosciences) flow cytometer. Time courses of YFP fluorescence 

were measured to determine in vivo degradation rates by inhibition of protein synthesis 

through the addition of 125 µM cycloheximide and YFP fluorescence measurements 

were taken for 120 minute time courses. Degradation rates were calculated in the same 

way as in the in vitro experiments. The data were analyzed by FlowJo (FlowJo version 

10.2). Cells were gated first along the FSC-A vs. SSC-A axes to eliminate dead cells. 

They were then gated against SSC-H vs. SSC-W and FSC-H vs. FSC-W axes to eliminate 

doublets. Finally, cells were gated to only include RFP-positive cells. YFP over RFP 

ratios of at least 10,000 cells were calculated and we report the median of those ratios for 

each experiment. 

CONTRIBUTIONS 

CD, BLS, and EC designed and conducted experiments and interpreted data, CD, 

BLS, EC, JK, HC, and SE constructed unique reagents for the studies, and AM conceived 

the study, designed experiments, and interpreted data. CD, BLS, and AM wrote the 

manuscript. 
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Chapter 4:  Conclusions and Future Directions 

SUMMARY OF DISSERTATION RESEARCH 

Regulated protein degradation is an important process in preserving protein 

homeostasis. The primary regulated degradation machinery is the ubiquitin proteasome 

system. Substrates are targeted for degradation by the covalent attachment of ubiquitin 

chains to substrates at a lysine residue in the protein. However, ubiquitination is involved 

in other cellular processes as well. The proteasome can degrade any kind of protein 

targeted to it, but it does so selectively. Some protein substrates that are ubiquitinated 

escape degradation, while others are degraded efficiently. What’s more is that there are 

multiple pathways that substrates can take to the proteasome. First, substrates with 

ubiquitin chains can bind directly to one of three known ubiquitin receptors on the 

proteasome and be degraded. Second, ubiquitinated substrates can bind extrinsic 

receptors in the form of UBL-UBA proteins, which bind ubiquitin substrates at their 

UBA domain, and bind the proteasome at their UBL domain on the same receptors as 

ubiquitin chains. Finally, some substrates can be degraded independent of ubiquitination 

and are targeted directly for degradation. Therefore, understanding the requirements for 

proteasome-mediated degradation, and how the interplay between these three pathways 

mediate and prioritize degradation is imperative. 

My dissertation has aimed to address how the proteasome selects its substrates in 

two ways. In Chapter 2, I designed model substrates with either a ubiquitin targeting 

signal, a UBL targeting signal, or a ubiquitin-independent targeting signal to investigate 

how these three pathways compete. I then added a set of analogous competitors to each 

substrate to determine if they compete within their own pathways or with other pathways. 
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I found that ubiquitinated substrates compete with other ubiquitinated substrates 

for degradation, but not with UBL substrates or ubiquitin-independent substrates to a 

significant extent. Additionally, the UBL substrate did not compete with any of the three 

competitors, even with an analogous UBL competitor. Using kinetic modeling, I 

determined that substrates delivered through UBL domains may have priority over other 

substrates because they can access any of the three ubiquitin receptors, while 

ubiquitinated substrates targeted directly to the proteasome by direct binding are limited 

to Rpn10. Our results suggest that receptor binding availability is limiting, but tail 

insertion is not, because the ubiquitin-independent substrate, ODC, which binds directly 

in the pore-1 loops, competes only modestly with any of the three competitors, while the 

ubiquitinated substrate, which has limited receptor binding capacity, competes with a 

ubiquitinated competitor but not with UBL substrates that have access to more receptors. 

It's possible that UBL-UBA shuttling factors, like Rad23 and Dsk2, function as an 

alternative path to the proteasome for high priority substrates, such as cell cycle 

regulators, under stress. Under proteotoxic stress, many proteins are being ubiquitinated 

and targeted for degradation, such as misfolded and damaged proteins. These substrates 

presumably bind and are degraded directly by the proteasome. However, some high 

priority substrates, such as cell cycle regulators may also need to be degraded for the cell 

to divide. It’s possible that these substrates bind to UBL-UBA shuttling factors and are 

targeted to the proteasome through these extrinsic receptors, possibly circumventing 

competition with misfolded and damaged proteins. In yeast strains lacking Cdc48 

function, ubiquitinated proteins accumulate on proteasomes [99,100]. It has also been 

shown that Rad23 and Dsk2 increase ubiquitinated substrate occupancy on the 

proteasome in strains lacking Cdc48 function [99]. This may be because in strains lacking 
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Cdc48 function, proteasome occupancy is increased, and thus Rad23 and Dsk2 deliver 

other substrates to the proteasome. What’s more, deletion of RAD23 and DSK2 in a 

cdc48 mutant strain leads to an increasingly severe growth defect [101], suggesting that 

Rad23 and Dsk2 may participate in alleviating cdc48 mutant growth defects. Based on 

our findings, it could be that Rad23 and Dsk2 function to deliver high priority substrates 

to the proteasome under increased load, and when they are deleted, these high priority 

substrates cannot be degraded, leading to toxicity. In addition to Cdc48 pathways, Rad23 

may play an alternative role in delivering proteins with branched ubiquitin chains to the 

proteasome. This mechanism could explain why certain substrates have branched 

ubiquitin chains. For instance, if Rad23 exhibits a strong affinity for branched ubiquitin 

chains, it could serve as an efficient delivery system for proteins that require rapid 

degradation, such as regulatory proteins. This alternative pathway could bypass the usual 

pathway to the proteasome, offering a more streamlined route for proteasomal 

degradation. 

My findings were surprising in two ways. First, for a substrate to be degraded, it 

must first bind the proteasome at a receptor, but then a disordered initiation region must 

engage the pore-1 loops. While there are many receptors for binding, there is only one 

entrance channel to the proteasome. Single molecule FRET-based biochemistry assays 

have tracked the kinetics of ubiquitin binding to receptors, and tail insertion into the pore. 

Ubiquitin binding is thought to be significantly faster than tail insertion [94]. It takes 1.6 

seconds for the tail to insert, followed by a rapid conformational switch that takes 0.4 

seconds. The ubiquitin chain is then removed within about 5 seconds, and the mechanical 

unfolding, translocation, and cleavage of the substrate takes an additional 11 seconds. 

Therefore, the data overwhelmingly suggest that the majority of substrate processing time 

is spent on deubiquitination and unfolding/translocation. Furthermore, some in vitro 
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competition assays have suggested that ubiquitin-chain interactions with receptors are 

short lived, and that substrates with better initiation regions competed more than 

substrates with poor initiation regions [10]. Therefore, based on the current state of the 

field, we initially thought that tail insertion would be the limiting step, not receptor 

binding. 

However, our data clearly demonstrate that receptor binding availability is the 

primary source of competition among substrates, and that competition at the level of tail 

insertion is modest. While not what we initially thought, this makes sense given that the 

proteasome channel is large enough to accommodate more than one linear polypeptide 

chain. This can be supported by the evidence of some substrates initiating degradation at 

an internal initiation region, which must form a loop with a width of at least two 

polypeptide chains when entering the channel, suggesting that more than one polypeptide 

chain may fit in the entry channel [95]. Also, some proteasomes are doubly capped, 

meaning they may be able to degrade polypeptides in both directions simultaneously 

[96]. 

Second, the functions of UBL-UBA shuttling factors have been surprisingly 

unclear. Many studies have suggested that these factors serve as extrinsic ubiquitin 

receptors, and there is evidence that they are involved in degrading some well-known 

substrates. For example, Rad23 binding to the proteasome is regulated by 

phosphorylation. However, the physiological differences in function and importance 

between UBL-UBA shuttling factors and intrinsic ubiquitin receptors have remained 

unknown. My results in Chapter 2 demonstrate that UBLs do not compete with 

ubiquitinated substrates in binding to the proteasome, and that substrates targeted by 

UBLs are largely unaffected by cellular stress. This provides a surprising explanation for 

the functionality of UBL-UBA shuttling factors in cells: they may serve to deliver high-
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priority substrates for degradation under cellular stress or increased proteasome load. 

 Rad23 and other UBL-UBA proteins could serve to open more accessibility to the 

proteasome by providing binding of ubiquitin chains to more than just Rpn10, thus 

decreasing competition of priority substrate degradation under stress. For example, Sic1, 

a Cdk1-Clb complex inhibitor, prevents premature cell cycle progression from G1 to S 

phase. Degradation of Sic1 by the proteasome relieves inhibition of Cdk1-Clb complexes 

and allows progression to S phase [97]. Sic1 degradation has been demonstrated to be 

mediated by direct binding to Rpn10, or by binding to Rad23 [98]. UBL-UBA shuttle 

factors, such as Rad23 and Dsk2, may serve as a backup route to the proteasome for high-

priority substrates, such as Sic1, during stress. 

In Chapter 3, I investigated how the spacing between the ubiquitin tag and 

initiation region affects the degradation efficiency of substrates. We designed model 

substrates with an N-terminal ubiquitin chain and a C-terminal short initiation region 

separated from the ubiquitin chain by varying lengths of alpha helices. We found that the 

proteasome has strict spacing requirements between the ubiquitin chain and the initiation 

region, likely due to the geometry of the proteasome receptor Rpn10, where ubiquitin 

chains bind, and the entrance channel where the pore-1 loops are located, where the 

initiation region binds. However, when the proteasome binding tag is switched to a UBL 

domain, the distance between the UBL and the initiation region must be longer, likely 

because UBL domains bind Rpn13, which is further from the entrance channel than 

Rpn10. These results are mostly consistent in vivo, indicating that there are strict 

requirements for spacing between the initiation region and the proteasome-targeting 

signal. 

These results, however, are surprising. If the proteasome has such strict 

requirements for spacing, how then does it degrade such a diverse pool of proteins? It’s 
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possible that extrinsic factors, such as, for example Cdc48, an unfoldase, may process 

substrates before they are delivered to the proteasome. In vitro, Cdc48 can unfold and 

prepare a substrate for degradation without an initiation region [135]. Then, for example, 

if a substrate’s initiation region is too short, such that it cannot reach the pore-1 loops, 

then Cdc48 may unfold the substrate, thus creating a longer initiation region that can 

reach the entry channel. One possibility is that Rad23 may serve as a spacing adaptor. 

Rad23’s UBL domain is separated from its UBA domain by a flexible linker. This linker 

may add additional flexibility in the geometry requirements for substrates. Therefore, 

some substrates may require Rad23 for degradation to alleviate inadequate geometries.  

My results demonstrate a hierarchy in proteasome substrate degradation, where 

substrates delivered by UBL domains may have a priority pathway and substrates must 

have the correct geometry to bind the proteasome simultaneously with their ubiquitin 

chain and initiation region. 

FUTURE DIRECTIONS FOR PRIORITY PATHWAYS TO THE PROTEASOME 

In Chapter 2, I demonstrate a hierarchy in proteasome substrates, suggesting that 

UBL domains may provide a priority pathway to the proteasome. In yeast, there are three 

UBL-UBA proteins (Rad23, Dsk2, and Ddi1), which have an N-terminal UBL domain, 

followed by a linker, and then one or two UBA domains. Ubiquitinated substrates can 

bind UBA domains, and then those substrate may be delivered for degradation by binding 

of the UBL domain to one of the three ubiquitin receptors on the proteasome. UBL-UBA 

proteins may be important for some proteasome-mediated degradation, because when 

they are dysfunctional, cells, especially neurons, are more likely to be damaged by stress 

or aging, which can lead to earlier neurodegeneration [66]. UBL-UBA proteins may also 

serve to delivery high priority substrates for degradation under stress conditions. For 
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example, Sic1 can be targeted for degradation by Rpn10 or Rad23. The Rad23 pathway 

may be more important when there is stress on the proteasome. 

In Chapter 2, I demonstrate that UBL substrates do not compete much, even with 

themselves. What’s more, we found that UBL substrates are not sensitive to proteotoxic 

stress caused by canavanine, or the accumulation of ubiquitinated species caused by MG-

132 treatment. Biochemical assays have demonstrated that UBL domains can target 

substrates to any of the three ubiquitin receptors on the proteasome, while K48-linked 

ubiquitin chains can only target substrates to Rpn10 [27]. In Chapter 2, I build kinetic 

models to demonstrate that this observation is consistent with our findings. However, we 

did not directly test this hypothesis. One way to do this is to perform competition assays 

in yeast strain backgrounds with mutated proteasome receptors. For example, does UBL 

compete with itself or with ubiquitinated competitors more in a yeast strain where Rpn10 

is the only functional receptor? Is the UBL substrate sensitive to canavanine or the 

accumulation of ubiquitinated species caused by MG-132 where Rpn10 is the only 

functional receptor? These experiments would be a direct way to test how receptor 

availability impacts the competition and stress sensitivity of substrates. 

While our results are promising and provide insights into the dynamics of 

degradation mediated by UBL domains, we used a relatively artificial system. To 

simplify the experiment, our substrate had an N-terminal fusion of UBL to YFP. 

However, this is not how substrates are typically degraded. Substrates often bind the 

UBA domain of a UBL-UBA protein, which then targets them for degradation by binding 

the UBL domain to the proteasome. Therefore, the logical next step is to observe the 

degradation of a substrate that binds UBL-UBA proteins to mediate degradation to ensure 

that our artificial system reflects the true behavior of degradation of these substrates. 

Sic1, a Cdk1-Clb complex inhibitor, prevents premature cell cycle progression from G1 
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to S phase. Degradation of Sic1 by the proteasome relieves inhibition of Cdk1-Clb 

complexes and allows progression to S phase [97]. Sic1 degradation has been 

demonstrated to be mediated by direct binding to Rpn10, or by binding to Rad23 [98]. By 

testing the degradation of Sic1 in a strain with inactive Rpn10 vs. inactive Rad23 in the 

presence of canavanine and accumulated ubiquitin species will provide direct evidence of 

a Rad23 substrate. Another possibility is monitoring the degradation of Clb5 under stress 

conditions in a strain lacking UBL-UBA proteins.  Clb5 has been shown to be stabilized 

in a strain lacking Cdc48 function likely because loss of Cdc48 function causes an 

accumulation of ubiquitinated misfolded proteins, thus clogging the UPS [101]. To 

elucidate the potential roles of Rad23 and other UBL-UBA proteins in degrading proteins 

under UPS stress, we could monitor Clb5 degradation kinetics under stress conditions. By 

examining the impact of UPS stress on Clb5 degradation, we can gain insights into how 

UBL-UBA proteins may facilitate proteasomal degradation under stress conditions for 

full length native high priority proteins. 

Another possibility for the different competition dynamics between the 

ubiquitinated N-end rule substrate and the ODC and UBL substrates is a change in the 

free ubiquitin pool. The ubiquitinated competitor may use up most of the free ubiquitin 

pool, leading to reduced ubiquitination of the N-end rule substrate. The ODC and UBL 

model substrates, on the other hand, do not require ubiquitination and may remain 

unaffected. To explore this possibility, we blotted for ubiquitin and quantified the amount 

of free ubiquitin. We saw that the level of free ubiquitin did not change in the presence of 

ubiquitinated competitor, suggesting that loss of free ubiquitin is not a viable explanation 

for the observed competition dynamics. We could further test this model by observing 

competition dynamics in a strain overexpressing free ubiquitin. If overexpression of free 

ubiquitin leads to less competition between the ubiquitinated competitor and substrate, 
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then free ubiquitin may be the limiting step. However, if overexpression of free ubiquitin 

leads to no change in competition dynamics, then free ubiquitin is likely not the limiting 

factor affecting competition dynamics. 

While there are some examples of Rad23-mediated degradation, the field lacks a 

complete understanding of the breadth of substrate specificity for Rad23-mediated 

degradation versus direct proteasome receptor binding. Do Rad23 UBA domains bind 

only specific types of ubiquitin chains, or can they bind any kind of ubiquitin chain? 

Testing Rad23 specificity for types of ubiquitin linkages and gaining a more complete 

picture of which substrates are targeted by Rad23 will provide insights into the 

importance and relevance of its priority pathway to the proteasome. Furthermore, there is 

some evidence for regulated Rad23-mediated degradation, as it has been demonstrated 

that phosphorylation of its serine residues may inhibit Rad23 UBL's interaction with the 

ubiquitin receptors on the proteasome [70], while overexpression leads to inhibition of 

degradation of substrates [71].  This may be important because Rad23 mediated 

degradation may be “switched on” under UPS stress to selectively target high priorirt 

substrates for degradation. On the other hand, under normal conditions, Rad23 may be 

“switched off” to allow degradation of typical substrates. Gaining a more complete 

picture of how Rad23 is regulated and its interaction with specific substrates may provide 

more relevant insights into its biological importance as a priority pathway to the 

proteasome. 

FUTURE DIRECTIONS FOR SPACING BETWEEN UBIQUITIN TAG AND INITIATION REGION 

In Chapter 3, I demonstrate that the spacing between a ubiquitin tag and a 

disordered initiation region must be precise to allow the ubiquitin chain to bind to one of 

the proteasome receptors while simultaneously allowing the initiation region to reach the 
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entrance channel to initiate degradation. However, the spacing requirements for a 

ubiquitinated substrate differ strikingly between in vitro and in vivo conditions. 

In vitro, the optimal spacing was 19 amino acids, while in vivo, no alpha helical 

linker was the optimal spacing. One explanation for this difference is the design of the in 

vitro substrate versus the in vivo substrate. Figure 4.1 shows that the in vivo substrate had 

an 11 amino acid linker after the lysine residues where it is ubiquitinated, while the in 

vitro substrate only had a 6 amino acid linker. When comparing alpha-fold predictions 

[151] of the best degraded substrates in vivo and in vitro, the difference in linker length 

may explain the spacing difference because these two substrates seem to be spaced the 

same distance from the ubiquitin chain and initiation region (Figure 4.1, Right). Because 

the linker is longer in vivo, a shorter spacer may be required. 

 

 

Figure 4.1: Differences in the in vivo and in vitro substrate design 

Left: Substrate design for the in vivo and in vitro substrates. The in vivo substrate has an 

11 amino acid linker after the lysine residues where it is ubiquitinated, while the in vitro 

substrate only has a 6 amino acid linker. 

Right: Alpha-fold predictions of the two best degraded substrates in vivo and in vitro 

demonstrating that they possess about the same distance from ubiquitin chain to initiation 

region. 
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To test this explanation, we could design an in vitro substrate with a longer linker 

to match the length of the linker in the in vivo substrate. If the spacing requirements for 

the modified in vitro substrate are then like the in vivo results, it is likely that the linker 

length is the explanation for the discrepancy. 

Another way to globally test if the structure of substrates impacts degradation on 

the proteome level, we could do a global study to determine if protein structures may help 

predict turnover. 

Auxiliary factors in vivo may help alleviate the strict spacing requirements we 

observe for degradation of substrates that do not meet these requirements. Cdc48 has 

been demonstrated to unfold and prepare substrates for degradation, potentially exposing 

or lengthening the disordered initiation region [135]. For this reason, it’s possible that 

Cdc48 may alleviate the strict spacing requirement of substrates. There are two ways we 

can address this question. First, in vitro assays may be performed whereby Cdc48 is pre-

incubated with our model substrates, and then degradation assays performed. If Cdc48 

loosens the spacing requirement, we’d expect to see less dependence on the correct alpha 

helix length on degradation rate. Second, in vivo assays may be performed in strains 

lacking Cdc48, such as temperature sensitive mutants. If Cdc48 functions to loosen 

spacing requirements, then strains lacking Cdc48 function would have stricter spacing 

requirements than wildtype. 

FINAL REMARKS 

The proteasome is a highly selective and precisely regulated protease that 

degrades proteins essential for cellular homeostasis. In this dissertation, I explored the 

molecular mechanisms by which the proteasome selects its substrates from a diverse 

protein pool. 
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I first investigated the interplay between different pathways to the proteasome, 

and revealed a hierarchy in degradation whereby substrates delivered by ubiquitin-like 

(UBL) domains may have priority access to the proteasome. This hierarchy is likely since 

UBL domains can bind to multiple receptors on the proteasome, while other ubiquitinated 

substrates can only bind to a single receptor. This hierarchy may be useful in designing 

therapeutics that could redirect the degradation of important or disease-causing proteins 

to the UBL pathway, ensuring efficient degradation even under stress conditions. 

I next investigated how the spacing of the ubiquitin tag and disordered initiation 

region plays an important role in degradation. My findings reveal another layer to 

substrate selection by the proteasome, and provide important considerations when 

determining whether a given protein may be degraded by the proteasome. 

Overall, my research provides new insights into how the proteasome selects its 

substrates in a diverse protein pool, and gives a deeper understanding of the proteasome's 

role in cellular homeostasis and disease. In Chapter 2, we demonstrated how substrates 

are prioritized, thus providing insights into how the proteasome selects some substrates 

over others. Many disease states are caused by mis regulation of protein degradation, 

leading to more of the disease causing protein. Understanding how the proteasome 

prioritizes substrates may help us design therapeutics which effectively reprioritize 

disease causing proteins by, for example, utilizing UBLs. Additionally, Chapter 3 

demonstrates the need for substrates to have appropriate spacing between ubiquitin tags 

and disordered regions, providing another layer of detail to consider when predicting if 

protein targets can be effectively targeted for degradation by therapeutics. My research 

has laid the foundation for the development of new proteasome-based therapeutics, and I 

am excited to see how this research is translated into clinical practice in the future. 
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