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ABSTRACT OF THE DISSERTATION 

 

Using Proximity-based Proteomics to Identify Interacting Partners and Substrates for 

the Listerin Ubiquitin Ligase 

 

by 

 

Nathaniel David Zuzow 

 

Doctor of Philosophy in Biology 

 

University of California, San Diego, 2016 

 

Professor Eric Bennett, Chair 

 

 The ribosomal quality control complex (RQC) is a multiprotein complex which 

senses, modifies, and extracts defective protein products at the 60S ribosomal subunit 

for ubiquitin-mediated degradation. Central to the function of the RQC is the RING 

finger E3 ubiquitin ligase Ltn1, which catalyzes the ubiquitylation and subsequent 

degradation of defective translation products. Listerin, the mammalian ortholog of 

Ltn1, is crucial for early development and neuronal function, most likely preventing 

the formation of toxic protein aggregates in neurons. 
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Little is known about how Listerin functions in mammalian cells. In Chapter 1, 

we show that Listerin and other mammalian RQC (mRQC) components interact with 

each other, as well as with the ribosome. Contrary to our expectations, mRQC 

interactions are not induced by widespread translational stalling. We also show that 

translational stress causes mRQC proteins to shift into biochemical fractions known to 

contain the 60S ribosome.  

 Because detection of endogenous E3 ubiquitin ligase substrates presents a 

formidable challenge, traditional affinity purification and mass spectrometry (AP-MS) 

approaches are of limited use for this purpose. Chapter 2 details our use of tandem 

mass spectrometry to analyze potential Listerin substrates captured via three separate 

protein interaction mapping platforms: AP-MS, BioID, and APEX. Here, we describe 

two new classes of Listerin substrates: signaling kinases of the RSK family, and 

members of the tubulin glutamylation complex (TGC).  

 In Chapter 3, we study the functional interactions between Listerin and the 

putative substrates identified in Chapter 2. We show that RSK1, RSK2 and a subset of 

TGC proteins are ubiquitylated by Listerin in a RING-dependent manner, and that this 

modification is consistent with regulatory polyubiquitylation. Additionally, we 

observe that disruption of Listerin positively regulates mTOR via RSK-mediated 

inhibitory phosphorylation of TSC2, and this novel function of Listerin is possibly 

independent of the mRQC.  

Taken together, our work demonstrates that mRQC proteins interact with each 

other and the ribosome, and these interactions are altered by translational stress. Our 

application of orthologous proteomic approaches led to the discovery of diverse 
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Listerin substrates, opening the door to more detailed studies of this ligase with 

respect to human disease. 
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Introduction 

Protein Homeostasis and Human Disease 

At the two extremes of a protein’s lifespan lie synthesis and degradation—two 

processes which require exquisite regulatory coordination and specificity to adapt to a 

dynamic cellular environment. The cell must coordinately regulate protein synthesis, 

nascent chain folding, post-translational modifications, binding interactions and 

cellular localization, disaggregation, and protein degradation to maintain protein 

homeostasis (1-3). Protein homeostasis is accomplished through an elaborate network 

of signaling pathways which integrate a wide range of inputs to ultimately control 

protein expression levels. Competing and redundant regulatory systems endow the 

proteome with the ability to rapidly adapt to changing conditions (4). 

Whereas errors in DNA replication and transcription are fairly rare, protein 

biosynthesis is an error-prone process. It is estimated that amino acid 

misincorporations occur once in every 1,000 to 10,000 codons translated (5). This 

leads to at least 15% of average-length proteins (~480aa) (6) containing at least one 

missense substitution. While not all errors arising from erroneous translation lead to 

disease, and some may in fact be advantageous to the organism (7), mistranslated 

proteins are prone to accumulation, and interfere with normal biological processes. 

The cell possesses quality control systems to mitigate the potentially toxic effects of 

these proteins. 

A number of human maladies, classified as protein misfolding diseases arise 

from the failure of specific proteins to achieve the proper conformational state (8). 

Misfolded polypeptides are prone to aggregation, and can accumulate as toxic 
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aggregates (8, 9). As protein homeostasis declines with age, the prevention and 

clearance of protein aggregates becomes an exceedingly important cellular task (3). 

Aging-related pathologies are tightly linked to a progressive decline in the function of 

both chaperone and ubiquitin proteasome systems—both of which are considered 

gatekeepers of protein quality control (10).  

Protein homeostasis diseases can arise when misfolded or otherwise normal 

but aberrantly-expressed proteins exceed the clearance capacity of the protein 

degradation systems of the cell, or when protein degradation systems themselves are 

impaired (3). Using C. elegans as a model system for aging, it has been shown that 

protein aggregation increases exponentially with the age of the organism. This 

phenomenon is likely a result of accumulated mutations affecting protein synthesis 

and degradation machinery (11). 

Neurodegenerative disorders form a large subset of known proteinopathies in 

aged individuals. A number of these disorders are suspected to arise from, or are at 

least contributed to in part by, impaired clearance of toxic protein aggregates (12). 

Protein misfolding and aggregation into amyloid fibrils are implicated in the cellular 

pathologies of numerous human disorders, including Alzheimer’s Disease, 

Parkinson’s Disease, as well as the prion and polyglutamine diseases (8). For example, 

one significant and well-studied contributor to the pathology of Alzheimer’s Disease 

involves the aberrant processing of amyloid precursor protein APP, leading to an 

overproduction of short Aβ peptides which aggregate to form plaques and 

neurofibrillary tangles (13, 14). 
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Defects in translation have also been implicated in the development of 

neurodegenerative diseases. Mutations affecting translation and co-translational 

protein folding have a direct impact on translational fidelity, leading to protein 

misfolding. For instance, mischarged aminoacyl tRNAs result in miscoding during 

protein synthesis, causing the accumulation of protein aggregates which manifest 

pathologies of the central nervous system (15).  

Impairment of ribosome-associated quality control factors can also directly 

impinge upon neuronal survival. This includes a loss of function in GTPBP2, a factor 

required to split stalled ribosomes (16), and loss of VCP/Cdc48, an ATPase which 

plays an essential role in chaperoning substrates for degradation via the ubiquitin 

proteasome system and autophagy (17, 18). The link between translational fidelity and 

neurodegeneration underscores the importance of co-translational protein quality 

control systems in neurons. 

Ribosomal and co-translational protein quality control 

When a newly-synthesized polypeptide is misfolded at the ribosome, co-

translational protein quality control systems engage to either refold or degrade the 

protein (10). During normal translation, as a nascent polypeptide emerges from the 

ribosome it immediately encounters a host of protein folding and localization factors 

which are required for the successful maturation of newly-synthesized proteins (19). 

Most nascent polypeptides require folding assistance through the action of chaperones 

present in the cytosol and the ER (20, 21).  

Errors in protein biogenesis can arise from faulty mRNA or intrinsic features 

of the nascent chain polypeptide (22). Stressors such as heat shock and oxidative stress 
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can lead to widespread protein misfolding and aggregation (23, 24). Newly-

synthesized proteins are particularly vulnerable to misfolding, especially when the 

protein homeostasis network is compromised (25, 26). Ribosome-associated molecular 

chaperones such as heat shock proteins are essential for the repair and adaptation of 

newly-synthesized proteins to stress (27). The ubiquitin proteasome system (UPS) can 

degrade co-translationally-misfolded proteins which cannot be refolded by chaperones 

(28). Chaperone and protein degradation systems are tightly coupled, and function 

together to prevent toxic protein aggregation (29). 

While extracellular cues such as heat shock can activate co-translational 

degradation pathways, a considerable fraction of newly-synthesized polypeptides are 

co-translationally degraded even in the absence of stress. Early studies in mammalian 

cells demonstrated that as much as 30% of newly-synthesized polypeptides are marked 

for degradation upon pharmacological proteasome inhibition (28, 30). More recent 

studies demonstrate that 12-15% of nascent chains are ubiquitylated at steady state 

(31, 32).  

The energy expenditure of protein synthesis is the largest of all ATP-

consuming pathways in the cell (33). In light of this, it should be surprising that such a 

large fraction of newly-synthesized peptides are destroyed. However, it has been 

shown that the products of co-translational degradation can serve an important 

function as self biomarkers presented via MHC class I molecules for detection by the 

immune system (34-36). 

 The antigenic peptides presented by MHC class I molecules originate from 

defective translation products (36). At steady state, defects in translation generally 
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arise from misprocessing of mRNA, or intrinsic features encoded into the transcript 

(22, 37, 38). Translation of defective mRNAs results in the production of aberrant 

nascent polypeptides, which are addressed by the ribosomal quality control complex 

(RQC) (39, 40). This complex senses, modifies, and extracts aberrant nascent chains 

from the ribosome for proteasomal degradation. In light of the collective impact of 

aberrant translation products on the physiology of the cell, the RQC is extraordinarily 

important to cell survival. 

Ribosome-associated quality control and the RQC 

Ribosome-associated quality control involves the convergence of protein and 

mRNA quality control systems at the ribosome to target defective proteins (41). 

Ribosomal quality control events resulting from aberrant characteristics of the mRNA 

transcript are divided into three major categories: nonsense-mediated decay (NMD), 

no-go decay (NGD), and non-stop decay (NGD) (22, 39). Factors associated with 

these pathways are conserved from S. cerevisiae to mammals (42). 

The NMD response is activated when a ribosome encounters a premature 

termination codon, which is recognized through a mechanism which is still poorly 

understood, leading to the engagement of mRNA decay systems and release of the 

nascent polypeptide (43). NGD recognizes ribosome stalls as a result of difficult-to-

decode sequences or secondary structures, and targets both the mRNA and nascent 

peptide for degradation (44). NSD is mechanistically related to NGD, and is activated 

in response to ribosome stalls on transcripts which lack an in-frame stop codon (45). 

The RQC has been linked to the degradation of NSD and NGD substrates in 

yeast, and has been shown to target both cytosolic and ER-bound nascent chains (46-
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50). In both NSD and NGD pathways, ribosome stalling triggers the recruitment of 

eukaryotic release factor-like proteins Hbs1L and Pelota which assist in the 

exonucleolytic degradation of mRNA, and coordinate with ABCE1 to catalyze the 

splitting of the ribosomal subunits (51-53). After ribosome splitting, the 60S 

ribosome-bound nascent chain (60S-RNC) can be targeted for degradation by the 

RQC. 

The RQC targets 60S-RNCs through a series of sequential steps. Tae2/Rqc2 

engages the 60S subunit to prevent reassociation, and interacts with E3 ubiquitin 

ligase Ltn1, which catalyzes the polyubiquitylation of the nascent chain (54). Cdc48 

extracts the ubiquitylated polypeptide from the 60S subunit for degradation by the 

proteasome (49). Rqc2 has also been shown to modify the C-terminal tails of nascent 

polypeptides through the addition of alanine- and threonine-rich extensions, termed 

CAT tails (55). CAT tail sequences specifically mark these nascent proteins for 

aggregation (56). Rqc1 recruits Cdc48 to 60S-RNCs, and is important for the 

prevention of protein aggregates arising from CAT tail addition (47, 57). 

Ltn1 and Rqc2 

Ltn1 is a large (~200kDa) E3 ubiquitin ligase which catalyzes the 

ubiquitylation of nascent polypeptides through its C-terminal catalytic RING domain. 

When Ltn1 is engaged on the 60S ribosome, the RING domain is positioned near the 

nascent chain exit tunnel (54). Connecting the N- and C- termini of this E3 is a long, 

flexible HEAT repeat domain which allows this protein to span the 60S ribosomal 

subunit. The N-terminal domain of Ltn1 is positioned near the canonical translational 

GTPase binding site, where it makes contact with RQC co-factor Rqc2 (54). 
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The interaction between Rqc2 and Ltn1 at the 60S ribosome creates a steric 

hindrance to the reassociation of ribosomal subunits, and facilitates binding of the N-

terminal helix of Ltn1 to the 60S subunit (54). This interaction changes the 

conformation of Ltn1, placing the RING domain in closer proximity to the peptide exit 

tunnel, allowing greater access to its nascent chain substrates (54). 

Importantly, Rqc2 also mediates CAT tail addition to nascent chain 

polypeptides (55). When the RQC is impaired in its ability to ubiquitylate its 

substrates, either through deletion of Ltn1 or Rqc1, cytosolic CAT tail aggregates 

form (57). Amyloids containing CATylated proteins engage the chaperone system. 

These aggregates activate the heat shock response through Hsf1 (55), and have been 

shown to contain Hsp40/J protein Sis1 (56). Sis1 may function in the recognition of 

these amyloids by heat shock proteins, leading to their fragmentation and clearance 

(58). 

Cdc48 and Rqc1 

 Cdc48 is a highly-conserved protein which plays an essential protein in cellular 

homeostasis (59). This protein has diverse biological functions including ubiquitin-

mediated protein degradation, ER-associated degradation, transcription activation, and 

cell cycle control (59).  Cdc48 acts as both a molecular motor and a ubiquitin-

dependent chaperone, catalyzing the extraction of its substrates from protein 

complexes, aggregates, or membrane surfaces (60). As a component of the RQC, 

Cdc48 extracts ubiquitylated nascent chains from the 60S ribosome for proteasomal 

degradation (49). 
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The factor Rqc1 is important for efficient substrate degradation through 

enhancing recruitment of Cdc48 to 60S-RNCs (46, 47). While Rqc1 is not essential for 

ubiquitylation of nascent chain substrates, it is important for the proteasomal axis of 

RQC function, and is necessary, along with Ltn1 and Cdc48, to prevent the formation 

of CATylated protein aggregates (57). Rqc1 contains a highly-conserved N-terminal 

polybasic region, suggesting a possible negative feedback mechanism in which the 

RQC complex may regulate its own activity through the degradation of this low-

abundance protein (46, 61). 

Loss of RQC function 

 While the RQC performs a vital function in protein quality control under 

normal growth conditions, translational stress reveals the severity of RQC loss-of-

function phenotypes. Growth of ltn1Δ, rqc1Δ, and rqc2Δ strains is indistinguishable 

from wild-type at steady state, but is severely impaired with translational stress (47, 

62). These growth defects are enhanced in double deletion strains for loss of function 

in RNA surveillance proteins, such as Ski2, illustrating the cooperation between these 

two quality control pathways.  

Proteotoxic stress attenuates global translation during the elongation phase 

(63). The protein products arising from widespread ribosome stalling sequester 

molecular chaperones to mediate refolding (63). While de novo folding of misfolded 

newly synthesized proteins is favored over protein degradation (31, 64), a significant 

fraction of these proteins are targeted for co-translational degradation (65). The RQC 

plays a large role in the cellular response to protein misfolding during translation (65). 

However, with one molecule of Ltn1 for every 100 ribosomes (50), this complex is 
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limited in abundance and saturated during widespread ribosome stalling. Use of CHX 

at high concentrations (>10μg/mL) results in a depletion of Ltn1 from its free 

cytoplasmic pool in favor of its ribosome-bound state (46). 

Saturation of the RQC may negatively impact cellular physiology. As an 

organism ages, progressive decline in protein homeostasis mechanisms places an 

increasing burden on protein quality control systems (66). Newly synthesized proteins 

contribute significantly to proteasomal load (67), making ribosome-associated protein 

quality control important to overall cellular homeostasis. 

 Impairment of RQC function has a direct impact on cell survival. Loss of Rqc2 

impairs the ability of the cell to form detoxifying aggregates of aberrant proteins, 

including NSD and NGD reporters, as well as a toxic variant of Huntingtin protein 

(68, 69). Clearance of these proteins is particularly important in the context of Ltn1 

deletion, which imparts an increased sensitivity to proteotoxic stress (68). 

The RQC in mammals 

 In S. cerevisiae, the RQC is comprised of Ltn1, Rqc1, Rqc2, and Cdc48. The 

orthologous RQC proteins in mammals are Listerin, TCF25, NEMF, and VCP/p97, 

respectively (Table 1.0). The mammalian RQC (mRQC) has been studied using cryo-

EM and in vitro reconstitution assays. While structural studies have confirmed the 

binding and association of Listerin and NEMF to the 60S ribosomal subunit, there is 

currently no evidence that VCP or TCF25 associate directly with the mRQC (40, 70).  

Structural studies reveal that Listerin and NEMF bind the ribosome in a 

manner similarly to their counterparts in S. cerevisiae. Similar to Rqc1 in yeast, 

NEMF binds to the 60S subunit, creating a steric block to ribosomal re-association 
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(70). Additionally, Listerin binds to the 60S subunit with its C-terminal RING domain 

poised at the polypeptide exit tunnel in a manner that is enhanced through N-terminal 

interaction with NEMF (70). 

Like its counterpart in yeast, the mRQC is capable of targeting nascent 

polypeptides stalled in translation. In an in vitro reconstituted system, ubiquitylation of 

a model substrate by Listerin is dependent on the ribosome-splitting activity of Pelota, 

Hbs1, and ABCE1 (71). Though a comprehensive study of mRQC substrate targeting 

has yet to be published, Listerin has been shown to act downstream of ribosome 

splitting by Hbs1L and Pelota (orthologs of yeast Hbs1 and Dom34, respectively) in 

the degradation of NSD and NGD substrates (71, 72). 

The importance of the Listerin and the mRQC 

Deletion of Listerin has a significant impact on the central nervous system. 

Mice homozygous for a dominant-negative variant of Listerin die in early embryonic 

development (73). Those expressing a hypomorphic variant of Listerin exhibit a 

severe neurodegenerative phenotype characterized by progressive ataxia, which is 

attributed to the dying back of motor and sensory neurons. This condition mimics 

well-characterized neuropathologies such as ALS (73).  

The mRQC protein NEMF is also essential. Deletion of NEMF results in early 

embryonic lethality (74). Though NEMF has been shown to cooperate with Listerin in 

the degradation of NGD and NSD proteins, no studies have directly linked the 

lethality of NEMF deletion to its mRQC function. However, this protein is well 

conserved from D. melanogaster to humans, and has been shown to have a tumor 

suppressive function in lung cancer cells (75). 
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Few studies have been done on the function of the mRQC protein TCF25. 

However, human carriers of a mutated allele of TCF25 containing a large deletion are 

healthy and show no signs of clinical abnormality (76). Consistent with its role in 

numerous cellular processes, deletion of VCP is lethal in early development (77). 

Autosomal dominant mutations in VCP lead to the development of a rare multisystem 

degenerative disorder, while loss-of-function mutations manifest as progressive 

developmental disorders (78). 

 Both Hbs1L and Pelota function in ribosome splitting prior to mRQC 

engagement. There is limited information on the deletion and loss-of-function 

phenotypes of Hbs1L. While cell lines harboring Hbs1L deletions are viable, 

polymorphisms at HBS1L locus are associated with β-thalassemia and sickle cell 

anemia (79, 80). Deletion of Pelota results in early embryonic lethality, and this 

protein appears to be critical for progression of the mitotic cell cycle (81).  

It is clear that disruption of mRQC proteins and their associated factors can 

have a severe negative impact on cellular physiology. However, it is important to 

dissect the roles of these proteins with respect to the mRQC. Listerin is a particularly 

interesting candidate for study because of its direct connection to protein homeostasis, 

and the known importance of E3 ubiquitin ligases in the prevention of 

neurodegenerative diseases (82). 

While no studies have directly connected Listerin to human pathology, this 

ligase likely plays an important role in the clearance of co-translational quality control 

substrates. In humans, polybasic proteins have enhanced potential to form toxic 

aggregates, as evidenced by the arginine-containing dipeptide repeats encoded by 
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C9orf72 mutant genes, which cause amyotrophic lateral sclerosis and frontotemporal 

dementia (83, 84). Dysregulation of this protein and others which are sensitive to co-

translational quality control mechanisms, could provide a link between RQC function 

and human disease. However, no studies to date have identified endogenous RQC 

targets. 

Capturing the mRQC in vivo 

 While Listerin is an important ligase in mammals, and the RQC has been 

shown to be important for protein homeostasis in S. cerevisiae, little is known about 

how the mRQC assembles in vivo, or the substrates it targets. This dissertation details 

our approach towards the functional characterization of the mRQC, and outlines the 

discovery and validation of new Listerin interactors uncovered using proximity-based 

proteomics in addition to traditional affinity purification methods. 

 In Chapter 1, we identify and characterize the core components of the 

mammalian ribosomal quality control complex. Using in vitro cell-based assays, we 

were able to detect co-interaction between the putative components of the mammalian 

RQC, and observed increased association between these components with translational 

stress. We then used a series of reporter-based assays to stimulate specific quality 

control events at the ribosome, and assayed the function of the mRQC and other co-

translational quality control factors in modulating the expression of these proteins. 

However, these results were inconclusive due to technical issues with our reporter 

systems. 

We then expanded our proteomics approach to include proximity-based 

biotinylation to detect substrates of Listerin. In Chapter 2, we compare proteomic 
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strategies using the well-studied molecular chaperone VCP as a test case, before 

applying this approach to study Listerin interactors and substrates. Although our 

methods capture overlapping-but-distinct groups of interacting proteins, we are able to 

show that the proximity-based BioID method is uniquely able to capture both known 

and unknown Ltn1 interactors and substrates. 

BioID revealed two new classes of Listerin substrates: signaling proteins in the 

ribosomal S6 kinase family, as well as members of the tubulin glutamylation complex. 

In Chapter 3, we validate these interactions biochemically. Through functional studies, 

we were able to confirm that Listerin affects downstream MAPK signaling through a 

regulatory interaction with RSK2. To a lesser extent, we were also able to observe a 

regulatory interaction between Listerin and members of the tubulin glutamylation 

complex. Together, our findings cast a new role for Listerin in the regulation of 

cellular growth and survival, as well as a potential new function in microtubule 

stability. 
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Table 1.0: Co-translational quality control proteins associated with NGD and 

NSD in S. cerevisiae, and their mammalian orthologs. Proteins indicated with bold 

lettering are members of the core RQC complex in yeast. Proteins indicated with dark 

blue lettering are members of the mammalian RQC. 

 

H. sapiens S. cerevisiae Description 

Listerin Ltn1/Rkr1 RING E3 ubiquitin ligase 

TCF25 Rqc1 bHLH transcription factor 

NEMF Rqc2/Tae2 Nuclear export mediator factor 

p97/VCP Cdc48 AAA ATPase, ubiquitin-dependent chaperone 

RACK1 Asc1 40S ribosomal protein, mRNA binding/translation 

ZNF598 Hel2 RING E3 ubiquitin ligase 

Hbs1L Hbs1 Translational GTPase, eRF3 homologue 

Pelota Dom34 eRF1 homologue 

ABCE1 Rli1 Ribosome splitting factor 
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Chapter 1: Functional Characterization of the E3 ubiquitin ligase Listerin 

 

and the mRQC 

Abstract 

The RQC is a multiprotein complex involved in the degradation and 

sequestration of defective translation products in S. cerevisiae. Although the protein 

orthologs of the RQC are expressed in mammalian cells, studies of the function and 

composition of this complex have been limited to in vitro biochemical assays and 

structural analysis through cryo-EM. Comprising the known mRQC are the E3 

ubiquitin ligase Listerin and the tRNA binding protein NEMF. 

In yeast, the function of the RQC is dependent on the interplay between its 

protein constituents. Canonically, these proteins facilitate substrate ubiquitylation, 

extraction, and degradation. However, RQC can also promote substrate aggregation. 

Whether the conserved orthologs of these proteins perform the same function in 

mammalian cells has yet to be demonstrated. To address this, we used an approach 

combining molecular biology and proteomics to detect the formation of the mRQC in 

human cells.  

Consistent with our knowledge of the RQC in S. cerevisiae, we were able to 

observe interactions among mRQC components at steady state. In response to 

translational stalling, we observed altered mRQC protein associations which may 

indicate a change in how this complex addresses its substrates. Additionally, we were 

able to observe a shift in the higher-order complex assembly of these proteins into 

ribosome-containing cellular fractions following translation elongation inhibition, 

which is consistent with the RQC in yeast. 
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Listerin, the E3 ligase central to the function of the mRQC, is crucial for 

viability during development. Partial loss-of-function mutants exhibit a terminal 

neurodegenerative phenotype in mice. Because protein homeostasis defects manifest 

strongly in post-mitotic cells such as neurons, a likely explanation for the Listerin 

phenotype is that this ligase normally prevents toxic accumulation of defective 

translation products. However, little is known about the endogenous substrates of 

Listerin. 

To study the classes of substrates targeted by Listerin, we used model reporter 

systems engineered to induce translational stalling, in conjunction with genetic 

overexpression or knockdown of mRQC pathway associated proteins. While our 

results were inconclusive, here we describe the rationale and implementation of our 

reporter systems, as well as the pitfalls we encountered while using these reporters in 

practice. 

Introduction and Results 

The RQC in yeast and mammals 

 Although the RQC has been studied extensively in S. cerevisiae, very little is 

known about the orthologous complex, the mRQC, in mammals. The mRQC shares 

structural and functional aspects with its counterpart in yeast (40, 54, 70). However, 

most of the current literature on the mRQC is derived from in vitro studies, and the 

assembly of the mRQC has yet to be studied in a biological context. Additionally, 

while the RQC has been shown to target the protein products of aberrant translation in 

yeast and humans, a single endogenous substrate of this complex has yet to be 

identified in either organism. 
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The importance of studying the mRQC is underscored by the embryonic 

lethality observed in mice harboring individual deletions of mRQC factors Listerin 

and NEMF (73, 74). Despite the individual importance of these proteins to survival, 

very little literature exists on their collective contribution to ribosome-associated 

protein quality control as members of the mRQC. As evidenced by the 

neurodegenerative phenotype of the Listerin mouse (73), mRQC function is likely 

critical in long-lived cells like neurons, where defective protein clearance leads to a 

pronounced susceptibility to the formation of protein inclusions.  

To understand the contribution of the mRQC to protein homeostasis, it is 

important to study the composition of the complex in a biological context. Studies in 

S. cerevisiae have revealed the genetic and physical interplay between RQC proteins 

in the cellular response to stalled protein translation (46, 56, 85). However, the 

mammalian complex is far less studied. While biochemical reconstitution assays show 

that Listerin and NEMF cooperate in the ubiquitylation of stalled nascent chains (40, 

70), there have not been any published studies on the formation of the mRQC in cells.  

The mRQC has proven to be difficult to detect outside of in vitro biochemical 

assays. The known interaction between Listerin and NEMF has evaded detection in 

solution, and NEMF has a very weak affinity for tRNA despite its function as a tRNA-

binding protein (70). Inclusion of TCF25 in cryo-EM and biochemical studies of the 

mRQC show that this protein does not associate with 60S-RNCs or stimulate 

ubiquitylation in vitro (70). Additionally, VCP acts downstream of ubiquitylation and 

there is no evidence that it interacts directly with Listerin or NEMF at the 60S. 
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The composition and function of the RQC are intimately connected. The 

constituent proteins of the RQC must coordinate to determine the fate of stalled 

nascent polypeptides, marking them as targets for proteasomal degradation or 

aggregation into detoxifying inclusions. Therefore, a functional understanding of the 

mRQC begins with a study of its constituency in mammalian cells, as well as how 

these proteins respond to proteotoxic stress. 

In this chapter, we detail our approach for the study of mRQC composition and 

assembly. We generated molecular reagents for the expression of tagged RQC 

orthologs proteins in mammalian cells (Table 1.0), allowing us to perform co-

immunoprecipitation (co-IP) studies of the interactions between putative mRQC 

proteins. We used immunoblot assays in conjunction with affinity-purification mass 

spectrometry (AP-MS) to detect interactions amongst mRQC proteins, as well as with 

the 60S ribosome. 

Because the RQC is recruited to ribosomes stalled during the elongation phase 

of translation, we used elongation inhibitor CHX in conjunction with immunoblot and 

AP-MS assays to observe whether widespread ribosome stalling induces mRQC 

formation. Because Listerin is an inherently unstable protein which can catalyze its 

own ubiquitylation, we included the catalytically-inactive ΔRING variant of this 

protein in our analysis. This form of Listerin is able to bind to its substrates, but is 

unable to transfer ubiquitin. It is also more stable than wild type Listerin, making it 

better suited for cryo-EM studies (40). 

The RQC appears to be important to protein homeostasis in both yeast and 

mammals, however it is not known what substrates are targeted by this complex. 
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Functional studies of the RQC in S. cerevisiae show that this complex is required for 

the degradation of NSD and NGD model substrates (56). Although a comprehensive 

study of the mRQC substrate targeting is lacking in current literature, Listerin has 

been shown to degrade model NGD and NSD substrates in vitro (71), and siRNA-

mediated knockdown of this E3 stabilizes a NSD reporter in HeLa cells (72). 

While the proteins of the RQC are well conserved in humans, it is unknown 

how they function individually, or as part of the mRQC, to degrade aberrant nascent 

chains arising from ribosome stalls. An overarching goal of the studies set forth in this 

dissertation is the identification of the endogenous substrates of the mRQC. From a 

biological perspective, an understanding of how the mRQC assembles to target its 

substrates at the ribosome, as well as the general classes of ribosomal stalls which 

trigger substrate targeting, will offer insight into the importance of this complex to 

mammalian physiology.  

To trigger ribosomal quality control events in an inducible manner, we 

engineered model reporter substrates with stall-inducing sequence elements for 

expression in mammalian cells. We studied the mRQC in a biological context, using 

the expression of model reporters in conjunction with genetic knockdown or 

overexpression of mRQC components. Though this approach yielded mixed results, 

here we briefly describe the approach we employed, as well as the obstacles we 

encountered while developing and testing these assays. 

Detection of mRQC interactions 

We generated a series of HEK293T cell lines for the inducible expression of 

HA-FLAG-tagged mRQC proteins Listerin, TCF25, NEMF, and VCP, as well as also 
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the ΔRING variant of Listerin. We also included FLAG-GFP as a negative control for 

co-IP. These cell lines were treated with and without CHX, and lysates were subjected 

to IP, and the eluate was divided for protein detection via immunoblot and mass 

spectrometry. 

Immunoblot for Listerin reveals that this E3 co-immunoprecipitates with 

overexpressed mRQC components TCF25 and NEMF (Figure 1.1). However, there 

was no observable interaction between Listerin and VCP above GFP control. GFP 

does appear to bind a low level of background protein, which includes Listerin. GFP 

background binding poses some difficulty in our detection of bonafide interactions 

between mRQC proteins in both our immunoblot and AP-MS experiments. 

In addition to steady state conditions, we assayed for induction of the mRQC 

upon treatment of cells with the translation elongation inhibitor CHX. Treatment with 

CHX at 100μg/mL completely abolishes translation. After CHX treatment, there was 

an observable increase in the association between Listerin and NEMF, which was 

expected based on previous studies of this interaction. The mild interaction between 

Listerin and TCF25 was also induced (Figure 1.1).  

Because the scope of detection of protein-protein interactions via immunoblot 

is limited by time and reagent availability, we analyzed FLAG-IP samples for each of 

the mRQC proteins using AP-MS. We used a label-free proteomics approach for 

detection of interacting proteins with Listerin, TCF25, NEMF, and VCP, with GFP 

included as the negative control (Figure 1.2). These samples were harvested in parallel 

with the samples from Figure 1.1.  
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To control for differences in bait protein abundance, we normalized for bait 

abundance across each untreated/treated pair (Figure 1.2A). The only observable 

interaction in the negative control IP was with VCP (Figure 1.2B). This differs from 

the immunoblot results, which indicate some level of binding with Listerin. These 

results confirm that this is indeed background binding which did not sustain through 

the more stringent wash steps required for AP-MS sample preparation. 

Of the possible interactions amongst mRQC proteins, the interaction between 

Listerin and NEMF is the only one which has been extensively validated. This 

interaction was only detectable in our AP-MS experiment following CHX treatment 

(Figure 1.2C). The ΔRING variant of Listerin did not prove to be superior to wild type 

at detecting this interaction (Figure 1.2D). This is in conflict with the immunoblot 

results, in which this interaction is detected well above GFP background binding 

levels (Figure 1.1). 

Rqc1 is a core component of the RQC pathway in S. cerevisiae, interacting 

directly with Rqc2 and Cdc48. Based on previous literature, we did not expect to 

observe any appreciable interaction between the Rqc1 ortholog TCF25 and other 

mRQC proteins. Using wild type and ΔRING Listerin as bait in an AP-MS 

experiment, the interaction with TCF25 was undetectable (Figure 1.2C,D). However, 

when TCF25 was used as bait, we were able to observe a steady-state interaction with 

Listerin, which was also inducible with CHX (Figure 1.2E). This interaction was 

confirmed in our previous immunoblot (Figure 1.1). 

There is evidence of a physical interaction between Rqc1 and Rqc2 in yeast 

(46), which may be essential for the interplay between the ubiquitylation and 
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aggregate-forming modalities of the RQC response. The interaction between TCF25 

and NEMF was likewise confirmed in our AP-MS experiment, using either protein as 

bait (Figure 1.2E,F). Using NEMF as bait, it appears as though this interaction may be 

induced by CHX (Figure 1.2F). However, no significant induction was observed using 

TCF25 as bait (Figure 1.2E).  

Rqc1 is responsible for the effective recruitment of Cdc48 to the ribosome in 

yeast (47). In our AP-MS experiments using either TCF25 and VCP, we were able to 

detect an interaction between these two proteins above background (Figure 1.2E,G). 

This interaction was significantly diminished following treatment with CHX (Figure 

1.2E,G). In fact, analysis of the AP-MS results for VCP reveals that all steady state 

interactions with the mRQC are abolished following CHX treatment (Figure 1.2G). 

mRQC association with ribosomes 

In yeast, the RQC exclusively assembles at 60S-RNCs resulting from stalled 

translation (46). Similarly in vitro studies show that mRQC components Listerin and 

NEMF bind uniquely to 60S-RNC complexes (70). The association between the 

mRQC and the 60S subunit underpins the structure and function of this complex. 

However, no studies, outside of biochemical assays in vitro, show that mRQC proteins 

nucleate a complex at the 60S ribosome. To confirm these interactions in mammalian 

cells, we used both sucrose density gradient analysis and AP-MS. 

Sucrose density centrifugation is a biochemical technique which allows for the 

density-based separation of ribosomal subunits from 80S ribosomes and polysomes. 

To test whether translational stress shifts mRQC proteins to ribosome-containing 

fractions, we performed sucrose density gradient analysis using HEK293T cells 
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expressing mRQC proteins in the presence or absence of CHX (Figure 1.3). Using a 

doxycycline-inducible system, we expressed FLAG-tagged Listerin, TCF25, or 

NEMF, respectively (Figure 1.3A-C). 

After density centrifugation, 12 fractions were collected per gradient, and 

protein was isolated from the individual fractions. To confirm the separation of 

ribosomes across these fractions, we performed immunoblot for RPS3 and RPL7, 

which are markers of the 40S and 60S ribosomal subunits, respectively. Fraction 1 is 

the ribosome-devoid cytosolic fraction.  

Free 60S subunits are observed to occupy both fractions 3 and 4. RPS3 

modification, as indicated in Western blots by a higher molecular weight band in 

addition to the endogenous protein band, is an indicator that CHX treatment was 

effective. In our previous work, we discovered that this band corresponds with 

regulatory ubiquitylation of RPS3 (86). 

Using cells expressing FLAG-tagged Listerin, we observed a shift of Listerin 

into heavier, 60S-containing fractions 3 and 4 following CHX treatment (Figure 

1.3A). However, the shift of Listerin was more evident in the TCF25 and NEMF 

sucrose gradients (Figure 1.3B,C). Consistent with data that show that Listerin 

specifically binds to 60S ribosomal subunits, we did not observe a shift of Listerin into 

heavier 80S or polysome-containing fractions in any of our gradients. These results are 

quantified in Supplementary Figure 1.1. 

TCF25 sucrose gradients show a detectable shift in this protein into higher 

molecular weight fractions (Figure 1.3B). To contrast, we observed a large shift of 

NEMF into the 60S fraction, as well as denser 80S and polysome-containing fractions, 
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following CHX treatment (Figure 1.3C). As expected, the majority of VCP remains in 

lighter gradient fractions following CHX treatment, though we were able to observe a 

moderate recruitment to the 60S fraction (Figure 1.3A-C).  

While the shift of mRQC proteins to ribosome-containing fractions indicates 

that these proteins may in fact be induced to associate with the ribosome, this is not 

definitive proof of association. We analyzed the mass spectrometry results from the 

experiment presented in Figures 1.2 for the abundance of ribosomal proteins detected 

in each IP. 

 Using Listerin as bait, proteins of the 60S ribosomal subunit were detected in 

greater abundance than in the GFP control experiment at steady state (Supplementary 

Figure 1.2A-C). However, treatment with CHX had the effect of either decreasing or 

leaving most interactions with the 60S ribosome unchanged. We observed a similar 

trend using TCF25, NEMF, and VCP as bait (Supplementary Figure 1.3A-D).  

Functional Characterization of the mRQC 

Functional data in S. cerevisiae show that the RQC is involved in nascent 

protein degradation as a result of ribosome stalling, particularly in the NSD and NGD 

pathways. During normal translation, ribosome stalls can occur as a result of 

readthrough, misprocessing, or regulatory processing of an mRNA transcript. For 

instance, cryptic polyadenylation sites or read-through of a normal stop codon leads to 

the coordinate recruitment of co-translational quality control factors for both mRNA 

decay and protein degradation (87, 88). These quality control events generally occur at 

a low frequency, and the RQC is tuned to respond accordingly. 
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Little is known about the targets of the RQC in yeast, or the orthologous 

complex in mammals. Functional data on Listerin has shown that it is involved in 

degradation of NSD proteins (72). However, it is unclear whether clearance of NSD 

proteins by Listerin is dependent on the mRQC. It is unknown how the mRQC 

modulates the quality control response to this and other types of ribosome stalls. To 

study the effects of mRQC overexpression or knockdown on the expression of stalled 

proteins, we used a β-globin-based reporter system designed to trigger specific co-

translational quality control events (Figure 1.4A). 

Using the β-globin system to assay the products of defective translation, we 

discovered that the wild type β-globin reporter is unstable and therefore stabilized with 

proteasome inhibition. (Figure 1.4B,C). The instability of β-globin, which is 

inherently unstable in the absence of α-globin expression, created difficulty 

deconvoluting ribosomal stall-specific degradation from post-translational 

degradation. To overcome this issue, we engineered a series of GFP-based reporters 

with the same sequence elements as the β-globin reporter set. However, this new GFP-

based system did not offer any advantages over the β-globin system in detection of 

ribosomal quality control events (data not shown). 

 In an attempt to align our experimental approach with the prevailing literature, 

we used a suite of reporters which have been described in a number of publications in 

the study of co-translational RNA and protein quality S. cerevisiae (89-91).  However, 

we determined that these reporters are stable, and do not trigger ribosomal quality 

control in mammalian cells. Therefore, these reporters were not useful for application 

in studying the mRQC (Data not shown). 
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Discussion 

The mRQC in vivo 

The results of our two AP-MS experiments indicate that a complex 

orthologous to the RQC in S. cerevisiae forms in mammals in vivo. However, it is 

unclear whether the assembly of this complex is stimulated under conditions of 

translational stress. Previous studies of the mRQC have shown that interactions 

between its individual protein components are weak, and have evaded detection in 

solution (70).  

Our AP-MS results reflect the labile nature of these interactions, the 

overcoming of which is largely attributed to avidity effects. Analysis of individual 

mRQC protein interactions illustrates the relationship between core mRQC 

components Listerin and NEMF, and generally confirms previously-published 

biochemical interaction data. While sucrose gradient analysis reveals that these 

proteins do indeed shift to 60S-containing fractions upon translational stress, AP-MS 

failed to confirm the induction of interactions amongst mRQC proteins, or with the 

60S ribosome. 

The interaction between Listerin and NEMF is well documented. While we 

were able to capture this interaction at steady state using NEMF as bait, it was only 

apparent in our Listerin AP-MS experiment following CHX treatment. This is 

consistent with the literature suggesting that these two proteins interact weakly. From 

both the AP-MS and immunoblot data, we have evidence that this interaction does 

indeed occur in mammalian cells. Our data on whether this interaction is inducible by 

CHX is inconclusive.  
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There is no evidence, in both the prevailing literature and our own data, to 

support the claim that Listerin and VCP interact. If VCP plays the same role in the 

mRQC as Cdc48 does in the yeast RQC, this protein interacts directly with 

ubiquitylated nascent chain substrates which have been polyubiquitylated by Listerin. 

It may be the case that this is a low-affinity interaction that we cannot detect above 

background using the GFP negative control. However, it may also be the case that 

Listerin and VCP simply do not interact, either due to lack of affinity, or a temporal 

separation between ubiquitylation and extraction steps.  

In general, it appears that mRQC interactions are particularly difficult to detect 

in the Listerin overexpression setting. Overexpression of Listerin may reduce our 

ability to pull down full complexes, due to the limiting nature of the low-abundance 

mRQC factor TCF25. TCF25 also encodes a polybasic sequence, which is a known 

characteristic of Listerin substrates. It is possible that upregulation of Listerin 

suppresses TCF25 which, in turn, reduces recruitment of VCP to stalled 60S 

ribosomes. This is another potential explanation for the observed lack of interaction 

between Listerin and VCP, and is consistent with the Ltn1Δ aggregation phenotype in 

yeast (56). 

 In S. cerevisiae¸ the orthologs of TCF25, NEMF, and VCP have been shown to 

and functionally interact with Ltn1 at the 60S ribosome (46). Our analysis of mRQC 

localization in response to CHX treatment shows that Listerin, TCF25, NEMF, and 

VCP are shifted to 60S-subunit containing fractions in sucrose density gradients. As 

expected due to the high abundance of VCP in the cell, of which only a small amount 

is likely to be designated to operate with the mRQC, only a small amount of VCP was 
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shifted to ribosomal fractions, while the rest remained cytosolic. It is uncertain 

whether our AP-MS interaction data are consistent with this result, since VCP may not 

only be recruited to ribosomes as part of the mRQC, but as part of a general response 

to translational stalling. 

 Interestingly, contrary to the shift we observed in our sucrose gradient 

experiments, our AP-MS data do not reflect a CHX-inducible association between 

mRQC proteins and the ribosome. It may be the case that the mRQC proteins are 

recruited to ribosome-containing fractions in a manner not dependent on the ribosome 

itself. However, it is more plausible to suggest that the full 60S subunit does not 

survive the sample preparation steps for mass spectrometry, and what our data 

represent is background binding, with only a small number of ribosomal proteins 

representing bonafide interactions. 

Formation of the mRQC in response to cycloheximide 

The response of the mRQC to CHX treatment does not appear to be a 

straightforward induction of assembly. Instead, what emerges from our data is a 

picture of a ribosome-associated complex with factors that respond variably to 

translational stress. The interplay between ubiquitin-proteasome and aggregate-

forming modalities may allow the mRQC to dynamically adapt to proteotoxic stress. 

The decreased interaction between TCF25 and VCP following CHX treatment 

is particularly interesting. TCF25 ortholog Rqc1 is important for the recruitment of 

Cdc48 to the ribosome for peptide extraction. If this functional link is conserved in 

mammals, then widespread ribosome stalling appears to disfavor the extraction of the 



29 

 

 
 

stalled polypeptide. Instead, it is possible that the RQC switches nascent protein fate 

from proteasomal degradation to aggregation through activation of Rqc2. 

TCF25 may act as a molecular switch determining the fate of the nascent 

polypeptide substrate. Increased association with NEMF may favor protein 

aggregation, while increased association with VCP favors proteasomal degradation. 

Further studies of this mechanism, including assays for protein aggregate formation in 

cells expressing TCF25 which is incompetent for VCP binding, will illuminate the 

perhaps understated importance of TCF25 to the mRQC. 

In yeast impaired for RQC function, growth defects are not apparent unless 

proteotoxic stress is applied. In mammals, impaired Listerin function presents as a 

progressive neurodegenerative disorder as protein homeostasis mechanisms decline 

with age and fail to clear toxic proteins. Given these observations, and in light of the 

low abundance of Listerin, it stands to reason that the mRQC is fairly specialized, and 

performs its function infrequently at steady state. 

This is evidenced by the low occupancy of mRQC proteins in ribosome-

containing fractions in the absence of CHX treatment. The induction of mRQC 

association with the ribosome suggests that the complex is indeed recruited to 

ribosomes following widespread translational repression. However, our AP-MS results 

with VCP suggest that the ubiquitin-proteasome modality of mRQC function is not the 

favored response to widespread stalling. Immunofluorescence assays targeting either 

endogenous or fluorophore-tagged model substrates in the presence or absence of 

CHX will reveal if this is indeed the case. 
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Reporter-based assays for functional characterization of the mRQC 

 While these reporter systems have been used to successfully study protein 

turnover in S. cerevisiae, our adaptation of these assays provided us with mixed 

results. The β-globin based reporter system used for most of our functional assays was 

inherently flawed due to the unstable nature of β-globin when it is unable to bind α-

globin. 

 We were able to observe that protein expression level of the NMD substrate, β-

globin containing a premature termination codon, was much lower than that of the 

other constructs, and was insensitive to proteasome inhibition. This is consistent with 

the notion that NMD is primarily triaged at the mRNA level. 

 The NGD and NSD reporters are capable of generating a protein product that is 

stabilized by proteasome inhibition. However, the inherent instability of maturely-

folded β-globin obfuscates the instability of any protein products arising from stalled 

translation. Our assays probing the effect of mRQC protein overexpression or 

depletion on the expression of the products of stalled translation were inconsistent, and 

therefore inconclusive. 

 We engineered and tested a series of GFP-based reporter systems to overcome 

the stability issues of the β-globin reporters, but these reporters did not provide any 

advantage in the specific detection of defective translation products. We also made use 

of a reporter system which has successfully been used to probe protein quality control 

and RNA surveillance mechanisms (90). However, this reporter system was entirely 

stable in our application of it, despite the presence of encoded features to induce 

translational stalls. These reporters were originally optimized for use in yeast, and it 
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may be possible that the sequence and structural elements encoded by these reporters 

are ignored by mammalian quality control systems. 

The biology of Listerin further confounds functional characterization of the 

mRQC. While co-translational degradation rates have been estimated at 12-15% in 

mammalian cells (32), the low abundance of Listerin suggests that the mRQC can only 

address stalls at 1% of ribosomes (61). This highlights the fact that other ribosomal 

quality control mechanisms such as the CCR4-Not complex may possess some 

functional overlap with the mRQC in clearance of stalled nascent polypeptides. Future 

work should focus on a combinatorial approach in studying ligase function, perhaps 

assaying the stability of stalled nascent chains using CRISPR/Cas9 single and double 

deletion lines for Listerin, CNOT4, and other ligases. 

Conclusions 

Together, our data support the hypothesis that the mRQC assembles at the 

ribosome at steady state. Protein-protein interactions between mRQC orthologs mirror 

the structural and biochemical data in yeast. However, in response to CHX-mediated 

ribosome stalling, mRQC components are not uniformly induced to interact. Instead, it 

seems likely that CHX stalling favors an mRQC modality which does not recruit VCP 

to the complex. Future studies should take these results into consideration, and 

perform AP-MS experiments probing mRQC function in response to targeted quality 

control events. 
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Figure 1.1: Listerin co-immunoprecipitates with mRQC factors with 

translational stalling 

HEK293T cells inducibly expressing N-FLAG-HA GFP, Ltn1 WT, Ltn1 ΔRING, 

TCF25, NEMF, or VCP were treated with and without CHX (100μg/mL, 1hr). The top 

panel shows input blots, and the bottom panel shows IP blots following HA 

immunoprecipitation. 
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Figure 1.2: mRQC proteins co-immunoprecipitate variably with translational 

stalling 

HEK293T cells inducibly expressing N-FLAG-HA GFP, Ltn1 WT, Ltn1 ΔRING, 

TCF25, NEMF, or VCP were treated with and without CHX (100μg/mL) for 30 min. 

Lysates were subjected to HA-IP and eluates were analyzed using LC-MS/MS. A.) 

Total spectral counts (TSCs) were normalized to bait abundance for each 

untreated/treated pair. Normalized TSCs were then counted for mRQC and ribosome 

splitting factors, using the bait C.) wild type Listerin, D.) ΔRING Listerin, E.) TCF25, 

F.) NEMF, and G.) VCP. 
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Figure 1.3: mRQC proteins shift to subunit-containing fractions with 

translational stalling 

Lysates from HEK293T cells treated with or without CHX were analyzed using 

sucrose density centrifugation on a 10-50% gradient. These cell lines express FLAG-

tagged A.) Listerin, B.) TCF25, or C.) NEMF, under a Tet-inducible promoter. Input 

fractions contain 1% of the total gradient protein load. 
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Figure 1.4: Expression and turnover of β-globin reporter constructs in HeLa cells 

β-globin based reporter mRNAs A.) Wild type (WT), containing a premature 

termination codon (PTC), lacking an in-frame stop codon (NS), encoding a polylysine 

(polyK) or polyglycine tract (GGN-C and GGN-N) are expressed using a Tet-OFF 

system. B.) These reporters are responsive to doxycycline repression. WT, NS, polyK, 

and GGN-C are stabilized by proteasome inhibition. C.) Quantification of the blots in 

(B.). 
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Materials and Methods 

Cells, culturing conditions, and generation of expression lines 

 All mammalian cells were cultured in Dulbecco’s Modified Eagle Medium 

(Thermo Fisher Scientific) supplemented with 10% FBS, and incubated at 37°C, 5% 

CO2. Cells were grown until 70% confluency prior to subculture using 0.25% Trypsin-

EDTA (Gibco). 

Genes of interest were selected from the ORFeome (version 8.1), and cloning 

vectors were generated using Gateway recombination. Stable cell lines were generated 

using lentiviral transduction of target HEK293T or HeLa cells, followed by selection 

with 1μg/mL puromycin. All Flip-In cell lines were generated for inducible expression 

using the Tet-ON system, and were induced using doxycycline. 

Lysis, immunoprecipitation, streptavidin pulldown 

 Cell pellets were incubated in mammalian cell lysis buffer (MCLB) at an 

approximate 2:1 (v:w) ratio per pellet. Protein from cleared lysates was quantified 

using a BCA protein assay. For HA immunoprecipitation (AP-MS), we incubated 

lysates with HA-conjugated agarose beads at 4°C overnight. Beads were washed 

thoroughly with cold PBS. Elution was performed using 150μL HA peptide. Proteins 

were precipitated using a final concentration of 20% TCA. Dried precipitates were 

digested with 1μg of Promega Sequencing Grade Modified Trypsin. After sample 

cleanup using C-18 filtration, samples were analyzed via LC-MS/MS. 

Western analysis 

 For each sample, 10-20μg protein diluted in 4x Laemmli sample buffer 

containing β-mercaptoethanol were loaded onto hand-cast SDS-PAGE gels. Transfer 
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was performed using the semi-dry BioRad TransBlot Turbo Transfer System. The 

primary and secondary antibodies used are notated in the supplementary materials and 

methods section. 

Sucrose Gradient 

Cell lysis for the sucrose gradient analysis was performed using digitonin lysis 

buffer (DLB): 25mM HEPES pH 7.4, 125mM KAc, 15mM MgAc2, 100μg/mL 

digitonin, supplemented with 40U/mL RNase inhibitor, 50μg/mL CHX, 1mM DTT, 

and protease inhibitor tablets. ~1.5mg protein was loaded onto a 5-45% sucrose 

gradient. Ultracentrifugation was performed using a Beckman Coulter SW41 rotor at 

35,000rpm for 2.5hrs. 

1mL fractions were collected manually from the top of the gradient. RNA 

absorbance were taken manually per fraction via Nanodrop. Proteins were precipitated 

using a final concentration of 20% TCA, washed with 10% TCA, followed by acetone 

wash. Dry precipitates were resuspended in 1x Laemmli sample buffer. For Western 

blots, 10μL was run per sample. Input lanes were loaded using 15μg of the original 

lysate (~1% of the total sucrose gradient load). All Western blots were done using 

hand-cast 12% SDS-PAGE gels. 

Knockdown and overexpression assays 

All knockdowns using shRNA were performed using Lipofectamine 2000 

Reagent (Thermo Fisher Scientific) containing 1.5-2.5μg shRNA in Opti-MEM 

Reduced Serum Medium (Thermo Fisher Scientific). Cells were harvested after 48hrs. 

All overexpression assays were performed using Lipofectamine 2000 (Thermo Fisher 

Scientific) with 1.5-2.5μg of plasmid DNA.  
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Mass spectrometry data analysis 

 All datasets were exported as .RAW files, and imported into a proprietary data 

analysis suite. Peptide identification was performed through SEQUEST using the 

UniProt database. Peptide matches were filtered using Linear Discriminant Analysis 

using a false discovery rate (FDR) of 1%. Protein IDs were filtered using Protein 

Sieve with a 1% FDR, and clustered using the Protein Assembler algorithm.  

Data analysis for the AP-MS experiments in Figures 1.1 and 1.2 was 

performed manually using total spectral count (TSC) values. For each untreated and 

CHX-treated pair, TSC values were bait normalized and rounded up to the next whole 

number. 
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Chapter 2: Testing proximity-labeling Methods to Identify the RQC and 

Transient E3-Substrate Associations 

Abstract 

 E3-substrate interactions are often difficult to detect using the traditional 

affinity purification and mass spectrometry (AP-MS). Recently-developed proximity-

based detection methods have been shown to be a powerful strategy for detection of 

protein-protein interactions. We utilized two proximity-based proteomic approaches, 

BioID and APEX, along with traditional AP-MS to evaluate each for their ability to 

detect potential E3/substrate interactions. This marks the first use of these three 

methodologies in parallel to the study E3 ubiquitin ligase interactors. 

 Using VCP as a proof of principle, we revealed the strength of BioID in 

identifying known protein-protein interactions. Applying these methods to Listerin, we 

observed that BioID was the only of our chosen methods capable of reproducibly 

identifying the single documented Listerin interacting protein NEMF. Furthermore, 

our BioID data revealed a list of putative interacting proteins which were reproducibly 

identified in a replicate experiment. Here we describe the discovery of the first-

identified endogenous substrates of the E3 ligase Listerin. 

Introduction/Results 

 Ltn1 is a RING-finger E3 ubiquitin ligase that is well studied for its role in 

ribosome-associated protein quality control in S. cerevisiae. This E3 is known to be 

involved in the destruction of nascent polypeptides resulting from ribosome stalls. 

Features of the mRNA transcript which trigger nonstop decay and no-go decay 

pathways for the destruction of the aberrant transcript also signal the recruitment of 
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protein quality control factors. These factors respond through ribosome splitting, 

nascent peptide ubiquitylation, and extraction of the peptidyl tRNA from the 60S 

ribosome. 

Importantly, Ltn1 appears to be crucial to protein homeostasis, as a significant 

fraction of newly synthesized proteins on stalled ribosomes are ubiquitylated by this 

E3. Studies of Ltn1 function in yeast are limited to model reporter systems in which 

features are engineered to trigger ribosomal stalling, and no studies have yet 

characterized endogenous Ltn1 substrates. Though most studies of this protein focus 

on its role in ribosome-associated quality control, it is unknown whether Ltn1 

performs the bulk of its cellular function at the ribosome. 

E3 ubiquitin ligases have been implicated in the pathology of a number of 

neurodegenerative diseases, and serve as important pharmacological targets in their 

treatment. While it is tempting to speculate that the ribosome-associated quality 

control function of Listerin is responsible for the Listerin mouse phenotype, it may be 

the case that Listerin is targeting other key factors or signaling pathways important to 

neurons. In Chapter 1, we set out to understand the cellular function of Listerin by 

detecting its involvement in the ribosomal quality control complex in vivo. However, 

while the affinity-purification techniques we used allowed us to observe stable 

interactors with Listerin, they were insufficient at providing a reliable list of potential 

candidate substrates for the ligase. 

E3 ligase substrates may contain sequence elements, such as the phosphoserine 

motif recognized by SCFβ-
TrCP

, which are common to particular substrates (92). 

However, motif analysis does not explain all E3 substrate targeting (93). For the 
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degradation substrates of Listerin, the requirement for targeting may be more stringent 

than motif recognition. Peptidyl-tRNA nascent chains trapped at the 60S ribosomal 

subunit are specifically addressed by this ligase. It is possible that stall-inducing 

polybasic tracts in the nascent chain may serve as degrons for Listerin targeting, 

though this E3 has also been shown to respond to non-polybasic stalls (72). 

Because this Listerin may have functions outside of ribosomal quality control, 

genetic and biochemical approaches for the detection of ligase-substrate interactions 

are crucial to understanding the substrate pools targeted by Listerin. Such approaches 

include variants on yeast-two-hybrid assays (94), co-immunoprecipitation (95), 

protein microarray (96), and ubiquitin ligase trapping techniques (97, 98). While these 

techniques have proven to be individually useful, the localization, interactions, and 

activities of E3 ligases are diverse, and no single method for substrate identification 

clearly outperforms all others. Comprehensive studies of E3 interactions require the 

use of orthogonal approaches for identification of substrates and interaction partners. 

 Affinity purification and mass spectrometry (AP-MS) is a common technique 

for the identification of E3 interacting proteins. However, interactions between E3 

ubiquitin ligases and their degradation substrates are particularly difficult to detect due 

to their transient nature as well as the instability of the ubiquitylated protein. The 

ability of AP-MS to capture ubiquitylated substrates is diminished due to the short 

half-life of these proteins. Additionally, because AP-MS is affinity based, the weak 

E3-substrate interaction must be preserved throughout the duration of lysis and 

immunoprecipitation. Further complicating detection, E3 substrates may reside in 
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cellular compartments that are inaccessible using the non-denaturing lysis methods 

required for maintenance of protein-protein interactions. 

We used AP-MS to study the binding interactions and substrates of Listerin. 

However, to overcome the aforementioned difficulties in detecting such interactions, 

we adapted two proximity-based proteomic methods, BioID and APEX, for use in 

parallel with AP-MS (Figure 2.1). Both BioID and APEX are in which the bait protein 

is fused in-frame with a biotin-activating domain, allowing for the covalent 

modification of nearby proteins with biotin.  

While BioID and APEX are suitable for the detection of stable protein-protein 

interactions, the permanent nature of biotinylation makes these methods particularly 

useful in the detection weak and transient interactions, such as those between E3 and 

substrate. However, it is important to draw the distinction between BioID and APEX, 

and highlight the advantages and disadvantages of these techniques when compared to 

traditional AP-MS. 

BioID  

Since its introduction in 2012, BioID has been used to study the interactome of 

proteins important in numerous cellular processes (99), and has been used specifically 

to study the ubiquitin proteasome system. In conjunction with AP-MS, BioID was able 

to identify interacting proteins and substrates for the cullin-RING ligase adaptor β-

TRCP (100, 101). Mechanistically, BioID differs from traditional AP-MS in that it 

covalently modifies target proteins through biotinylation. This allows for the use of 

denaturing lysis and IP conditions, which provide access to cellular compartments 

inaccessible by non-denaturing lysis. Additionally, covalent substrate modification 
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removes the requirement for substrate-bait interaction to be maintained throughout the 

immunoprecipitation step.  

BioID consists of an in-frame fusion between the bait protein of interest and an 

E. coli biotin-ligase (BirA), which has been mutated to decrease its binding affinity for 

the activated biotin product (102). In the presence of biotin, the mutant domain (BirA 

R118G, or BirA*) generates activated biotinoyl-AMP, which diffuses and conjugates 

to nearby amine groups, particularly lysine residues (100).  

The typical labeling period for the BioID method is 24hrs. The labeling radius 

for BioID is estimated to be on the order of 10-30nm for a tethered fusion protein, but 

the sample space of freely-diffusing cytosolic proteins may be much larger (103, 104), 

as the 24hr labeling period allows for considerable mobility of both bait and substrate. 

Biotinylated proteins can then be enriched using streptavidin beads and identified by 

mass spectrometry. To distinguish between endogenously-biotinylated proteins, and 

those specifically modified through BioID, it is important to include a non-specific 

negative control bait, such as GFP. 

APEX 

Similarly, APEX is a method for substrate identification through proximity-

based biotinylation. This approach makes use of an in-frame fusion between the bait 

protein and a mutated (A134P or APEX2) 28kDa monomeric peroxidase reporter 

derived from plant sources (105). Though functionally similar to horseradish 

peroxidases, this reporter can be expressed in vivo in reducing cytosolic conditions 

without loss of activity (106).  
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Cells expressing APEX2 fusion-tagged proteins are incubated with biotin-

phenol for a short period (~1hr), and then treated with H2O2 (~1min) to generate a 

short-lived biotin-phenoxyl radical which covalently tags nearby proteins. In contrast 

to BioID, the bio-phenol radical targets electron-dense side chains such as tyrosine, 

but possibly tryptophan, cysteine, and histidine as well (107). These biotinylated 

substrates can then be captured and identified using mass spectrometry in a manner 

identical to that of BioID. 

Applications of APEX2 include targeted mapping of spatially-restricted 

organelles using live-cell proteomics and electron microscopy (105, 107). The 

biotinylation radius for the APEX2 method has not been reported, and the use of 

compartment-specific SILAC labeling schemes is recommended for a quantitative 

study of protein-protein interactions using this method (107). The short labeling period 

of APEX2 makes this approach particularly appealing for the study of dynamic 

cellular states and short-duration pharmacological treatments. 

Comparison of AP-MS, BioID, and APEX 

APEX has the advantage of requiring a very brief labeling time (~1min vs. 

overnight/16hr for BioID), which makes it more applicable for testing short-lived 

cellular states or acute drug responses than BioID (107). While the BioAMP generated 

by the BioID method has a half-life of minutes in water, APEX generates the highly-

reactive biotin-phenoxyl radical, which has a much shorter half-life (<1ms) (107). It is 

also suggested that the long incubation time of BioID may lead to the accumulation of 

a potentially toxic biotinylated proteome (107). To date, published studies of APEX 

have been limited to membrane-tethered bait proteins or sampling of entire subcellular 
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compartments (105-108), while BioID has been tested and validated as a tractable 

approach for the study of E3 substrates.  

Together, BioID and APEX methods are powerful tools for detecting protein-

protein interactions, however AP-MS still provides a number of advantages over these 

methods. AP-MS is much more specific than the proximity-based identification 

methods, since protein-protein interactions must be preserved through lysis and 

immunoprecipitation. Additionally, unlike BioID, which includes a long (~16hr) 

biotin incubation step, this method provides the ability to probe the rapid response of 

the cell—for instance to short-term pharmacological inhibition of translation. 

While BioID has been seen to outperform AP-MS at identification of E3 

substrates, it is unclear whether this will hold true for Listerin substrates. The 

performance of the biotinylation-based approaches is dependent on the stability of the 

chimeric bait protein. BioID and APEX both involve the addition of a ~30kDa domain 

to the bait protein. Particularly in the case of proteins with hidden termini harboring 

the ligase domain, these bulky additions may disrupt regular molecular function. 

Because of the distinct advantages and disadvantages of each method, AP-MS, 

BioID, and APEX should be used in parallel when using proteomics to study a 

protein’s interactome. Prior to beginning our study of Listerin and its interacting 

proteins and substrates, we benchmarked the three methods through a comparative 

study of their relative effectiveness at capturing known interactions with a well-

characterized protein, VCP. 
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Benchmarking the Three Methods with VCP/p97 

Because Listerin is a low-abundance protein with only a single reported 

interactor, it was important for us to test the effectiveness of each proteomic strategy 

using a protein that does not suffer from these disadvantages. For our first comparison 

of AP-MS, BioID, and APEX, we used VCP: a highly-abundant, multifunctional 

protein with a large number of confirmed interactors. 

Valosin-containing protein, VCP/p97, is involved in a number of independent 

cellular processes and plays a critical function in cellular homeostasis (109). VCP is a 

molecular chaperone, and can specifically target ubiquitylated proteins. It forms a 

hexameric ring which uses ATP hydrolysis to unfold associated client proteins, aiding 

in translocation or transfer of terminal proteins to the proteasome. This protein 

functions in a number of different cellular contexts, including ERAD, stress granule 

clearance, and cell cycle regulation (78). It also plays a direct role in ribosome-

associated quality control, extracting ribosome-bound substrate proteins targeted by 

Listerin and Ubr1 (49). 

For our benchmarking assay, we generated HEK293T cell lines expressing 

VCP engineered for use in our three platforms (Figure 2.2A). Expression was driven 

from a single locus, under the control of a doxycycline inducible (Tet-ON) promoter. 

As a negative control, we used GFP, which is not endogenously expressed in human 

cells, and has no known interacting partners. The engineered expression lines are 

listed in Table 2.1. We tested these cells for inducible expression. Additionally, we 

used biotin incubation and Western blot for Streptavidin-HRP to detect whether these 
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cell lines were capable of inducing biotinylation (Figure 2.2C). Notably, GFP and 

VCP expression levels are similar in this assay. 

Stable Isotope Labeling with Amino Acids in Cell Culture (SILAC) is a useful 

method for unbiased quantitative proteomics. Long-term incubation of a population of 

cells with isotopically heavy lysine and arginine (K8R10) leads to stable incorporation 

of these amino acids in a way that does not impact the physiology of the cell, but can 

be detected via mass spectrometry as a subtle mass shift. Peptide pairs are identified 

through mass spectrometry, and can be normalized and used as an indicator of relative 

protein abundance (Figure 2.2B). We implemented this approach for quantitative 

interaction proteomics to for identification of specific VCP interacting partners. 

We cultured heavy-labeled 293T cells expressing GFP engineered for use in 

each of the three paradigms: AP-MS, BioID, and APEX. We grew engineered VCP 

lines in light medium (K0R0). For BioID and APEX, we activated biotinylation prior 

to harvesting and lysis. We then mixed the lysates from the heavy-light pairs, and 

immunoprecipitated the FLAG tag (AP-MS), or used streptavidin-conjugated beads to 

pull down biotinylated proteins. All precipitates were subjected to on-bead trypsin 

digestion, and then analyzed using tandem mass spectrometry. This experiment was 

performed in biological duplicate, and datasets were analyzed independently. 

We first analyzed the entire population of proteins identified in each of our 

pull-downs for VCP-specific interactors. Following data normalization, we used the 

log2 transformation of the heavy/light ratio (GFP/VCP) as a metric to represent 

relative protein abundance in each of our experiments. Specific VCP interacting 

proteins are identified in the 3
rd

 quadrant of the scatter plots depicted in Figure 2.3. 
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For our AP-MS experiment, the tight distribution of hits centered at the origin 

represents the superior specificity of this method compared to BioID and APEX, 

which produced a number of false positives in the 2
nd

 quadrant. Importantly, known 

VCP interactors were identified in each of the three experiments. 

Examination of specific VCP interacting proteins reveals the differences 

between the three methods (Figure 2.4). Proteins found in stable complex with VCP, 

such as co-factors UFD1L, NPLOC4, and UFD1L, are represented in three methods 

(Figure 2.4A). Two proteins, UBXN7 and VCPIP1, were only identified in the BioID 

experiment. One explanation for this is that these proteins may only have a transient or 

cell-state specific interaction with VCP, and this interaction is labile. In terms of 

enrichment of known interactors, BioID outperformed both FLAG-IP and APEX 

methodology. 

We then compared the number of positive identifications for VCP across the 

three platforms (Figure 2.4B). Using the cutoff of 2-fold enrichment over GFP control, 

BioID captured 92 positive IDs, while APEX and FLAG-HA captured 40 and 45, 

respectively. Of these proteins, BioID detected a greater number of known VCP 

interactors (data not shown) than the other two methods.  

The BioID method appears to be more effective in capturing known VCP 

substrates than the other tested methods. However, because we did not perform any 

validation experiments, we cannot claim with any certainty that BioID is more 

effective at capturing novel interactions. Because the list of high-confidence 

interacting proteins for each approach had little overlap with the others, we opted to 

use the three methodologies together for the study of the E3 ligase Listerin. 
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Application of the Three Methods to the Study of Listerin Interacting Partners 

and Substrates 

 Identification of Listerin interactors poses an added level of difficulty over our 

preliminary work with VCP. Although we were able to identify known stable and 

transient interactors with VCP (110), Listerin has only one verified interactor: NEMF. 

It is unknown whether the other RQC interactions identified in S. cerevisiae are 

conserved in mammals. 

  We engineered cell lines for Listerin in each of the three enrichment 

paradigms in a manner identical to those generated for VCP and GFP in the previous 

experiment (Figure 2.5A). Instead of using SILAC as we did in the previous 

experiment, we opted to use a label-free proteomic approach (Figure 2.5B). After 

constructing these cell lines, we assayed for expression of the tagged Listerin or GFP 

control (Figure 2.5C). Note that Listerin expression is comparatively much lower than 

the expression of GFP across all three methods. Listerin produces a weak biotinylation 

signal compared to GFP as well. 

 We cultured Listerin and GFP expression lines for each of the platforms under 

identical media conditions. For the BioID and APEX cell lines, we activated 

biotinylation prior to harvesting and lysis. As before, the samples for AP-MS were 

immunoprecipitated using the FLAG tag, and the BioID and APEX samples were 

subjected to streptavidin pulldown. The captured proteins were subjected to on-bead 

trypsin digestion, and analyzed in technical triplicate using mass spectrometry. 

 Analysis of our label-free results differs somewhat from the SILAC results 

obtained from the previous VCP experiment. After normalizing for bait abundance, we 
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compared total spectral counts (TSCs) between Listerin and GFP for each of the three 

platforms. While non-specific interactors are not enriched in either the Listerin or GFP 

samples, Listerin-specific interactors are measured as those enriched two-fold over 

GFP (Example in Figure 2.5B). We used this approach to analyze the interaction 

between Listerin and other known ribosome-associated quality control factors. As 

expected, we detected a specific interaction between Listerin and NEMF (Figure 

2.6A). It is important to note that this interaction was only detectable using BioID.  

Using these three methodologies, we found no evidence that VCP is an 

interacting protein of Listerin (Figure 2.6B), which is consistent with our findings in 

Chapter 1. Pelota and Hbs1L (Dom34 and Hbs1 in yeast, respectively) are known 

termination factor-like proteins which act upstream of Listerin in response to ribosome 

stalling. While we did not observe any specific interaction between Hbs1L and 

Listerin, we were able to detect some enrichment for the Pelota-Listerin interaction in 

the AP-MS experiment only. 

 We then performed an analysis using a scoring algorithm which sorts 

interactors across replicate runs based on reproducibility, uniqueness, and abundance. 

We used this metric to identify high confidence interacting proteins (HCIPs) for 

Listerin in each of the three platforms (Figure 2.7A). AP-MS was able to detect almost 

twice as many HCIPs as BioID, and ~15-fold more than APEX. While the list of 

proteins detected by AP-MS was large, we were unable to identify NEMF using this 

method, which is consistent with our previous AP-MS results for steady state 

interactions between the two proteins. APEX did not capture this interaction either. 
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 The BioID approach identified NEMF and the highest scoring interacting 

protein for Listerin (Figure 2.7B). We performed further analysis of our BioID dataset, 

using a normalized interaction score in which 2-fold enrichment over GFP signifies a 

strong interaction. Our dataset revealed four members of a hetero-pentameric tubulin 

glutamylation complex (Figure 2.7B, Red), and the protein RSK1 (Figure 2.7B, 

Green). Notably, we also detected more endogenously biotinylated proteins in our 

Listerin BioID than in GFP control. 

 We performed a replicate experiment in which Listerin BioID was once again 

compared to GFP control (Supplementary Figure 2.1). In this experiment, we were 

able to again detect NEMF, members of the tubulin glutamylation complex, and 

RSK1. Additionally, we were able to detect another RSK protein family member, 

RSK1, and the remaining tubulin glutamylation enzyme TTLL1 (data not shown). 

Discussion 

Challenges in Detecting Quality Control Substrates of Listerin 

Listerin is suspected to have a variety of quality control substrates in response 

to translational stalling. Because the mRQC function of Listerin requires it to bind to 

the 60S-tRNA-nascent chain, this E3 may target any protein trapped in the exit tunnel, 

regardless of sequence specificity. This may indeed be triggered by specific sequences 

in the mRNA, as in the case of NSD and NGD, but may also arise from other varieties 

of translational stalls. 

Generation of a comprehensive list of endogenous Listerin quality control 

substrates is beyond the scope of this project. We do not have evidence of enrichment 

for nascent chain polypeptide substrates in our analysis. In order to specifically 
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identify newly-synthesized Listerin substrates, a modified version of our label-free 

technique can be employed, using pulse SILAC to metabolically label newly-

synthesized proteins. These likely low-abundance, partially-stochastic quality control 

events would be a significant challenge to detect. 

In our early experiments using BioID, we suspected that expression of a 

Listerin fusion protein containing the BirA* domain at the C terminus, more proximal 

to the peptide exit tunnel, would likely promote the enrichment of ribosome-bound 

substrates. However, we did not observe a significant difference in the protein IDs 

obtained with either the N-terminal or C-terminal variant (data not shown). 

Post-hoc Comparison of the Three Methods 

 We analyzed the interactors of VCP using AP-MS, BioID, and APEX. Our 

analysis included a list of proteins that are known VCP interactors—many of which 

were identified using traditional affinity-enrichment techniques. This biases our list of 

known interactors towards those which form a stable complex with VCP. Another 

disadvantage of the proximity-based methods is the promiscuity of biotinylation, 

which produces a significant breadth of false positives compared to AP-MS (Figure 

2.3, upper-right quadrant). This appears to be due to unexpectedly specific GFP 

interactions within the proteome. 

 Despite these disadvantages, BioID appeared to outperform the other two 

approaches in terms of detection of known VCP interactors. All three proteomics 

approaches provided us with substantial numbers of high-confidence interacting 

proteins (HCIPs). However, the lack of significant overlap amongst HCIPs (Figure 
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2.4B) suggests that these three methods should be used in parallel as complementary 

methods for the detection of protein-protein interactions. 

Detection of Listerin Substrates 

 BioID revealed novel associations between Listerin and the MAPK signaling 

kinases RSK1 and RSK2, as well as with tubulin glutamylation complex (TGC) 

components—TPGS1, TPGS2, LRRC49, NICN1 and, to a lesser extent, TTLL1. 

These interactions were identified in an independent BioID experiment 

(Supplementary Figure 3.1), supporting our previous finding that Listerin comes in 

close proximity with, and may interact directly with, RSK proteins and the TGC. To 

study whether Listerin functionally interacts with these proteins, we used activity-

based assays to assess the impact of Listerin on tubulin polyglutamylation and RSK 

signaling. These experiments are detailed in Chapter 3. 

 Tubulin polyglutamylation plays a role in microtubule stability, which is key in 

neural development and function. One enticing hypothesis regarding the Listerin 

mouse phenotype is that dysregulation of tubulin polyglutamylation can lead to 

increased microtubule instability, thereby contributing to neurodegeneration. Evidence 

of this is supported by the phenotype of the pcd mouse, which harbors an inactivating 

mutation in a key tubulin deglutamylase (CCP1). Whether this is a contributor to the 

Listerin phenotype is yet to be demonstrated using functional studies. 

 RSK1 and RSK2, members of the RSK protein family, operate in the MAPK 

signaling pathway, which integrates extracellular growth factor signals, and promotes 

protein synthesis directly at the ribosome, or through crosstalk with regulators of 

mTOR signaling. RSK is a crucial hub for pro-growth and pro-survival signaling. One 
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hypothesis is that Listerin influences the production of faulty proteins through RSK 

signaling. Loss of RSK turns off pro-growth signaling—thus, if Listerin keeps RSK 

levels low, it suppresses growth-factor stimulated protein production. Hence, this 

ligase may directly influence protein production at a fundamental level. 

Detecting Interacting Partners of Listerin 

 Detection of NEMF specifically through BioID may be attributed to the close 

proximity of the N-terminal BirA* domain and known NEMF-Listerin contact points 

(40). Lack of detection of this strong interaction via AP-MS is consistent with the 

notion that this interaction is labile and likely difficult to detect at steady state. This 

interaction may require a stimulus such as CHX to generate detectable levels of the 

complex, which is supported by our previous results with Listerin AP-MS (Figure 

1.2C,D). However, using NEMF as bait in our AP-MS experiment, we observed a 

significant interaction with Listerin that is not induced by CHX. It is possible that the 

association between these two proteins is dependent on the abundance of NEMF.  

In this and our previous AP-MS studies, we were not able to detect a Listerin-

VCP interaction above negative control (Figures 1.1, 1.2, 2.6). This may suggest one 

of two things: either these two proteins do not interact, or the use of GFP, which is 

prone to nonspecific binding interactions, as a negative control diminishes our ability 

to detect bonafide interactions. Based on our data, we were unable to draw a definitive 

conclusion about this interaction. Our results highlight the importance of using a 

negative control protein which makes few nonspecific interactions, and is expressed at 

a level similar to that of Listerin. 
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Of our three approaches, AP-MS may be best suited for studies of co-

interaction between components of the mRQC. However, in addition to capturing the 

Listerin-NEMF interaction, BioID appears to be the most powerful approach for 

detecting transient ligase-substrate interactions. Listerin BioID generated a 

reproducible list of interacting partners (Figure 2.7B, Supplementary Figure 2.1). 

However, while this list contains NEMF, we were not able to significantly detect other 

mRQC components.  

Two potential confounds may limit the detection of mRQC interactions using 

BioID. First is the use of the GFP control, which generated an abundance of 

background interactions, potentially masking bonafide interactions. Second is the 

incompatibility of the BioID protocol with the use of CHX to stall translation and 

potentially induce mRQC formation. APEX initially appeared to be a solution to this 

problem, offering a promising combination of the strengths of proximity labeling and 

the temporal versatility of AP-MS. However, APEX yielded very few HCIPs, and was 

unable to capture the Listerin-NEMF interaction, which served as our standard for 

judging the effectiveness of the method. 
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Table 2.1: HEK293T cell lines generated for VCP and Listerin proteomics 

experiments using the AP-MS, BioID, and APEX approaches 

 

 GFP VCP Listerin 

AP-MS FLAG-HA GFP FLAG-HA VCP FLAG-HA Listerin 

BioID FLAG-BirA* GFP FLAG-BirA* VCP FLAG-BirA* Listerin 

APEX FLAG-APEX2* GFP FLAG-APEX2 VCP FLAG-APEX2 Listerin 
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Figure 2.1: Schematic for AP-MS, BioID, and APEX proteomics approaches 

A depiction of AP-MS, BioID, and APEX proteomics workflows. 
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Figure 2.2: Schematic and expression of transgenic cell lines for VCP SILAC 

proteomics experiment 

A.) Reporter design schematic depicting VCP protein products of FLAG-HA (F), 

BioID (B), and APEX (A), as well as GFP negative control. B.) Generalized 

chromatogram depicting peak intensity profiles for background and VCP-specific 

interacting proteins. C.) Inducible expression of the GFP and VCP reporters in 

HEK293T cells. Bottom Western blot shows streptavidin-HRP signal. 
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Figure 2.3: VCP SILAC proteomics data for two biological replicate experiments 

Scatterplots representing AP-MS, BioID, and APEX experiments performed in 

biological duplicate. For each proteomic approach, heavy-labeled (K8 R10) HEK293T 

cells expressing GFP were mixed 1:1 with light (K0 R0) HEK293T cells expressing 

VCP, post-lysis. Heavy/light (H:L) ratios were taken for all quantified peptides and 

then transformed by log2. Bait protein is indicated in red, and known interactors are 

indicated in blue. 
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Figure 2.4: VCP proteomics identifies known and unknown VCP interactors 

AP-MS, BioID, and APEX experiments were performed in biological duplicate. For 

each proteomic approach, heavy-labeled (K8 R10) HEK293T cells expressing GFP 

were mixed 1:1 with light (K0 R0) HEK293T cells expressing VCP, post-lysis. A.) 

Log2 Heavy/light (H:L) ratios of known VCP-interacting proteins. B.) Venn diagram 

depicting the number of high-confidence interacting proteins identified by each 

method. 
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Figure 2.5: Schematic and expression of transgenic cell lines for Listerin 

proteomics experiment 

A.) Reporter design schematic depicting Listerin protein products of FLAG-HA, 

BioID, and APEX, as well as GFP negative control. B.) Generalized chromatogram 

depicting peak intensity profiles for background and Listerin-specific interacting 

proteins. C.) Inducible expression of the GFP and Listerin reporters in HEK293T cells. 

Middle and bottom Western blots show streptavidin-HRP signal. 
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Figure 2.6: Listerin proteomics identifies mRQC interactions 

Total spectral counts for the AP-MS (FLAG, F), BioID (B), and APEX (A) 

proteomics experiments using either Listerin or GFP as bait. Specific interactions 

detected for mRQC proteins A.) NEMF, B.) VCP (note: TCF25 was not identified in 

any of our experiments), and ribosome splitting factors C.) Pelota, and D.) Hbs1L 
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Figure 2.7: Detection of high-confidence interacting proteins, and top Listerin 

interactors identified in the BioID dataset 

A.) Histogram of high-confidence interacting proteins (HCIPs) across the three 

methods, The normalized interaction score for the BioID experiment was taken using 

the ratio of WD scores (Listerin BioID/GFP BioID). B.) A curated list of proteins with 

a normalized interaction score above two. In red are tubulin glutamylation complex 

proteins, in green is the RSK family protein RSK1, and in blue are endogenously-

biotinylated proteins. 
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Materials and Methods 

Cells, culturing conditions, and generation of expression lines 

 HEK293T and HeLa cells were cultured in Dulbecco’s Modified Eagle 

Medium (Thermo Fisher Scientific) supplemented with 10% FBS. Vectors containingr 

VCP and Listerin were selected from the ORFeome, and cloning vectors were 

generated using Gateway recombination. Stable cell lines were generated using 

lentiviral transduction of target HEK293T cells, followed by selection with 1μg/mL 

puromycin. All Flip-In cell lines were generated for inducible expression using the 

Tet-ON system, and were induced using doxycycline (5μg/mL). For serum starvation, 

cells were cultured in DMEM without FBS. 

Western analysis 

 For each sample, 10-20μg protein diluted in 4x Laemmli sample buffer 

containing β-mercaptoethanol were loaded onto hand-cast SDS-PAGE gels. Transfer 

was performed using the semi-dry BioRad TransBlot Turbo Transfer System. The 

primary and secondary antibodies used are notated in the supplementary materials and 

methods section. 

Lysis, immunoprecipitation, streptavidin pulldown 

 Cell pellets were incubated in mammalian cell lysis buffer (MCLB) at an 

approximate 2:1 (v:w) ratio per pellet. Protein from cleared lysates was quantified 

using a BCA protein assay. For FLAG immunoprecipitation (AP-MS), we incubated 

lysates with FLAG-conjugated agarose beads at 4°C overnight. Streptavidin pulldown 

was performed using streptavidin-conjugated agarose beads with overnight inversion 

at 4°C. Beads were washed thoroughly with IP buffer and cold PBS. On-bead trypsin 



66 

 

 

digestion was performed using 1μg of Promega Sequencing Grade Modified Trypsin 

in 50mM ammonium bicarbonate/10% acetonitrile overnight at 37°C.  Peptide 

purification steps were performed using homemade pipette tip C18 columns (Empore 

SPE Extraction Disks). 

BioID and APEX mass spectrometry 

 BioID: HEK293T cells expressing the BirA R118G (BirA*) domain fused in-

frame with FLAG-tagged bait protein were co-treated with doxycycline and biotin 

(50μM) overnight. Cell pellets were harvested using trypsin, and stored at -80°C until 

lysis. Lysis was performed using MCLB supplemented with proteasome inhibitor 

(Roche, EDTA-free). Protein concentrations were determined using a BCA protein 

assay. The lysates are divided according to protein concentration: 600μg for Western 

blot (100μg for whole cell lysates, and 500μg for streptavidin pulldown followed by 

Western blot). 

 APEX: HEK293T cells expressing the APEX2 domain fused in-frame with 

FLAG-tagged bait protein were treated with doxycycline overnight. Prior to harvest, 

cells were incubated with biotin-phenol (500μM) for 1hr, and 30% H2O2 for ~1 min. 

Further processing was identical to BioID samples. 

SILAC and label-free proteomics 

 SILAC: GFP-expressing HEK293T cells labeled with heavy arginine and 

lysine (K8 R10) were treated and harvested identically to VCP-expressing HEK293T 

cells cultured in light (K0 R0) growth medium. These cell populations were harvested 

and lysed as above, and lysates were mixed 1:1 prior to FLAG-IP or streptavidin pull-

down for mass spectrometry and Western blot. Label-free: GFP- and Listerin-
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expressing HEK293T cells were cultured in normal growth medium and processed in 

parallel. 

Mass spectrometry data analysis 

 All datasets were exported as .RAW files, and imported to a proprietary data 

analysis suite. Peptide identification was performed through SEQUEST using the 

human UniProt database. Peptide matches were filtered using Linear Discriminant 

Analysis using a false discovery rate (FDR) of 1%. Protein IDs were filtered using 

Protein Sieve with a 1% FDR, and clustered using the Protein Assembler algorithm.  

 VCP analysis: Fold change is represented as log2(H/L). Using this as a scoring 

metric, the threshold for high-confidence interacting proteins (HCIPs) was set at ≥2. 

Listerin analysis: TSCs were normalized to GFP control with respect to bait 

abundance. Fold change was represented as the log2 ratio of experimental to control 

TSCs, and all zero denominator counts were treated as single matches. The 

CompPASS WD score obtained from this analysis was used as a scoring metric. The 

threshold for HCIP identification was set at  ≥2 (WDListerin/WDGFP). 
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Chapter 3: Biochemical validation of novel Listerin interactions 

Abstract 

 The E3 ubiquitin ligase Listerin is known for its role in ribosome-associated 

protein quality control. However, little is known about the endogenous targets of 

Listerin. In Chapter 2, we demonstrated the usefulness of BioID for identification of 

E3 ubiquitin ligase substrates, and presented a number of putative Listerin targets that 

were specifically identified using the BioID method. Those proteins include the p90 

Ribosome S6 Kinases, RSK1 and RSK2, as well as members of the tubulin 

glutamylation complex (TGC). 

 Here, we reveal the first functionally validated substrates of Listerin in 

mammals. We show that Listerin-mediated ubiquitylation of RSK and TGC proteins 

does not decrease the stability of these proteins, indicating that this modification is 

regulatory in nature. The interaction between Listerin and RSK directly impacts 

downstream effectors of RSK, and this novel function of Listerin appears to be at least 

partially independent of the ribosomal quality control complex. Our findings present a 

new role for Listerin as a regulator of growth signaling and cellular metabolism 

through its regulatory association with RSK. 

Introduction/Results 

 An appreciation for the importance of Listerin as a quality control ligase has 

grown over the past decade. While much of the function of this E3 has been studied in 

S. cerevisiae, and its functional output limited to a class of reporters engineered to 

cause ribosome stalling, the role of Listerin in general protein homeostasis is likely a 

large one. In mammals, nearly 4% of all nascent polypeptides are trapped in stalled 
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ribosomal complexes which are polyubiquitylated and degraded by the proteasome 

(32). Yeast Ltn1 is known to target these proteins at the 60S ribosome in vivo, and 

biochemical reconstitution assays using mammalian Listerin show that this ligase is 

capable of targeting trapped substrates at the 60S (40). As of yet, there have been no 

studies, in mammals or in yeast, that identify endogenous targets of Listerin. 

 As mentioned in Chapter 2, identification of E3 ubiquitin ligase targets is a 

difficult task in molecular biology. Substrates of degradative ubiquitylation are 

destroyed shortly after making transient contact with the E3. BioID overcomes a 

number of the drawbacks of the traditional affinity purification mass spectrometry 

(AP-MS) approach by covalently modifying substrates at lysine residues that may 

otherwise be modified by the ligase. Using this technique, transient interactions are 

captured with greater fidelity than AP-MS. This opens up the possibility of detecting 

novel ligase-substrate interactions that would ordinarily go undetected.  

We describe in Chapter 2 the use of three parallel proteomics approaches for 

the unbiased identification of novel interacting partners and substrates of the E3 

ubiquitin ligase Listerin. Of the three paradigms tested, BioID was the only one 

capable of identifying the single documented Listerin interactor, NEMF (Figure 2.6A). 

We leveraged the BioID approach for the identification of novel interacting partners of 

this E3, and were able to reproducibly detect two new classes of Listerin interactors: 

members of the 90 kDa ribosomal s6 kinase (RSK) family, and the tubulin 

glutamylation complex (TGC) (Figure 2.7B, Supplementary Figure 2.1). 

 These two classes of interacting proteins represent markedly different 

functions in cellular homeostasis. Protein kinases RSK1 and RSK2 function as key 
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regulators of pro-growth signaling as part of the MAPK pathway, and have a 

significant impact on mTOR signaling. The tubulin glutamylation complex is 

important for promoting the dynamic instability of microtubules, which has a direct 

influence on transport, cell polarity, and centrosome dynamics.  

Validation of our list of putative Listerin interactors required us to first 

recapitulate our findings. In an independent BioID experiment, we observed the same 

RSK and TGC interactions as prior (Supplementary Figure 2.1). This BioID 

experiment expanded our list of Listerin interactors by the inclusion of RSK1 and 

TTLL1. Detection of these components reinforced the notion that Listerin may have a 

function in both MAPK signaling and tubulin dynamics. 

Reciprocal BioID for TGC and RSK Components 

As additional validation of these putative interactions, we conducted a 

reciprocal BioID experiment using TGC and RSK proteins as bait. We constructed 

HEK293T cell lines expressing the engineered TGC and RSK variants indicated in 

Table 2.1 in a manner identical to that used for our VCP and Listerin BioID lines. 

After generating these inducible expression lines, we confirmed doxycycline-inducible 

expression (Figure 3.1). We confirmed that these cell lines are also capable of 

biotinylation via the BirA* domain, as confirmed via streptavidin blot (Data not 

shown).  

After validating our expression lines, we proceeded to run a label-free BioID 

experiment using the TGC and RSK baits, as well as negative control GFP (Figure 

3.2). This experiment was conducted using the same protocol used for the Listerin 

BioID experiment detailed in Chapter 2. Following bait normalization to GFP, we 
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calculated fold change relative to GFP control for each of the putative interactors 

(Figure 3.2). Bait abundance is represented using total spectral counts for the BirA* 

domain (Figure 3.2A). 

As a positive control, we included a third, independent biological replicate for 

our Listerin BioID experiment. Listerin was able to capture all previously-detected 

interactions at levels similar to those in our previous work (Supplementary Figure 

2.1). All Listerin-TGC interactions were observed to be at least 1.5-fold enriched over 

control. Interactions with RSK1 and RSK2 are over 30-fold enriched over control 

using Listerin BioID (Supplementary Figure 3.1). 

Our BioID data show that TGC components clearly interact with other 

members of the same complex (Figure 3.2B-D). However, TGC members NICN1 and 

TTLL1 show only a 1.5-fold enriched interaction with Listerin over GFP control 

(Figure 3.2B-D). LRRC49 BioID reveals an interaction with both Listerin and RQC 

component TCF25 (Figure 3.2B). Further strengthening the likelihood of this 

interaction being bonafide, LRRC49 was identified as an interactor in all three of our 

Listerin BioID experiments (Figure 2.7, Supplementary Figure 2.1, Supplementary 

Figure 3.1).  

NICN1 and TTLL1 also both appear to interact with other TGC proteins 

(Figure 3.2C, D). Consistent with our previous results showing a subtle interaction 

with Listerin, NICN1 and TTLL1 are not enriched to the extent of LRRC49. In total, 

we were able to detect Listerin using LRRC49 BioID, further reinforcing the notion 

that Listerin interacts with at least one member of the tubulin glutamylation complex. 
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RSK2 BioID confirms an interaction with Listerin that appears to be 100-fold 

enriched over control (Figure 3.2E). However, because RSK proteins share a high 

level of homology (111), we cannot rule out the possibility that the protein IDs for 

RSK1 are false positives arising from overexpressed RSK2. We were also able to 

observe an interaction between RSK2 and Listerin, mirroring our results from the 

complementary Listerin BioID from this set (Figure 3.2E, Supplementary Figure 3.1). 

Interestingly, in our previous Listerin BioID results, RSK2 was not detected (Figure 

2.7). 

Biochemical validation experiments 

After confirming reciprocal interactions between Listerin and our candidate 

proteins, we proceeded to run a series of validation experiments to determine whether 

Listerin is able to ubiquitylate and affect downstream signaling of these proteins in 

vivo. Additionally, we tested whether the contribution of Listerin is dependent on the 

mRQC. 

 We generated constructs for transient overexpression of our TGC and RSK 

proteins, as well as Listerin in both its wild-type and catalytically-inactive ΔRING 

form. To explore whether Listerin polyubiquitylates these proteins in vivo we 

expressed either wild-type or ΔRING Listerin in combination with the TGC and RSK 

proteins (Figure 3.3). Additionally, we expressed HA-tagged ubiquitin for direct 

immunoprecipitation of ubiquitin-modified proteins. 

 Our results reveal that TTLL1 and the two RSK proteins are ubiquitylated by 

Listerin in a RING-dependent manner. Listerin-specific ubiquitylation of NICN1 was 

not detected. We observed RING-dependent ubiquitylation of RSK1 and RSK2, as 
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well as another protein identified in our Listerin BioID assay, TYW3. This suggests 

that Listerin specifically interacts with and ubiquitylates these substrates, and this 

modification requires the catalytic RING domain. 

 One hallmark of degradative polyubiquitylation is increased substrate stability 

when the modification is blocked. In contrast to this, we observed decreased substrate 

abundance with loss of Listerin, which is an indicator of regulatory polyubiquitylation. 

Taken together, these data suggest that Listerin ubiquitylates RSK proteins and the 

TGC component TTLL1, but not NICN1, and this modification does not target the 

protein for degradation and rather serves a regulatory function. 

Exploring the Role of Listerin in MAPK and mTOR Signaling via RSK 

Mitogen-activated protein kinase (MAPK) signaling is involved in cell 

proliferation, survival, growth, and differentiation (112). MAPK signaling is initiated 

by sensing of extracellular cues, such as serum and phorbol esters, by membrane 

receptors. These signals are relayed to initiate a signaling cascade which includes 

activation of extracellular signal-related kinases 1 and 2 (ERK1/2). ERK1/2 directly 

phosphorylates proteins in the RSK family (111).  

The RSK protein family is involved in a number of important cellular 

functions, including regulation of transcription, the cell cycle, and pro-survival 

signaling (111). Loss of RSK2 function in humans is the genetic root of Coffin-Lowry 

syndrome, which is an X-linked disorder characterized by severe growth and cognitive 

disorders, and significantly reduced lifespan (113). RSK1 and RSK2 also directly 

promotes activation of translation by phosphorylating ribosomal protein S6, and 

promote cap-dependent translation via the phosphorylation of eIF4B (111).  
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Importantly, RSK is an important hub for crosstalk between MAPK signaling 

and the insulin signaling pathway through regulation of mTOR, the master regulator of 

cell growth and metabolism. RSK can perform this function directly, promoting the 

activity of mTORC1 through phosphoactivation of RAPTOR. RSK can also modulate 

mTOR signaling indirectly, through site-specific inhibitory phosphorylation of TSC2 

(114). 

  One hallmark of nutrient starvation is a high intracellular concentration of 

AMP, indicating that energy production via ATP hydrolysis is greater than ATP 

production. High AMP levels lead to the activation of TSC1/2 to repress pro-growth 

signaling by mTOR (115). In conditions of serum starvation, both insulin signaling 

and EGFR-mediated MAPK signaling are decreased.  

Phorbol ester, or PMA, can specifically stimulate MAPK signaling. Use of 

PMA following serum starvation is a useful approach for the targeted study of the 

MAPK signaling pathway without involving mTOR signaling. We took advantage of 

this method of deconvoluting MAPK signaling from mTOR activity to specifically 

study the role of Listerin on RSK signaling. 

In HEK293T cells, we examined the effect of Listerin knockdown on RSK 

signaling. We used three RNAi variants to ablate the expression of Listerin. Cells were 

then serum starved overnight to reduce MAPK and mTOR signaling and then the 

MAPK signaling pathway was activated by addition of phorbol ester (Figure 3.4). We 

observed the hallmarks of MAPK activation, ERK1/2 phosphorylation, and RSK1 

phosphoryation, in response to PMA. TSC2 phosphorylation is significantly increased 

upon stimulation of MAPK signaling in the absence of Listerin. Phosphorylation of 
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S6K, a target of mTOR, is also increased. We see a marginal increase in the 

phosphorylation of RPS6, which is both a direct target of RSK, as well as a target of 

mTOR. 

Our results provide important evidence that regulatory ubiquitylation of RSK 

by Listerin mediates the activity of this kinase. We are able to observe a modulation of 

RSK function, as read out by phosphoinhibition of TSC1/2 and increased mTOR 

signaling through activated S6K, as well as a direct effect on RPS6 phosphorylation. 

Importantly, the increase in TSC2 phosphorylation following Listerin knockdown is 

ablated using RSK inhibitor (Supplementary Figure 3.2). However, the increase in 

phosphorylation of S6K, an mTOR target, is largely independent of the regulation of 

RSK. 

We determined that the serine 1798 residue on TSC2 is an important 

phosphosite for the readout of RSK activity. Modification at this site is ablated in the 

absence of functional RSK, but not in response to mTOR inhibition (Supplementary 

Figure 3.3). This provides us with a method to detect RSK activity at TSC2 in a site-

specific manner. Interestingly, phosphorylation of RPS6 was significantly decreased 

but not ablated by both mTOR and RSK inhibition, suggesting that RPS6 integrates 

signals from both of these kinases. 

Because increased phosphorylation of TSC2 at S1798 by RSK is dependent on 

regulatory signaling by Listerin, we wanted to determine if this activity is RING 

domain-dependent. We employed the use of siRNA resistant Listerin, allowing us to 

knock down endogenous Listerin and express an engineered wildtype or ΔRING (DR) 
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variant (Supplementary Figure 3.4). Our results indicated that the E3 catalytic RING 

domain is important for the regulation of RSK signaling. 

We were interested to see whether the activation state of mTOR affects the 

phospho-specific activity of RSK. Using Torin to inhibit mTOR function, we 

determined that RSK phosphorylates TSC2 in a site-specific manner independent of a 

functional mTOR complex, and loss of Listerin enhances this modification (Figure 

3.4). This provides evidence that Listerin directly regulates RSK function, and has a 

direct impact on mTOR signaling through site-specific phosphorylation of TSC2. 

Because Listerin is known for functioning as a ribosome-associated quality 

control ligase, we wanted to test whether the effect of Listerin on RSK signaling is 

mediated through the RQC. We used siRNA to knock down ribosome-associated co-

factor NEMF (Figure 3.6). While we were able to observe similar activation of RSK 

signaling via TSC2 S1798 after Listerin knockdown, loss of NEMF did not result in 

the same effect.  

Our findings suggest a new layer of regulatory control on an important growth 

factor signaling hub, RSK. Here, we show that Listerin polyubiquitylates RSK1 and 

RSK2 via its E3 catalytic RING domain, and that this modification is regulatory in 

nature. We also show that Listerin may perform this function independently of its 

ribosomal co-factor NEMF. In total, this study has demonstrated a novel function for 

this E3 that expands upon its known role in protein homeostasis to include regulation 

of a signaling hub in cellular metabolism. 
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The Tubulin Glutamylation Complex 

 Tubulin regulation plays a critical role in the survival and function of mitotic 

and post-mitotic cells. In actively-dividing cells, tubulin dynamics are crucial for 

ciliary beating and motility, as well as mitotic spindle integrity (116). In post-mitotic 

neurons, tubulin stability is required for proper neuronal transport along microtubules 

(MTs) (88). Though tubulin exhibits stable abundance in the proteome, its assembly 

into MTs is dynamically regulated by post-translational modifications (PTMs).  

One such modification is glutamylation, in which polyglutamate (polyE) α-

chains are extended from the γ-carboxyl group of glutamate residues in the primary 

sequence of the exposed carboxy-terminal tails of tubulin after MT assembly. C-

terminal polyglutamylation creates a strong negative charge that favors interaction 

with microtubule-associated proteins (MAPs), including those involved in MT 

disassembly (117). Induction of long glutamate side chains induces MT severing in 

HeLa cells, and leads to an overall loss of MT mass through activation of severing 

MAPs spastin, katanin p60, and possibly fidgetin (118). 

The TTLL protein family is crucial in regulating the function of axonemal 

microtubules involved in ciliary and flagellar functions, and is functionally conserved 

from protozoa to mammals (87). TTLL1 is accepted to be the major brain 

polyglutamylase. Mice homozygous for the Ttll1 mutation exhibit pronounced and 

diverse ciliopathies, including male infertility, abnormal development and maturation 

of spermatozoa, respiratory exudate accumulation, and other gross pathologies 

representative of primary ciliary dyskinesia (PCD) and Kartagener syndrome in 

humans (119). 
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TPGS1 and 2 are found in the same multiproteincomplex with TTLL1, and 

Pgs1-null mice exhibit strong phenotypic similarities to Ttll1-deficient mice (119). In 

human patients, copy number variant loss of TTLL1 was associated with poor relapse-

free survival and poor overall survival in patients with neuroblastoma (115). 

Mutations in CCP deglutaminases have also been correlated with human ataxia (120). 

Exploring the functional link between Listerin and polyglutamylation 

 We have previously shown that the Listerin E3 ligase association with the 

members of the tubulin glutamylation complex is robust and reproducible using 

Listerin as bait (Figure 2.7, Supplementary Figure 2.1, Supplementary Figure 3.1). A 

reciprocal TGC BioID experiment was also effective at capturing these interactions, 

though to a lesser degree (Figure 3.2A-C). When we tested these substrates for RING-

dependent ubiquitylation by Listerin, we observed a response by factor TTLL1 but not 

NICN1 (Figure 3.3).  

 To determine if Listerin is influencing the activity of this complex 

independently of the mRQC, we knocked down Listerin or NEMF, and used 

immunoblot to detect tubulin glutamylation levels (Figure 3.7). The polyE antibody 

detects polyglutamylation on α- and β-tubulin subunits, while the GT335 antibody 

detects both mono- and polyglutamylation on these subunits.  

 For each knockdown multiple siRNAs were used. Levels of the targeted 

proteins were decreased in a manner that was consistent across the siRNA variants. 

NEMF knockdown was determined by RT-PCR to be 10-40% (data not shown). 

Knockdown of Listerin and NEMF had no detectable effect on the levels of 

polyglutamylase TTLL1, or the TGC complex member TPGS1. As expected from our 
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previous findings, levels of RSK1 were unchanged following Listerin or NEMF 

knockdown. 

 For both the Listerin and NEMF knockdowns, polyglutamylation was affected 

inconsistently across siRNA variants. Using siLTN1-3 to knock down Listerin, we 

saw a specific increase in monoglutamylation of α-tubulin (Figure 3.7, GT335 top 

band). This is consistent with an increase in TTLL1 glutamylase activity. However, 

although siLTN1-1 and siLTN1-2 did decrease Listerin protein levels to the same 

extent as siLTN1-3, tubulin glutamylation was not increased in these samples.  

  We used NEMF knockdown to determine if disruption of the mRQC affects 

tubulin glutamylation. We did not detect tubulin glutamylation at levels above the 

negative control. This may, however, be a result of the poor knockdown efficiency of 

our siRNAs against NEMF.  

Discussion 

Listerin as a Regulatory Ligase 

 Here, we verify the identities of the first known endogenous substrates of 

Listerin in mammals. Biochemical validation supports RSK2 as a bonafide regulatory 

substrate of Listerin. This broadens our knowledge of the molecular function of 

Listerin, and casts a new role for this E3 in regulation of MAPK signaling hub RSK. 

While Listerin is known to be involved in the destruction of aberrant proteins that 

arise from ribosome stalling, our work uncovers a new role for Listerin as a regulator 

of the RSK signaling hub identifies this ligase as a potential influencer of translational 

control.  
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 One hypothesis is that Listerin can signal translational stress to the ribosome 

and mTOR through RSK. In this scenario, Listerin senses translational stalling and 

responds by decreasing protein translation through inhibition of RSK (Figure 3.8). 

Since Listerin contains a polybasic sequence, its levels are likely kept low by the 

mRQC itself. When translational stress passes a certain threshold, the function of the 

mRQC becomes saturated and switches from favoring ubiquitylation to favoring 

aggregation, thereby permitting Listerin to be diverted to other cellular functions. 

Listerin may then directly suppress RSK levels, thereby affecting global translation 

rates, as well as cell survival through mTOR. 

Tubulin Glutamylation and the Role of Listerin 

We tested the function of Listerin with tubulin glutamylation. Listerin 

knockdown has an inconsistent effect on tubulin mono- and polyglutamylation. While 

knockdown of NEMF appears to increase α-glutamylation, these results were mild and 

fairly inconsistent across knockdowns. If NEMF is required for the polyglutamylation 

phenotype, it is possible that Listerin and NEMF act in concert to regulate the TGC. It 

will be important for future studies to determine whether the mRQC itself has an 

influence on tubulin glutamylation.  

Our identification of the tubulin glutamylation complex protein TTLL1 as a 

regulatory substrate of Listerin is promising. However, our inconsistent results with 

both our biochemical and functional assays indicate that this topic warrants further 

study. Because tubulin glutamylation is critical for microtubule stability and therefore 

neuronal development and homeostasis, further elucidation of the role of Listerin in 
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microtubule dynamics will contribute to our understanding of the Lister phenotype in 

mice. 

Post hoc Analysis of BioID Results 

 Based on our results comparing the efficacy of the three proteomics 

approaches in Chapter 2, we concluded that BioID is advantageous for the capture of 

both transient and stable protein-protein interactions. Stable interactors for bait 

proteins Listerin, RSK2, and TGC were readily identified in each of our BioID 

experiments (Figure 3.2, Supplementary Figure 3.1). Detection of what we have 

verified in this chapter to be bonafied ligase-substrate interactions was variable across 

biological replicate experiments (Figure 2.7, Supplementary Figure 2.1, Figure 3.2). 

Together, our data reinforces that the use of BioID for the detection of transient and 

weak interactions requires replicate experiments in conjunction with biochemical 

validation to confirm any putative interactions. 
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Figure 3.1: Expression of transgenic cell lines for TGC and RSK BioID 

experiment 

HEK293T cells expressing N-FLAG-BirA* tagged TGC or RSK proteins under a Tet-

ON promoter were treated with or without doxycycline and biotin. Also included in 

this experiment are Listerin, and GFP as a negative control. 
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Figure 3.2: TGC and RSK BioID reveals interactions between Listerin and 

putative substrates LRRC49 and RSK2 

Fold change of total spectral counts (TSCs) over GFP control from a BioID 

experiment using Listerin, LRRC49, NICN1, and TTLL1, or RSK2 as bait. A.) total 

spectral counts (TSCs) were normalized. Interactions were quantified using the log2 

TSC ratio of bait to control for TGC proteins B.) LRRC49, C.) NICN1, and D.) 

TTLL1, as well as E.) RSK2. Proteins labeled “RQC” are known to be part of the 

mRQC, or the upstream ribosomal splitting factors. “TGC” proteins are members of 

the tubulin glutamylation complex. 
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Figure 3.3: BioID candidate interactors undergo regulatory ubiquitylation by 

Listerin in a RING-dependent manner 

HEK293T cells transfected with HA-Ubiquitin were additionally transfected with 

FLAG-Listerin WT or ΔRING, along with myc-tagged candidate interaction proteins. 

Immunoprecipitation was performed using either HA or myc antibody-conjugated 

resin. 
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Figure 3.4: Listerin knockdown increases downstream activation of RSK targets 

HEK293T cells transfected with siRNA against Listerin were serum starved and then 

treated with and without phorbol ester (PMA) to activate MAPK signaling. 
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Figure 3.5: Increased RSK signaling is partially independent of mTOR activity 
HEK293T cells transfected with siRNA against Listerin were serum starved and then 

treated with and without PMA to activate MAPK signaling. PMA-treated cells were 

also treated with or without mTOR inhibitor Torin. 
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Figure 3.6: Listerin regulates RSK signaling largely independent of mRQC 

function  

HEK293T cells transfected with siRNA against Listerin or NEMF were serum starved 

and then treated with and without phorbol ester PMA to activate MAPK signaling. 
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Figure 3.7: Listerin and NEMF knockdown have an inconsistent effect on tubulin 

polyglutamylation 

 

HeLa cells expressing Tet-ON FLAG-BirA* NEMF were transfected with siRNA 

against either Listerin or NEMF. Lysates were analyzed using Western blotting for 

polyglutamylation markers polyE and GT335 (upper band: α-tubulin glutamylation; 

lower band: β-tubulin glutamylation), as well as TGC factors TTLL1 and TPGS1. 
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Figure 3.8: Model of Listerin-RSK interaction 

Proteomic and biochemical data identify Listerin as a regulator of RSK activity. 
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Materials and Methods 

Cells, culturing conditions, and generation of expression lines 

 HEK293T and HeLa cells were cultured in Dulbecco’s Modified Eagle 

Medium (Thermo Fisher Scientific) supplemented with 10% FBS. Bacterial clones 

expressing Listerin, LRRC49, NICN1, TTLL1, RSK2, and TYW3 were taken from 

the ORFeome, and cloning vectors were generated using Gateway recombination. 

Stable cell lines were generated using lentiviral transduction of target HEK293T cells, 

followed by selection with 1μg/mL puromycin. All Flip-In cell lines were generated 

for inducible expression using the Tet-ON system, and were induced using 

doxycycline (5μg/mL). For serum starvation, cells were cultured in DMEM without 

FBS. 

Treatments 

 The following reagents were used in the biochemical validation experiments 

shown in Figures 3.4-3.7 and Supplementary Figures 3.2-3.4: PMA – 1μM, Torin1 – 

100nM, RSKi (BI-D1870) – 10μM. 

RNAi experiments 

All knockdowns using siRNA were performed using Lipofectamine 

RNAiMAX Reagent (Thermo Fisher Scientific) containing a final concentration of 

10μM siRNA in Opti-MEM Reduced Serum Medium (Thermo Fisher Scientific). 

Cells were harvested after 72hrs. 

Lysis, streptavidin pulldown 

 Cell pellets were incubated in mammalian cell lysis buffer (MCLB) at an 

approximate 2:1 (v:w) ratio per pellet. Protein from cleared lysates was quantified 



92 

 

 
 

using a BCA protein assay. Streptavidin pulldown was performed using streptavidin-

conjugated agarose beads with overnight inversion at 4°C. Beads were washed 

thoroughly with cold PBS. Trypsin digestion was performed on the beads, using 1μg 

of Promega Sequencing Grade Modified Trypsin. 

Western analysis 

 For each sample, 10-20μg protein diluted in 4x Laemmli sample buffer 

containing β-mercaptoethanol were loaded onto hand-cast SDS-PAGE gels. Transfer 

was performed using the semi-dry BioRad TransBlot Turbo Transfer System. The 

primary and secondary antibodies used are notated in the supplementary materials and 

methods section. 

BioID mass spectrometry 

 HEK293T cells expressing the BirA R118G (BirA*) fused in-frame with 

FLAG-tagged bait protein were co-treated with doxycycline (5μg/mL) and biotin 

(50μM). Cell pellets were harvested using trypsin, and stored at -80°C until lysis. 

Protein concentrations were determined using a BCA protein assay. The lysates are 

divided according to protein concentration: 600μg for Western blot (100μg for whole 

cell lysates, and 500μg for streptavidin pulldown followed by Western blot). 

Mass spectrometry data analysis 

 All datasets were exported as .RAW files, and imported to a proprietary data 

analysis suite. Peptide identification was performed through SEQUEST using the 

UniProt database. Peptide matches were filtered using Linear Discriminant Analysis 

using a false discovery rate (FDR) of 1%. Protein IDs were filtered using Protein 

Sieve with a 1% FDR, and clustered using the Protein Assembler algorithm.  
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 The BirA* sequence was used as a bait identifier. All total spectral counts 

(TSCs) in our experimental BioID runs were normalized to GFP control with respect 

to BirA* abundance. Fold change was represented as the log2 ratio of experimental to 

control TSCs, and all zero denominator counts were treated as single matches. 
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Conclusions and Final Remarks 

 The pathology of a number of degenerative diseases can be attributed to the 

toxic accumulation of misfolded proteins. As an organism ages, progressive decline in 

protein homeostasis networks increases the incidence of misfolding events, making it 

even more important for the cell to maintain properly-functioning protein quality 

control systems. E3 ubiquitin ligases are particularly important in the clearance of 

these proteins before they can pose a significant threat to the cell.   

Listerin is an important E3 ubiquitin ligase in co-translational protein quality 

control. Its essential function, targeting aberrant nascent polypeptides arising from no-

go and non-stop decay, is conserved from yeast to humans. The implication of Listerin 

in detoxification of aberrant Huntingtin protein (69), and the prevention of ALS-like 

neurodegeneration in mice (73) underscore the importance of this ligase in general 

cellular homeostasis.  

 Listerin is primarily known for the severe neurodegenerative phenotype 

exhibited in hypomorphic mice, as well as the critical function of its yeast ortholog 

Ltn1 in the ribosomal quality control complex. While the proteins comprising the 

RQC are conserved from yeast to humans, their functional interaction in mammals has 

only been implied by biochemical and structural data. 

In our work probing the composition and function of the mRQC, we were able 

to demonstrate that, at steady state, interactions mRQC proteins mirror those observed 

in yeast. Surprisingly, widespread translational inhibition did not induce mRQC 

proteins to form more robust interactions. Instead, we noted that mRQC proteins 

respond in a manner that is consistent with a shift in the modality of the mRQC 
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complex, from favoring the Listerin-mediated degradation pathway at steady state to 

favoring the NEMF-mediated CATylation/aggregation pathway under global 

translational stress.  

We did observe mRQC proteins shifting to ribosome subunit-containing 

fractions following treatment with CHX, which is consistent with the notion that this 

complex addresses ribosome stalls. This is not inconsistent with our previous 

observations, however. It is possible that widespread translational stalling mediated by 

CHX saturates the mRQC, dampening its ability to mediate targeted degradation of 

aberrant nascent polypeptides. 

 While the contribution of Listerin to ribosomal protein quality control is 

evident, and we were able to confirm orthologous RQC interactions in mammalian 

cells, the endogenous substrates of Listerin remain elusive. Our attempts to 

functionally characterize the complex were hindered by errors in assay development 

and implementation. We became intrigued by the possibility that proximity-based 

proteomic methods would assist, not only in capture and identification of stable 

interacting partners with Listerin, but transient ligase-substrate interactions as well. 

 In our work dissecting the cellular function of Listerin through combined use 

of traditional affinity purification and proximity-dependent proteomics techniques, we 

discovered that BioID was uniquely useful for detecting the known Listerin-NEMF 

interaction. BioID also provided us with an array of potential novel interactors with 

Listerin, evidencing that this can be a powerful orthogonal approach for use alongside 

traditional AP-MS in the detection of E3 substrates and interacting partners. 
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 Using BioID, we uncovered two new classes of putative interacting proteins 

for Listerin: RSK family proteins RSK1 and 2, as well as members of the tubulin 

glutamylation complex. Given the phenotype of the Listerin mouse, the tubulin 

glutamylation complex is alluring as a potetnial target of Listerin, since a single 

mutation in a tubulin deglutamylase enzyme is responsible for the severe 

neurodegenerative phenotype of pcd mice (121). However, our functional assays 

probing the effects of Listerin and NEMF perturbation on tubulin glutamylation were 

inconclusive. 

 Equally alluring was the putative interaction between Listerin and the two 

ribosomal s6 kinases RSK1 and RSK2, which act downstream of MAPK as part of an 

important signaling hub for cell growth and survival. In our work probing the function 

of Listerin with respect to RSK proteins, we were able to demonstrate that Listerin 

ubiquitylates RSK1 and RSK2 in a RING dependent manner. Because neither of these 

proteins is stabilized in the absence of ubiquitylation by Listerin, we surmised that this 

modification is regulatory in nature.  

Upon activation, RSK positively regulates translation directly through 

ribosomal protein S6 and mTOR, as well as indirectly through inhibition of TSC1/2. 

Using site-specific TSC2 phosphorylation and S6K phosphorylation as proxies for 

increased mTOR activity, were able to demonstrate that genetic knockdown of 

Listerin can have a stimulatory effect on signaling important to protein synthesis and 

cell survival. Taken together, our results establish that Listerin can act outside of its 

canonical function as the mRQC ligase to regulate proteins involved in protein 

synthesis and cellular survival. 
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 In total, our studies of Listerin have led to the discovery of novel substrates for 

this essential ligase. The identification of RSK proteins as bonafide Listerin substrates 

opens the door to new research at the intersection of co-translational quality control 

and growth and survival signaling. The neurodegenerative phenotype of the Listerin 

mouse is suspected to arise from impairment of defective protein clearance, which 

points to Listerin as part of the mRQC. However, the novel functions we present here 

underscore the importance of using orthogonal proteomic approaches when studying 

E3-substrate interactions, and establish the importance of this ligase in general cellular 

homeostasis. Given the diverse nature of the substrates targeted by Listerin, further 

studies of this ligase may lead to its implication it in human pathologies in which its 

role has yet to be classified. 
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Appendix 

Chapter 1 Supplementary Figures 

 

 
 

 

Supplementary Figure 1.1: mRQC proteins shift to ribosome-containing 

fractions following CHX treatment 

Lysates from HEK293T cells treated with or without CHX were analyzed using 

sucrose density centrifugation on a 10-50% gradient. These cell lines express FLAG-

tagged A.) Listerin, B.) TCF25, or C.) NEMF (see next page) under a Tet-inducible 

promoter. Fractional abundance of the proteins probed in our immunoblots is the ratio 

of band intensity for each fraction over total intensity across all fractions. 
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Supplementary Figure 1.1: mRQC proteins shift to ribosome-containing 

fractions following CHX treatment, continued 
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Supplementary Figure 1.2: CHX treatment does not increase association between 

Listerin and the 60S ribosome 

HEK293T cells expressing FLAG-tagged A.) GFP, B.) wild type Listerin, or C.) 

ΔRING Listerin were treated with or without CHX. TSCs were normalized between 

each treatment pair, and then bait normalized to GFP. Reported are normalized TSCs 

for proteins comprising the 60S ribosome. 
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Supplementary Figure 1.3: CHX treatment does not increase association between 

TCF25, NEMF, and VCP and the 60S ribosome 

HEK293T cells expressing FLAG-tagged A.) GFP, B.) TCF25, C.) NEMF, or D.) 

VCP were treated with or without CHX. TSCs were normalized between each 

treatment pair, and then bait normalized to GFP. Reported are normalized TSCs for 

proteins comprising the 60S ribosome. 
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Chapter 2 Supplementary Figures 

 

 

 

 

 

 

 

 
 

 

 

Supplementary Figure 2.1: Listerin BioID confirms associations with TGC and 

RSK proteins 

A biological replicate of the Listerin BioID experiment shows that previously-

identified interactions with Listerin are reproducible. Also included in the analysis are 

tubulin polyglutamylation factors TPGS1/2 and TTLL12, as well as deglutamylase 

CCT5. TSCs were bait normalized to GFP and interactions were quantified using the 

log2 TSC ratio of Listerin to GFP control.  
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Chapter 3 Supplementary Figures 

 

 

 

 

 

 

 

 

 
 

Supplementary Figure 3.1: Repeat Listerin BioID experiment confirms and 

expands the list of TGC and RSK interactors 
HEK293T cells expressing N-FLAG-BirA* Listerin or GFP under a Tet-ON promoter 

were treated with doxycycline and biotin. Following a label-free proteomics 

experiment, TSCs for all proteins were normalized and quantified as the log2 

transformation of the ratio of TSC abundance in the Listerin experiment vs. GFP 

control experiment. 
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Supplementary Figure 3.2: RSK inhibition ablates increased RSK signaling 

induced by loss of Listerin 

HEK293T cells transfected with siRNA against Listerin were serum starved and 

treated with or without phorbol ester. PMA treated cells were also treated with or 

without mTOR inhibitor Torin1, or RSK inhibitor 
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Supplementary Figure 3.3: Phosphorylation of TSC at S1798 is a specific marker 

of RSK activity following MAPK activation 

HEK293T cells were serum starved and treated with or without PMA, along with 

either Torin1 or RSK inhibitor. 
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Supplementary Figure 3.4: Listerin suppresses RSK signaling in a RING 

domain-dependent manner 

Wild type or siLtn1-3 resistant HEK293T cells were transfected with either FLAG-HA 

Listerin WT or ΔRING, as well as with siRNA against Listerin. Following serum 

starvation, cells were treated with or without PMA. 
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