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ABSTRACT OF THE DISSERTATION 

Ubiquitylation of the ER-Stress Transcription Factor ATF6 Alpha 

By 

Cathrine Maheen Aivati 

Doctor of Philosophy in Biology 

University of California San Diego, 2018 

San Diego State University, 2018 

Professor Christopher C. Glembotski, Chair 

 

ATF6α is an endoplasmic reticulum (ER) transmembrane protein that senses misfolded 

proteins in the ER. During ER stress, ATF6α is proteolytically cleaved. The resulting N-terminal 

fragment is an active transcription factor, N-ATF6α, which induces genes that restore ER protein 

folding. N-ATF6α exerts potent, transient transcriptional activation of its target genes. This is 

due in part to its rapid degradation upon engagement in transcription. N-ATF6α transcriptional 

activation domain (TAD) and degradation domain (degron) map to the same N-terminal region, 

implying that both are linked. Mutations made in the TAD of N-ATF6α that decrease its activity 

also decrease its degradation, indicating that N-ATF6α degradation is coupled with its 

transcriptional activity. To elucidate how and why N-ATF6α degradation and activation are 

coupled, we examined the mechanism of N-ATF6α degradation, positing that ubiquitylation may 

target it for proteasome-mediated degradation. This study focused on delineating whether N-

ATF6α is ubiquitylated, and if so, what domain(s) of N-ATF6α are ubiquitylated, and 

investigating the functional consequences of such ubiquitylation. 
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Chapter 1 

1. Introduction 

A. Summary 

Proteostasis, or the maintenance of protein homeostasis, is essential for cellular function 

and viability1. At least one third of total protein synthesis occurs in the endoplasmic reticulum 

(ER), making it a critical compartment within the cell1. Several attributes of the intraluminal 

environment facilitate proper folding of proteins synthesized at the ER. In the event that these 

attributes are disrupted, protein folding can be compromised, leading to the accumulation of 

potentially toxic misfolded proteins in the ER1,2. In response to the accumulation of misfolded 

proteins in the ER, cells mount an organelle-specific form of the unfolded protein response 

(UPR) known as the ER stress response 1,2. Three unique ER-resident proteins serve as 

sensors of misfolded proteins in the ER1,2. When activated, these sensors initiate the ER stress 

response through a genetic reprogramming intended initially to restore protein folding in the ER 

1,2. If this initial restoration attempts are not sufficient, prolonged ER stress leads to programmed 

cell death1,2. 

One ER-transmembrane proteins and ER stress sensor, ATF6, plays a pivotal role in the 

adaptive ER stress response3. During the ER stress response, ATF6 is clipped in a way that 

liberates the N-terminal portion from the ER, enabling it to translocate to the nucleus where it 

serves as a transcription factor (N-ATF6)3, which, in the heart induces about 400 genes, many 

of which are known to contribute to restoring proteostasis4.  Although ATF6 is a powerful 

transcription factor, its’ activity is brief4. The transient nature of its activity is due partly to its 

rapid degradation upon engagement in transcription, suggesting that the rapid degradation of 

ATF6 is coupled to the transcriptional induction of the ATF6 gene program6. In the heart, the 

transcriptional activity of N-ATF6 is also of potential significance in vivo, as the absence of ATF6 

has been shown to be associated with increased damage following cardiac injury7. Thus, 
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elucidating the mechanism of N-ATF6 degradation, and determining how degradation is related 

to its’ transcriptional activity, is essential for better understanding of roles for ATF6 in cardiac 

pathology as well as in other contexts.  Accordingly, studies of the relationship between ATF6 

degradation and ATF6-mediated gene induction are the cornerstone of this dissertation.  

The detailed mechanism by which N-ATF6 is degraded is unknown, although previous 

work has shown that N-ATF6 is degraded in a proteasome-dependent manner6. Many proteins 

targeted for degradation by proteasomes are post-translationally modified through the addition 

of ubiquitin molecules8. These findings led to one of the major hypotheses of this dissertation, 

which is that the ubiquitylation of N-ATF6 is required for its degradation. Other studies which 

showed that mutants of N-ATF6 that exhibit impaired transcriptional activity are degraded more 

slowly than native have led to the concept that  is degraded when engaged in transcription20, 

however, the relationship between ubiquitylation of N-ATF6 and its ability to regulate 

transcription, is not known. 

 

 

B. Proteostasis  

Protein homeostasis, commonly referred to as proteostasis, refers to the regulation of 

protein synthesis, folding, trafficking, and degradation both inside and outside of the cell1. 

Balance between these aspects of cellular function requires tightly regulated chaperone and 

protein disulfide isomerase activity, as well as precise control of the machinery responsible for 

the degradation of terminally misfolded proteins1,2. Imbalanced or dysregulated proteostasis is 

associated with, and may exacerbate and/or cause numerous pathologies, including 

Alzheimer’s Disease, Huntington’s Disease, and cystic fibrosis9,10,11. Moreover, in the last 

decade, it has been shown that disruption of proteostasis is a major contributor to ischemic 
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heart disease7, a powerful finding, given that heart disease is the leading cause of death 

globally12.  

The endoplasmic reticulum (ER) unfolded protein response (UPR), a cellular process 

that is critical for proteostasis in this cellular compartment, is conserved across all metazoan 

species1,2. Approximately one third of all protein synthesis occurs in the ER1,9,10. Many of the 

proteins made in this compartment are secreted or reside in ER, Golgi, lysosomal, or plasma 

membranes1. During an event, such as ischemia, several aspects of the intracellular 

environment that could dysregulate proteostasis are disrupted13. Alterations in calcium handling 

lead to reduced ER-resident chaperone activity, as many of these chaperones are calcium-

dependent1,2. Restricted blood flow to an affected area creates hypoxic conditions, which in turn, 

compromise the redox status of the ER, which disrupts disulfide bond formation in nascent 

proteins7,13,14. Glucose deprivation during ischemia impairs protein-glycosylation in the ER, a 

post-translational modification necessary for the proper folding and, thus, functions of many 

transmembrane and secreted proteins7,13,14. As a result of these disturbances, misfolded 

proteins can accumulate in the ER lumen, causing what is referred to as ER stress15. (Fig. 1). 
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Figure 1 – Overview of ER Stress 
During ischemia, alterations in the ER environment compromise the protein-folding ability in this 
compartment. As a result, misfolded proteins accumulate within the ER lumen. In an attempt to 
restore proteostasis, misfolded proteins are transported out of the ER and into the cytosol, 
where they are degraded by ERAD. In addition, the accumulation of misfolded proteins in the 
ER is detected by three ER transmembrane proteins, PERK, IRE1 and ATF6, which when 
activated, function initially to restore proteostasis via energy conservation and induction of pro-
proteostasis genes that encode proteins that emend the protein-folding capacity in the ER.  
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Cells respond to this disruption with an organelle-specific form of the UPR; the ER UPR 

is sometimes referred to as the ER stress response1,2. Three unique ER transmembrane 

proteins, protein kinase RNA-like endoplasmic reticulum kinase (PERK), endoribonuclease 

inositol-requiring enzyme 1-alpha (IRE1), and activating transcription factor 6 (ATF6), sense the 

accumulation of misfolded proteins in the ER, and respond accordingly by halting further 

translation and increasing transcription of ER associated degradation (ERAD) machinery, 

serving as the first step of reinstating proteostasis1,2. In addition, the three arms of the UPR 

upregulate the expression of protein chaperones and protein disulfide isomerases (PDIs) which 

play key roles in restoring the protein folding capacity of ER1,2.  

 

C. ATF6 

ATF6 is an ER-transmembrane protein. During ER stress, ATF6 translocates to the 

Golgi, where it is cleaved by site-1 and site-2 proteases3. This cleavage event liberates an 

approximately 400 amino acid N-terminal fragment of ATF6 that translocates to the nucleus, 

where it acts as a transcription factor to induce the expression of approximately 400 genes in 

cardiac myocytes, in vivo, many of which are involved in restoring proteostasis4 (Fig. 2). 

There are at least two isoforms of ATF6: ATF6α (670 amino acids; 90 kDa) and ATF6β 

(702 amino acids; 100 kDa)19. ATF6α and β are encoded by different genes, yet they share 

considerable sequence homology, including a conserved basic DNA-binding domain (basic), 

leucine zipper dimerization (Leu-Zip) domain, nuclear localization signal (NLS), and a 

transmembrane domain (ER TM), depicted in grey, black, orange, and red, respectively20. 

ATF6α and β are both cleaved during ER stress, generating fragments of 50 and 60 kDa, 

respectively20. Unlike ATF6β, ATF6α contains a domain that is homologous to a critical region in 

the herpes simplex viral transcription factor, VP166,20. This 8 amino acid domain,  
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Figure 2 – ATF6 activation 

Under basal conditions, full-length ATF6 is embedded in the ER membrane. Multiple stressors 

can impair the folding capacity of the ER, leading to the accumulation of misfolded proteins 

within the ER lumen. The luminal portion of ATF6 detects these misfolded proteins and then 

translocates to the Golgi, where it is processed into a transcription factor, N-ATF6, by site-1 and 

site-2 proteases.  N-ATF6 then travels to the nucleus, where it induces the transcription of over 

400 different ATF6-inducible genes needed for restoring proteostasis. 
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referred to in the VP16 literature as the VN8, is responsible for the potent, yet brief 

transcriptional activities of both VP16 and, we now know, ATF6α6,20. Furthermore, the VN8 

domain is responsible for the short half-life of both VP16 and ATF6α6, contributing to the 

conclusion that the potency of the transcriptional activity of ATF6α is coupled with its rapid 

degradation. Gene wide searches indicate that ATF6α is the only eukaryotic protein that has a 

VN8 sequence, even amongst other strong, short-lived transcription factors6. In sharp contrast, 

while it is like ATF6α in many ways, ATF6β differs in one critical area, in that it does not have a 

VN8 domain20 (Fig. 3). Consistent with this is that, relative to ATF6α, ATF6β is a poor 

transcriptional activator with a considerably longer half-life20. Thus, the VN8 domain is largely 

responsible for the functional dichotomy observed between ATF6α and β. 

In the early stages of ER stress, ATF6α binds to ER stress response elements (ERSEs), 

initiating the transcription of about 400 genes in the heart3 that support a robust adaptive ER 

stress response. If these genes do not resolve the protein-misfolding, continued ER stress leads 

to cell death; thus, the early phase of ER stress is adaptive, while the later phase is 

maladaptive1,4,6. In this regard, since ATF6 is thought to induce adaptive genes initially, and 

maladaptive genes upon longer term activation, brief ATF6α activation, which is partly due to 

the lability of the transcription factor, is essential for promoting cell survival3,7,12. Thus, ATF6α 

operates as a switch, activated at the start of ER stress for a period of time sufficient for 

mitigating the effects of misfolded proteins, but degraded before the response becomes 

detrimental20 (Fig. 4). In addition to degradation, the activity of ATF6α may be modulated by 

ATF6β20.  For example, it has been shown that ATF6α and β can form homo and heterodimers 

that exhibit varying degrees of transcriptional activity, depending on their dimerization partner20. 

Therefore, ATF6β might act as a molecular “brake” on ATF6α -mediated gene induction20.  In 

light of these findings, it has been posited that the opposing properties of ATF6α and β serve to 

attenuate a prolonged ER stress response by blocking ATF6α binding at ERSEs20(Fig. 5). 



 

8 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – ATF6α and ATF6β structural comparison 

ATF6 and ATF6β reside in the ER membrane. While both forms are structurally similar, 

containing conserved basic, leu-zip, NLS, and ER TM domains, ATF6 differs from ATF6β in 

that it contains an 8 amino acid region (VN8) homologous to herpes simplex virus protein VP16. 

During ER stress, both are clipped and the N-terminal domains, which serve as transcription 

factors, are liberated from the ER so they can translocate to the nucleus via NLS.   
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Figure 4 – ATF6 and the ER stress response 

(A) ATF6 activation can mediate an acute, adaptive ER stress response, leading to cell survival. 

However, prolonged ATF6 activity is maladaptive, resulting in cell death. (B) The activity of 

ATF6 is regulated by a unique molecular mechanism, in which it is degraded-when-active. This 

switch-like property helps prevent maladaptive ER stress signaling. 
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Figure 5 – ATF6, ATF6β, and ER stress 

The activity of ATF6α may be modulated by ATF6β. ATF6α and β can form homo- and 

heterodimers which are predicted to exhibit varying degrees of transcriptional activity, 

depending on their dimerization partner. Like ATF6α, ATF6β binds to the same ERSEs.  

Therefore, ATF6β might act as a molecular “brake” on ATF6α -mediated gene induction, 

preventing a prolonged ER stress by blocking ATF6α binding at ERSEs12. 
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D. Ubiquitin 

Like other proteins, transcription factors are often regulated by an array of 

posttranslational modifications (PTMs)22. One such PTM is ubiquitylation23. Ubiquitin is an 8.5 

kDa protein and is added to target proteins in a multistep process24,25. Ubiquitin is first 

conjugated to an ubiquitin-activating enzyme, referred to as an E1 ubiquitin ligase in an ATP-

dependent manner25. Following this, ubiquitin is transferred from the E1 ubiquitin ligase to an E2 

ubiquitin ligase25. An E3 ubiquitin ligase possesses specificity for both the E2 ubiquitin ligase-

ubiquitin complex and the target protein to be ubiquitylated25. By bringing both the E2 ubiquitin 

ligase and the target protein in proximity, the E3 facilitates transfer of ubiquitin onto the target 

protein25. The ubiquitin peptide(s) are then added to lysine or methionine residues via isopeptide 

bond formation, and, less commonly, cysteine, threonine, or serine residues through thioester 

and oxyester bonds, respectively26. 

Ubiquitylation frequently targets proteins for proteasome-mediated degradation23,24,25. 

Protein ubiquitylation also serves numerous other roles in mediating protein stability, 

localization, and function25 (Fig. 6). The complexity of ubiquitylation function stems from the 

variety of ways in which it can be conjugated to target proteins (Fig. 7). For example, 

monoubiquitylation refers to the addition of one ubiquitin peptide to a given residue 25,27. When 

conjugated to histones, monoubiquitylation regulates transcription via repression of 

transcriptional cofactors25,27. Additionally, monoubiquitylation may mediate other chromatin 

PTMS, such as acetylation or methylation25,27. 

In contrast, polyubiquitylation serves different functions depending upon the way in 

which multiple ubiquitin peptides are linked to one another25. Ubiquitin chains created through 

K-48 linkages mark many proteins for proteasome-mediated degradation, whereas chains 

created through K-67 linkages can serve as a scaffold for facilitating signal transduction24,25.  
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Figure 6 – Roles of ubiquitylation 

Ubiquitin can be conjugated to numerous proteins. The functions of such protein ubiquitylation 

are often contingent upon the number of ubiquitin molecules present on a given protein. For 

example, histone monoubiquitylation has been shown to regulate transcription23. Additionally, 

monoubiquitylation of some proteins may facilitate their transport via exocytosis23. In contrast, 

proteins that are polyubiquitylated are frequently targeted for proteasomal degradation23. Protein 

polyubiquitylation can also serve as a molecular cue for cell signaling. The diverse roles of 

polyubiquitylation are due, in part, to the variation in which ubiquitin molecules are linked to one 

another23,24.  
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Figure 7 – Ubiquitin linkage diversity 

Ubiquitin molecules can be added to target proteins individually (mono- and multi-

monubiquitylation), or in complex chains (polyubiquitylation)23,24. Linkages are primarily made 

through K48 and K63 of ubiquitin23,24. Linkages may be homogenous or heterogeneous (hybrid 

or branched chains)23,24. 
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Finally, ubiquitin can be added in mixed linkages27. The functions of these mixed 

linkages are complex and not fully understood, however they may play roles in certain 

pathologies and/or degradation processes27,28,29. 

Recent advances in proteomics allow for the discovery of amino acids that are 

ubiquitylated in proteins, acting as a springboard for further studies aimed at determining the 

functional significance of ubiquitylation30. 

 

E. Hypothesis and Specific Aims 

The hypothesis examined in this dissertation is that the ubiquitylation of ATF6α may take 

place at the ER and/or in the nucleus and is required for its transcriptional activity and 

degradation (Fig. 8). This hypothesis was addressed in three specific aims, as follows: 1) 

determining whether ATF6 is ubiquitylated, 2) identifying what domain(s) of ATF6 is(are) 

ubiquitylated, and 3) investigating the functional consequences of such ubiquitylation. 
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Figure 8 – Hypothesis 

Ubiquitylation of ATF6α may take place at the ER and/or in the nucleus and is required for its 

transcriptional activity and degradation.  
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Chapter 2 

1. Materials and methods 

A. HeLa transfection – HeLa Cells were maintained in Dulbecco’s modified Eagle’s 

medium containing 10% fetal calf serum. Cells were resuspended at 5–9×106 cells per 400 μl of 

4°C Dulbecco’s phosphate-buffered saline and electroporated in a 0.4-cm gap electroporation 

cuvette at 250 V and 950 microfarads using a GenePulser II Electroporator (Bio-Rad). For 

immunoprecipitations and immunoblots, 1×106 cells were plated in 35-mm culture dishes.  

B. Plasmids – All references to the FLAG epitope refer to the 3x FLAG tag found in the 

FLAG constructs, which encodes a N-terminal TAG for most of the proteins studied in this 

dissertation.  

Table 1 – Plasmid list 
The following plasmids, the majority of which encode different versions of ATF6, were used in 
the experiments reported in this dissertation. 

pcDNA 3.1 Mammalian expression vector containing a 
CMV promoter. 

3x FLAG-ATF6α (1-670, 1-373) Construction of the parent vector, 3x FLAG-
ATF6α (1–670), and  
FLAG-ATF6α (1–373) have been described 
previously5. Plasmids encode full-length  
ATF6α (670 amino acids) and an N-terminal 
fragment of  ATF6α  that mimics the form 
generated during ER stress (373 amino 
acids). 

3x FLAG-ATF6β (1-703, 1-393) Similarly, previously publications detail the 
construction of 3x FLAG-ATF6β (1–703), and 
3x FLAG-ATF6β (1–373)20. Plasmids encode 
full-length ATF6β (703 amino acids) and 
clipped N-terminal fragment of ATF6β that 
mimics the form generated during ER stress  
(393 amino acids).   

3x FLAG-ATF6α (39-670) Encodes a C-terminally truncated form of 
FLAG-ATF6α missing first 38 amino acids. 

3x FLAG-ATF6α (94-670) Encodes a C-terminally truncated form of 
FLAG-ATF6α missing first 38 amino acids. 

3x FLAG-ATF6α (1-670)c-Myc Encodes a form of full-length ATF6α with an 
N-terminal FLAG tag and a C-terminal c-Myc 
tag. 
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Table 1 – Plasmid list (continued) 

 

C. Immunoblotting (IB) – Transfected cells were plated at the following densities 

depending upon plate format: 12x106 per 15 mm plate, 2.5x106 per 10 mm plate, and 2.5x106 

per 10 mm plate. Cell lysis was performed by applying high stringency lysis buffer (20 mM Tris 

pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS) containing 1x cOmplete™ Protease 

3x FLAG-ATF6α (39-670)c-Myc Encodes a C-terminally truncated form of  
ATF6α that lacks the first 38 amino acids of  
and has N-terminal FLAG tag and C-terminal 
c-Myc tag.  

3x FLAG-ATF6α (94-670)c-Myc Encodes a C-terminally truncated form of  
ATF6α that lacks the first 93 amino acids of  
and has N-terminal FLAG tag and C-terminal 
c-Myc tag. 

3x FLAG-ATF6α (1-373) K87,201R Encodes a form of ATF6α in which K87 and 
K201 are mutated to R87 and R201 using 
site-directed mutagenesis. 

3x FLAG-ATF6α (1-373) TAAKNR Construct previously generated through 
mutagenesis of FLAG-ATF6α (1-373) 
residues KNR (315-317) to TAA5. 

3x FLAG-ATF6α (1-373) VN8  Construct previously generated through 
mutagenesis of FLAG-ATF6α (1-373) 
residues F62and L64 to A62 and A645. 

3x FLAG-ATF6α (39-373) Truncated construct of clipped FLAG-ATF6α, 
missing first 38 amino acids5. 

3x FLAG-ATF6α (94-373) Truncated construct of clipped FLAG-ATF6α, 
missing first 93 amino acids5. 

3x FLAG-ATF6α (10-373) Truncated construct of clipped FLAG-ATF6α, 
missing first 10 amino acids. 

3x FLAG-ATF6α (20-373) Truncated construct of clipped FLAG-ATF6α, 
missing first 20 amino acids. 

3x FLAG-ATF6α (30-373) Truncated construct of clipped FLAG-ATF6α, 
missing first 30 amino acids. 

HA-Ub Plasmid encodes 5 HA-tagged ubiquitin 
peptides 

CMV-β-Gal Plasmid encodes a galactosidase reporter 
driven by the CMV promoter. Used to 
normalize for transfection efficiency for 
luciferase assays. 

PGL2-p Plasmid encodes firefly luciferase (luc). 

GRP78 Promoter Luc Plasmid previously generated20 encodes the 
GRP78 promoter from -284 to +7 driving 
luciferase, cloned into PGL2-p 
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Inhibitor Cocktail (cat# 04693116001, Sigma-Aldrich, St. Louis, MO) and 1x phosSTOP™ 

phosphatase inhibitor (cat# 490684500, Sigma-Aldrich, St. Louis, MO) directly to plated cells. 

The amount of high stringency lysis buffer needed for cell lysis was contingent upon plate size: 

250 μl of high stringency lysis buffer was added to 150 mm plates, 125 μl of high stringency 

buffer was added to 10 mm plates, and 35 μl of high stringency buffer was added to individual 

wells of 6-well plates. Following this, lysates were removed from plates using a cell scraper. 

Lysates were then collected individually and centrifuged at 13,200xg for 10m at 4° C to separate 

cellular debris from soluble protein contained in the supernatant, yielding a clarified lysate. 

Samples were prepared for SDS-PAGE by combining clarified lysate or immunoprecipitated 

proteins with high stringency lysis buffer and 6x Laemmli buffer containing 1 mM dithiothreitol, 1 

mM phenylmethylsulfonyl fluoride, and 15 μl of 2-mercaptoethanol, heated denatured for 5m at     

95° C, fractionated by 12% SDS-PAGE, and then transferred to a polyvinylidene difluoride 

membrane. Membranes were then probed with the following primary antibodies: FLAG, M2 

antibody (1:8000, cat# F1804, Sigma-Aldrich, St. Louis, MO), HA (1:1000, cat# SC-7392, Santa 

Cruz Biotechnology, Inc., Dallas, TX), GAPDH (1:150,000, cat# SC-32233, Santa Cruz 

Biotechnology, Inc., Dallas, TX), N-ATF6α (1:1000, cat#24169-1-AP, Proteintech, Rosemont, 

IL), ATF6α C-term (1:1000, cat# 32008, Signalway, College Park, MD), ATF6α C-term (1:1000, 

cat# NBP1-40256, Novus Biologicals, Littleton, CO) Ubiquitin (1:1000, cat# 04-263, 

MilliporeSigma, Burlington, MA). The following species-specific secondary antibodies 

conjugated to horse radish peroxidase (HRP) were used at the indicated dilutions: Goat anti-

mouse IgG-HRP (1:2000, cat# sc-2005, Santa Cruz Biotechnology, Inc., Dallas, TX), Goat anti-

rabbit IgG-HRP (1:2000, cat# sc-2357, Santa Cruz Biotechnology, Inc., Dallas, TX). 

D. Immunoprecipitation (IP) – Transfected cells were plated at the following densities 

depending upon plate format: 12x106 per 15 mm plate and 2.5x106 per 10 mm plate. Cells were 

then lysed by applying high stringency lysis buffer directly to plates. The amount of high 
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stringency lysis buffer needed for cell lysis was contingent upon plate size: 250 μl of high 

stringency lysis buffer was added to 150 mm plates and 125 μl of high stringency buffer was 

added to 10 mm plates. Following this, lysates were removed from plates using a cell scraper. 

Lysates were then collected individually and centrifuged at 13,200xg for 10m at 4° C to separate 

cellular debris from soluble protein contained in the supernatant, yielding a clarified lysate. 

Lysates were then transferred to low-retention microcentrifuge tubes and diluted in low 

stringency buffer containing 1x protease inhibitor cocktail (50 mM Tris pH 7.5, 150 mM NaCl, 

1% Triton X-100) to dilute SDS in high stringency buffer, as its presence may interfere with the 

binding of the antibody and the protein of interest. This dilution was performed in a way such 

that the initial concentration of SDS found in high stringency buffer (0.1%) was reduced to .02% 

by adding the appropriate volume of low stringency buffer. Next, the diluted lysate was 

precleared with 10 μl Protein G Sepharose (cat# GE17-0618-01, Sigma-Aldrich, St. Louis, MO) 

by rocking for 1 hr at 4° C. Following this, a centrifugation step was performed to pellet PGS 

beads bound to non-specific proteins, leaving proteins of interest in the supernatant. These 

proteins were then subjected to either FLAG-tagged or protein-specific immunoprecipitation. 

FLAG-tagged immunoprecipitation using immobilized anti-FLAG antibody: 

Supernatants were transferred to fresh low retention microcentrifuge tubes containing 10 

μL EZview™ Red ANTI-FLAG® M2 Affinity Gel (cat# F2426, Sigma-Aldrich, St. Louis, MO). The 

resulting mixture was incubated for 12 hr at 4°C with rocking. Then, FLAG beads were collected 

by centrifugation at 6000xg for 2m. The supernatant was discarded. Next, the beads were 

washed to remove non-specifically bound proteins. This was carried out in the following manner: 

1 mL of low stringency buffer (20 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100) was added 

to each tube containing FLAG bead pellets and inverted several times, then centrifuged at 

6000xg for 2 m. Supernatant was discarded and the process was repeated a total of five times. 

After removal of final wash, elution of FLAG-tagged proteins was performed by adding of 100 μl 
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of 1x PBS containing 150 ng of FLAG peptide (cat# F3290, Sigma-Aldrich, St. Louis, MO). The 

FLAG-peptide and FLAG beads were rocked for 12 hr at 4° C. Eluted proteins were collected by 

centrifuging FLAG beads at 8300xrcf for 4 m.  

          Immunoprecipitation using soluble antibodies: 

Supernatants were transferred to fresh low retention microcentrifuge tubes. To each 

tube containing appropriately diluted lysate, 1 μg of the desired antibody was added. The 

resulting mixture was incubated for 12 hr at 4°C with rocking. Following this, 10 μl of protein-G 

sepharose (PGS) beads were added to each tube and incubated for 2 hr at 4°C with rocking. 

PGS beads were collected by centrifugation at 6000xrcf for 2 m and supernatants were 

discarded. Next, the beads were washed ten times to remove non-specifically bound proteins. 

This was carried out in the following manner: 1 mL of low stringency buffer (20 mM Tris pH 7.4, 

150 mM NaCl, 1% Triton X-100) was added to each tube containing FLAG bead pellets and 

inverted several times, then centrifuged at 6000xg for 2 m. Supernatant was discarded and the 

process was repeated a total of five times. After removal of the final wash, elution was then 

performed by adding 50 μl of 2x Laemmli buffer (6x Laemmli buffer diluted in 1x PBS). 

 

 E. Relative specific ubiquitylation– Cells were co-transfected with a variety of 

constructs encoding different versions of ATF6 with an N-terminal FLAG tag and with a 

construct encoding HA-Ub. Following FLAG immunoprecipitation, as described above, 

immunoprecipitated proteins were separated by SDS PAGE and visualized by immunoblotting 

using FLAG or HA antibodies to detect FLAG-ATF6 and ubiquitin, respectively.  Digital images 

were of resulting chemiluminescence were obtained using an imager (cat# 28955810, GE 

Healthcare, Chicago, IL) for indicated exposure durations. Exposure time durations were varied 

to obtain equally prominent HA and FLAG signals, but generally were approximately 10 min. 

From these images, the intensities of FLAG-crossreactive material were determined using 
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densitometry. Similarly, the intensities of HA-crossreactive material were determined using 

densitometry. This quantification was made by drawing measurement perimeters around the 

entireties of HA-crossreactive smears. The ratio between HA and FLAG intensities was 

determined for each sample. These ratios were determined from immunoblots containing either 

technical replicates, where a single cell culture extract was equally dispersed into two or more 

lanes or from immunoblots containing biological replicates, where individual lysates were 

assayed. Using densitometry, FLAG band intensities were measured between lanes of blots 

containing technical replicates or biological replicates. Percent differences of intensities of FLAG 

bands from technical replicates were averaged. Similarly, percent differences of intensities of 

FLAG bands from biological replicates were averaged. Using densitometric analysis, it was 

determined that the percent error for technical replicates was 8.4% whereas the percent error 

for biological replicates was 6.4%. Therefore, three biological replicates were used for most of 

the experiments reported in this dissertation. 

F. Deubiquitylation assay – Cells were co-transfected with FLAG-ATF6α and HA-Ub, 

treated with or without MG132, and extracted in low stringency buffer. One hundred μg of lysate 

was FLAG immunoprecipitated 12 hr at 4°C. Following this, FLAG beads were incubated with 8 

μg of USP2cc (cat# E-504, Boston Biochem, Cambridge, MA) in deubiquitylation reaction buffer 

(50 mM Tris pH 7, 150 mM NaCl, 2 mM EDTA, 2mM DTT) for 1 hr at 37°C. FLAG beads were 

then boiled at 95°C for 5m and centrifuged to separate FLAG beads from eluted FLAG protein. 

Supernatants were collected and prepared for SDS PAGE. 

G. Reporter assays – HeLa cells, 1.5 x 106, were co-transfected via electroporation with 

1 μg CMV-β-Gal, 10 μg indicated FLAG-ATF6 construct, and either 10 μg control PGL2p or 10 

μg GRP-Luc, then plated in 12-well format at a density of .5 x106 cells per well. 48 hours post-

transfection, cells were lysed in 500 μL 4°C lysis buffer (25 mM Gly-Gly, pH 7.8, 15 mM MgSO4, 

4mM EDTA, 0.25% Triton X-100, 1 mM dithiothreitol) per well. 
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β-galactosidase assay— Five hundred μl of cell lysate were centrifuged at 13200xg for 1 

m to pellet cell debris. 20 μl of resulting supernatant was combined with 100 μl of galactosidase 

buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 1 mg/ml chlorophenol 

red-D-galactopyranoside, and 50 mM 2-mercaptoethanol). After incubation for 1 h, the 

absorbance was measured at 570 nM. 

Luciferase assay—After cell lysis and centrifugation, as described above, 150 μl of cell 

lysates were combined with 100 μl of luciferase buffer (the above described lysis buffer 

containing 0.3 mM D-luciferin and 3 mM ATP, prepared immediately before use). An Optocompt 

II luminometer (MGM Instruments, Inc.) was used to measure light emission of each sample for 

10 s. Relative luciferase activities were determined by dividing luciferase values by β-

galactosidase values. All values shown are the mean of three cultures ± SE. 
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Chapter 3 

1. Results –  ATF6, N- ATF6, ATF6β, and N-ATF6β ubiquitylation 

 To determine whether endogenous 90 kDa full-length and endogenous 50 kDa N-ATF6 

were degraded in a proteasome-dependent manner, the relative abundance of each in HeLa 

cells treated with the proteasome inhibitor, MG132 were examined. MG132 increased the 

amount of the 90 kDa full-length ATF6, as detected by IB using an ATF6 antibody raised to a 

portion of the C-terminus of the protein (Fig. 9, p90 ATF6, lanes 1-3 vs 7-9). Non-glycosylated 

p75 ATF6 was also detected by this antibody, as indicated by prominent, p90 ATF6 antibody-

crossreactive bands with migration positions of approximately 75 kDa (Fig. 9, p90 ATF6,   

lanes 1-12). To determine whether N-ATF6 is susceptible to proteasome-dependent 

degradation, TG was added to cultures to generate N-ATF6 from full-length ATF6; under 

these conditions, addition of MG132 increased the amount of the 50 kDa N-ATF6 (Fig. 9, p50 

ATF6, lanes 7-9 vs 10-12). This indicates that full-length ATF6 and N-ATF6 can be 

degraded in a proteasome-dependent manner. In addition, treatment with ER stressors such as 

TG cause ER stress, which alters glycosylation of nascent proteins within the ER. This is 

demonstrated by the increased abundance of p75, non-glycosylated ATF6 following treatment 

with TG (Fig. 9, p90 ATF6, lanes 4-6 vs lanes 1-3). Inhibition of proteasomal degradation via 

treatment with proteasome inhibitors such as MG132 also induces ER stress, as nascent 

proteins are no longer properly degraded, triggering the unfolded protein response. This 

exacerbates ER stress caused by TG treatment and enriches for the detection of non-

glycosylated p75 ATF6 (Fig. 9, p90 ATF6, lanes 10-12).  

 Since proteasome-mediated degradation usually requires ubiquitylation of target 

proteins, the ubiquitylation status of endogenous full-length ATF6 was examined by ATF6 IP  
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Figure 9 – Effect of the Proteasome Inhibitor, MG132, on the levels of ATF6.  

HeLa cells were first treated with 2μM TG or vehicle, i.e. DMSO, for 12 hr. Following this, 

cultures were treated with 10μM MG132 or DMSO control for 4 hr, then extracted and 20 μg of 

total protein from each sample were analyzed by SDS-PAGE followed by immunoblotting for full 

length 90 kDa ATF6a, or 50 kDa ATF6a using the SAB or Protein Tech antibodies at 1:1000 

dilution.  GAPDH was used as a loading control.  
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Figure 10 – Determination of the ubiquitylation status of endogenous full-length ATF6  

HeLa cell lysates were subjected to ATF6 IP followed by IB with either anti-ATF6 lanes (1-3) 

or anti-ubiquitin antibodies (lanes 4-6). ATF6 appears as ~90 kDa band between 75 and 100 

kDa (lanes 1-3). Ubiquitin appears as ladder-like smears (lanes 4-6). 
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followed by anti-ubiquitin IB. As a control, anti-ATF6 immunoblotting demonstrated effective 

immunoprecipitation of an approximately 90 kDa anti-ATF6-crossreactive protein, which in this 

gel system runs between 75 and 100 kDa (Fig. 10 lanes 1-3). The band at approximately 200 

kDa may represent an unrelated protein, or remnants of dimers of ATF6, as it is known to 

reside as a dimer in the ER. Parallel anti-ATF6 IPs were fractionated on a separate gel, after 

which blots were probed with anti-ubiquitin. Interestingly, the ATF6 immunoprecipitated 

proteins were crossreactive with the anti-ubiquitin antibody and exhibited a ladder-like pattern 

(Fig. 10 lanes 4-6), consistent with the ubiquitylation of ATF6. 

To map the location of ubiquitylation modifications on ATF6, a protocol was developed 

that enabled a comparison of the relative levels of ubiquitylation of different truncated or point-

mutated forms of ectopically expressed ATF6 (Fig. 11). In this protocol, HeLa cells were 

transfected with constructs encoding various truncated or point-mutated FLAG-tagged versions 

of ATF6 (see Table 1). Cells were co-transfected with a construct encoding HA-tagged ubiquitin 

(Fig. 11, Step 1), which facilitated the sensitive detection by IB of ubiquitylation of each version 

of ATF6 using an HA antibody. Following this, transfected cells were plated as three separate 

cultures, generating three biological replicates, as described in the Methods. Next, anti-FLAG 

immunoblotting was performed on lysates from transfected cells to confirm the expression of 

each form of FLAG-ATF6 (Fig. 11, Step 2). Portions of the same lysates were then subjected to 

either FLAG IP (Fig. 11, Step 3), or to RT-PCR for ectopically expressed mRNA (Fig. 11, Step 

4), the latter of which was intended to confirm equal expression levels of each construct.  

Duplicate blots of the FLAG-IPs were analyzed by SDS-PAGE after which blots were probed 

with either anti-FLAG or anti-HA antibodies to detect FLAG-ATF6 and HA-Ub of ATF6 IP’d from 

the same extract (Fig. 11, Steps 5 and 6). To compare the extents of ubiquitylation of each 

form of ATF6, we defined the term “relative specific ubiquitylation” as the amount of IP’d HA 

signal divided by the amount of IP’d FLAG signal. (Fig. 11, step 7). 
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Figure 11 – Overview of standard protocol for determining ubiquitylation of various 

forms of ATF6a in HeLa Cells 

In Step 1, FLAG-ATF6 constructs were cotransfected with HA-Ub in HeLa cells via 

electroporation. Then, each electroporation was split into three separate culture dishes, 

constituting three biological replicates (n=3). Following transfection, cells were collected from 

culture dishes and lysed. To confirm FLAG-ATF6 construct expression, lysates were subjected 

to FLAG IB (Step 2). Following this, lysates were then subjected to FLAG IP (Step 3). 

Recovered FLAG IP’d proteins were FLAG IB’d (Step 5) or HA IB’d (Step 6). Quantitation of 

FLAG band and HA-Ub band intensities was performed using densitometry. The numerical 

values obtained from densitometry were then used to determine the “Relative Specific 

Ubiquitylation” of each FLAG-ATF6 construct (Step 7). To ensure that the mRNAs encoding 

each form of ATF6 were expressed at the same levels, RT-PCR was performed using primers 

specific for the ectopically expressed mRNAs (Step 4).   
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To maximize the sensitivity and optimize reproducibility of HA-ubiquitin detection, it was 

decided that all of the FLAG-ATF6 in extracts should be IP’d in a quantitative manner.  To 

determine the least amount of anti-FLAG antibody necessary for quantitative IPs, a control 

experiment was carried out, where HeLa cells were transfected with FLAG-ATF6β full-length, 

which in our hands is expressed at higher levels than so quantitatively IPing it should ensure 

quantitative IP of FLAG-ATF6. 

Equal aliquots of the lysate were then incubated with various amounts of anti-FLAG 

beads.  FLAG IB of the lysate before IP confirmed the input quantity of material in samples 

containing 40 μg of protein (Fig. 12, lanes 1 and 2). When equal aliquots of 80 μg of protein 

each were IP’d with increasing amounts of anti-FLAG beads, the recovery of FLAG-

crossreactive material increased as a function of increasing beads, reaching a maximum at 10 

μl of beads (Fig. 12, lanes 3-10). Finally, re-IP of the supernatant from the IP shown in lanes 9 

and 10 revealed that there was remaining FLAG-crossreactive material in the IP supernatant 

(Fig. 12, lanes 11-12), confirming the quantitative nature of the IP. This established the quantity 

of anti-FLAG beads to be used for every IP performed.  

In initial experiments the relative levels of ubiquitylation of ATF6α and β were compared 

using the standard protocol shown in Figure 11. HeLa cells were transfected with DNA 

constructs encoding either full-length FLAG-ATF6α or full-length ATF6β, and a construct 

encoding HA-ubiquitin (Fig. 13A). The migration positions of the major FLAG-crossreactive 

proteins in cell extracts were approximately 90 kDa for FLAG-ATF6 and 110 for FLAG-ATF6β, 

confirming that the constructs encode proteins of the appropriate MW for these forms of ATF6. 

(Fig. 13B lanes 1-6).  The resulting lysates were FLAG IP’d and analyzed for ubiquitylation by 

IB with anti-HA. Here, anti-FLAG IB demonstrated that the major forms of IP’d ATF6α and β 

migrated with the expected MW and that each was expressed at about the same level (Fig. , 

lanes 1-6). The same FLAG IP’s crossreacted with the HA antibody, illustrating that both 
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Figure 12 – FLAG IP Efficiency 
HeLa cells were transfected with FLAG-ATF6β. Expression of FLAG-ATF6β was validated via 
FLAG IB of 40 μg of protein (lanes 1 and 2). Eighty μg of lysate were then subjected to FLAG IP 
using increasing volumes of FLAG beads, ranging from 1, 2, 5, and 10 μL (lanes 3-10). Relative 
to lower volumes of FLAG beads, recovery of FLAG-IP’d material using 10 μL was highest 
(lanes 9-10). The supernatant collected from the IP shown in lanes 9 and 10 was subjected to 
re-IP with anti-FLAG beads. The resulting supernatant did not contain any FLAG-crossreactive 
material, confirming that using 10 μL of FLAG beads for FLAG IP was efficient and optimal for 
further experiments using FLAG IP (lanes 11 and 1 
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Figure 13 – ATF6α and ATF6β relative specific ubiquitylation 

(A) Two FLAG-tagged versions of ATF6, FLAG-ATF6α and FLAG-ATF6β, were utilized. FLAG-

ATF6α encodes full-length 670 amino acid ATF6α, whereas FLAG-ATF6β encodes full length 

703 amino acid ATF6β. (B) Representative FLAG immunoblots of lysates of cells transfected 

with plasmids encoding either FLAG-ATF6α or FLAGATF6β. (C) FLAG immunoblots of FLAG 

IP’s from extracts of cells transfected with FLAG-ATF6α or FLAGATF6β, where the material IP’d 

from 80μg of lysate protein was applied to each lane. (D) HA immunoblots of FLAG IP’s from 

extracts of cells transfected with FLAG-ATF6α or FLAGATF6β, where 80 μg of IP’d protein was 

loaded per lane. (E) Relative specific ubiquitylation of FLAG-ATF6α or FLAGATF6β. Values 

shown are mean intensity ± SE (n=3 different cultures).  * = p ≤ 0.05 different from FLAG-ATF6α 

(1-670) as determined using student’s t-test.  
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full-length forms of ATF6 were HA-ubiquitylated (Fig. 13D, lanes 1-6). Furthermore, the 

smearing pattern is characteristic of ubiquitylated proteins, as each individual ubiquitin peptide 

adds mass to target proteins as they are being ubiquitylated. Finally, densitometery of the HA- 

and FLAG blots were quantitated such that the intensity of all of the anti-HA-crossreactive 

material was divided by the intensity of the 90 and 110 kDa bands of anti-FLAG-crossreactive 

material, n = 3, and the result, i.e. Relative Ubiquitylation, was averaged. These quantitation 

results showed that, when normalized to the amount of FLAG-crossreactive material, compared 

to ATF6β, ATF6α exhibited about twice the HA-crossreactivity (Fig. 13E). Taken together, the 

results from Figures 13 A-E demonstrated that both isoforms of FLAG-ATF6 are ubiquitylated, 

and that ATF6α exhibits significantly greater specific ubiquitylation than ATF6β. It is important to 

note that these are the full-length versions of ATF6α and β, and that while the relative rates of 

degradation of the full-length forms are not known, it is the clipped, N-terminal fragments of 

ATF6α and β that have been shown to exhibit drastically different degradation rates, with ATF6α 

being degraded much more rapidly than β.  

Next, constructs encoding FLAG-N-ATF6α and β (Fig. 14A) were examined using 

methods much like those described above for full-length versions of ATF6α and β. The 

migration positions of the major FLAG-crossreactive proteins in cell extracts were approximately 

50 kDa for FLAG-N-ATF6α and 60 for FLAG-N-ATF6β, confirming that the constructs encode 

proteins of the appropriate MW for each form of N-ATF6 (Fig. 14B lanes 1-6). FLAG 

immunoblots of IP’d FLAG-N-ATF6α and FLAG-N-ATF6β demonstrated the expected MW for 

each form of ATF6 (Fig. 14C lanes 1-3 vs lanes 4-6). As with the full-length forms of ATF6α 

and β, FLAG IP’d N-ATF6α and N-ATF6β also crossreacted with HA antibody and appeared as 

smears (Fig. 14D), further demonstrating that clipped forms of ATF6 are also ubiquitylated. 

Quantitation of these blots showed that the specific ubiquitylation of N-ATF6α was significantly  
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Figure 14 – N-ATF6α and N-ATF6β relative specific ubiquitylation 

(A) Two FLAG-tagged versions of N-ATF6, FLAG-N-ATF6α and FLAG-N-ATF6β, were utilized. 

FLAG-N-ATF6α encodes 373 amino acid N-ATF6α, whereas FLAG-N-ATF6β encodes 393 

amino acid N-ATF6β. (B) Representative FLAG immunoblots of lysates of cells transfected with 

plasmids encoding either FLAG-N-ATF6α or FLAG-N-ATF6β (C) FLAG immunoblots of FLAG 

IP’s from extracts of cells transfected with FLAG-N-ATF6α or FLAG-N-ATF6β, where the 

material IP’d from 80μg of lysate protein was applied to each lane. (D) HA immunoblots of FLAG 

IP’s from extracts of cells transfected with FLAG-N-ATF6α or FLAG-N-ATF6β, where 80 μg of 

IP’d protein was loaded per lane. (E) Relative specific ubiquitylation of FLAG-N-ATF6α or 

FLAG-N-ATF6β. Values shown are mean intensity ± SE (n=3 different cultures).  * = p ≤ 0.05 

different from FLAG-ATF6α (1-373) as determined using student’s t-test. 
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greater than that of N-ATF6β (Fig. 14E). Thus, the N-terminal fragments of ATF6α and β are 

differentially ubiquitylated in a pattern much like the full-length forms of these proteins. 

Next, a deubiquitylating enzyme, Usp2CD, was used to confirm that the anti-HA-

crossreactive material is the result of ubiquitylation. Accordingly, lysates from cultures 

transfected with a construct encoding FLAG-ATF6α displayed a prominent FLAG-crossreactive 

band, with a MW consistent with that of full-length FLAG-ATF6α (Fig. 15, lane 1). In contrast, 

when cells transfected with a construct encoding FLAG-ATF6α were treated with the 

proteasome inhibitor, MG132, FLAG-crossreactive proteins running above molecular weight of 

ATF6α was observed (Fig. 15, lane 2), suggesting that these are ubiquitylated ATF6α 

molecules that had been degraded by proteasomes in the absence of MG132. There was little, 

if any difference in ubiquitylation status of ATF6α when Usp2CD was added to lysates from 

transfected cells that were not treated with MG132 (Fig. 15, lane 3).  Importantly, adding 

Usp2CD to lysates from transfected cultures that had been treated with MG132 reduced the 

amount of FLAG-crossreactive higher molecular weight proteins (Fig. 15, lane 4), confirming 

that the high molecular weight smear of HA-crossreactive material is likely the result of FLAG-

ATF6α ubiquitylation. 
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Figure 15 – In Vitro Deubiquitylation Assay 

HeLa cells transfected with FLAG-ATF6α were treated with or without MG132 for 4h. Lysates 

were then treated with or without 4 μg the deubiquitylation enzyme, USP2CD. Twenty μg of 

respective lysates were fractionated in each lane then blots were probed with anti-FLAG 

antibody. 
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Chapter 4 

1. Results – N-ATF6 mutagenesis 

Recent studies in Dr. Bennett’s lab at UCSD have identified the putative ubiquitylation 

sites of numerous proteins29. According to these studies, ATF6 contains four putative 

ubiquitylation sites at lysine residues 87 (K87), 201 (K201), 424 (K424), and 436 (K436)29 (Fig. 

16A). Two of these sites, K87, and K201, are located in the N-terminus of ATF6, whereas 

K424 and K436 are in the C-terminal, ER luminal portion of the protein. However, since there is 

no known ubiquitylation machinery in the ER lumen, perhaps ubiquitylation of K424 and K436 

takes place in the cytosol, as a result of improper trafficking. Moreover, in the previous chapter it 

was shown that N-ATF6, which does not have K424 or K436, is ubiquitylated, providing the 

rationale for the focus here on determining whether N-ATF6 is ubiquitylated on K87 and/or 

K201  (Fig. 16B). Accordingly, site directed mutagenesis was used to assess the importance of 

K87 and K201 for the ubiquitylation of N-ATF6. The lysine residues at positions 87 (K87) and 

201 (K201) were mutated to arginine, creating a mutant form of N-ATF6, N-ATF6 K87, 201R, 

referred to as FLAG-K87, 201R from hereon (Fig. 16C).  

 To begin characterization of FLAG-K87, 201R, DNA constructs encoding either native 

FLAG-N-ATF6a or FLAG-N-ATF6a K87, 201R (Fig. 17A) and HA-Ub were cotransfected into 

HeLa cells. Like FLAG-N-ATF6 (Fig. 17B lanes 1-3), the migration position of FLAG-

crossreactive bands from lysates transfected with FLAG-N-ATF6a K87, 201R was 

approximately 50 kDa (Fig. 17B lanes 4-6), confirming that FLAG-K87, 201R encodes a form of 

ATF6 with the expected molecular mass and that the proteins encoded by each construct were 

expressed at the same level. Portions of transfected lysates were then subjected to FLAG IP. 

FLAG IB of FLAG IP’d FLAG-N-ATF6 confirmed recovery of both ectopically expressed proteins 

(Fig.17B). Additional samples of FLAG IP’d proteins were blotted with anti-HA antibody. Both 

forms of FLAG-N-ATF6 crossreacted with anti-HA antibody 
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Figure 16 – Putative ubiquitylation sites on ATF6α 

(A) ATF6α contains four putative ubiquitylation sites: K87, K201, K424, and K436.29 K87 and 

K201 are located on the N-terminus of the protein, while K424 and K436 map to the ER luminal 

region. (B) Following cleavage, N-ATF6α retains two putative ubiquitylation sites, K87 and 

K201. (C) Using site-directed mutagenesis, N-ATF6α K87 and K201 were mutated to R87 and 

R201, generating N-ATF6α K87, 201R. 
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Figure 17 – Effect of mutating K87 and K201R on the relative specific ubiquitylation of N-

ATF6α  

(A) Two FLAG-tagged versions of N-ATF6a, FLAG-N-ATF6α and FLAG-N-ATF6α K87,201R, 

were utilized. FLAG-N-ATF6α encodes 373 amino acid N-ATF6α. In contrast, FLAG-N-ATF6α 

K87,201R encodes mutant N-ATF6α, where K87 and K201 are mutated to arginine. (B) 

Representative FLAG immunoblots of lysates of cells transfected with plasmids encoding either 

FLAG-N-ATF6α or FLAG-N-ATF6α K87,201R. (C) FLAG immunoblots of FLAG IP’s from 

extracts of cells transfected with FLAG-N-ATF6α or FLAG-N-ATF6α K87,201R, where the 

material IP’d from 80μg of lysate protein was applied to each lane. (D) HA immunoblots of FLAG 

IP’s from extracts of cells transfected with FLAG-N-ATF6α or FLAG-N-ATF6α K87,201R, where 

80 μg of IP’d protein was applied to each lane. (E) Relative specific ubiquitylation of FLAG-N-

ATF6α and FLAG-N-ATF6α K87,201R. Values shown are mean intensity ± SE (n=3 different 

cultures).  ns = p > 0.05 compared to FLAG-N-ATF6α as determined using student’s t-test.  
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as demonstrated by HA-ubiquitin smears, indicating both are HA-ubiquitylated (Fig. 17D). 

Quantitation of these blots revealed that the relative specific ubiquitylation of FLAG-N-ATF6α 

was equal to that of FLAG-N-ATF6a K87, 201R   (Fig. 17E). Collectively, these findings suggest 

that since N-ATF6 is still ubiquitylated in the absence of these putative ubiquitylation sites, K87 

and K201 must not required for the ubiquitylation of N-ATF6. Thus, additional molecular 

mapping is necessary to identify the region(s) of N-ATF6 that are ubiquitylated.  
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Chapter 5 

1. Results – ATF6α N-terminal Truncations 

Since the point mutations at K87 and K201 did not affect the ubiquitylation of N-ATF6α, it 

was evident that there must be other regions within N-ATF6α that are ubiquitylated. Accordingly, 

to determine the approximate locations of ubiquitylation on N-ATF6α, a series of N-terminal 

truncation mutants was prepared and tested. Initially, the ubiquitylation status of FLAG-N-ATF6α 

(1-373) was compared to FLAG-N-ATF6α (39-373) and FLAG-N-ATF6α (94-373) (Fig. 18A). 

These truncations were chosen because they have been shown to exhibit progressively lower 

transcriptional activities and longer half-lives5. Thus, if the degradation of ATF6α is ubiquitin-

dependent and proteasome-mediated, it was posited that these truncation mutations would 

exhibit progressively less ubiquitylation. Accordingly, DNA constructs encoding FLAG-N-ATF6α 

(1-373), FLAG-N-ATF6α (39-373), or FLAG-N-ATF6α (94-373) and HA-Ub were cotransfected 

into HeLa cells. In comparison to FLAG-N-ATF6α (1-373), FLAG-N-ATF6α (39-373) and FLAG-

N-ATF6α (94-373) migrated at expectedly lower molecular masses, as displayed by prominent 

FLAG-crossreactive bands at approximately 40 kDa and 33 kDa (Fig. 18B lanes 4-6 and lanes 

7-9). This blot confirmed that FLAG-N-ATF6α (39-373) and FLAG-N-ATF6α (94-373) encode 

truncated versions of FLAG-N-ATF6α and that these versions are expressed at approximately 

the same levels as FLAG-N-ATF6α (1-373).  Following this, portions of transfected lysates were 

subjected to FLAG IP. FLAG IB of the FLAG IP’s showed that FLAG-N-ATF6α (39-373) and 

FLAG-N-ATF6α (94-373) were expressed in higher levels than FLAG-N-ATF6α (1-373) (Fig. 

18C), consistent with a progressive increase in half-life as a function of truncation. Next, 

samples of the FLAG IP’d material were IB’d using anti-HA antibody. There was a remarkable 

reduction in HA-crossreactive material for IP’d FLAG-N-ATF6α (39-373) relative to that of 

FLAG-N-ATF6α (Fig. 18D, lanes 3-4 vs lanes 1-2). Similarly, IP’d FLAG-N-ATF6α (94-373) 

displayed drastic reduction in HA-crossreactive protein (Fig. 18D, lanes 5-6 vs lanes 1-2). 

Quantitation of these  
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Figure 18 – Relative specific ubiquitylation of Truncated N-ATF6α (1-, 39-, and 94-373) 

(A) FLAG-N-ATF6α (1-373) contains 373 amino acids. Truncations previously shown to reduce 

N-ATF6α transcriptional activity5, FLAG-N-ATF6α (39-373) and FLAG-N-ATF6α (94-373), lack 

the first 38 and 93 amino acids, respectively. (B) FLAG IB of lysates, (C) FLAG IB of FLAG IPs, 

(D) HA IB of FLAG IPs from cells transfected with plasmids encoding FLAG-N-ATF6α (1-373), 

FLAG-N-ATF6α (39-373), or FLAG-N-ATF6α (94-373). IB of lysates was done with 40 ug of 

protein per sample, while IPs represent the material IP’d from 80μg of lysate protein was applied 

to each lane. (E) Relative specific ubiquitylation of FLAG-N-ATF6α (1-373), FLAG-N-ATF6α (39-

373), and FLAG-N-ATF6α (94-373). Values shown are mean intensity ± SE (n=3 different 

cultures).  *, # = p < 0.05 different from all other values by one-way ANOVA. 
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blots further illustrated that that the relative specific ubiquitylation of FLAG-N-ATF6α (39-373) 

and FLAG-N-ATF6α (94-373) were significantly less than that of FLAG-N-ATF6α (1-373), with 

FLAG-N-ATF6α (94-373) possessing the least ubiquitylation of the three constructs  (Fig. 18E). 

Taken together, these data suggest that transcriptionally attenuated forms of N-ATF6α, which 

are expressed at progressively higher levels as a function of truncation, exhibit progressively 

less ubiquitylation compared to N-ATF6α (1-373). Decreased ubiquitylation resulting from 

removal of increasing portions of the TAD may indicate that less transcriptionally active forms of 

N-ATF6α are less likely to be ubiquitylated, as they are more stable. Additionally, the finding that 

truncated, less transcriptionally active forms of N-ATF6α are less likely to be ubiquitylated, 

supports the hypothesis that, in some way, N-ATF6α transcriptional activity and degradation are 

linked.  

In an attempt to more finely map the region of N-ATF6α where ubiquitylation occurs, 

DNA constructs encoding additional, more subtly truncated forms of N-ATF6α were generated 

(Fig. 19A). Since the results shown in Fig. 18 indicate that a significant amount of the 

ubiquitylation takes place in the N-terminal 1-39 residues of N-ATF6α (1-373), constructs 

encoding forms of N-ATF6α that lack the N-terminal 9, 19, or 29 amino acids were prepared 

(Fig. 19A). To confirm expression of truncated N-ATF6α, four separate cotransfections were 

carried out, where DNA encoding N-ATF6α (1-373) and each new form of N-ATF6α was 

cotransfected with HA-Ub into HeLa cells. The resulting lysates were collected and resolved via 

FLAG IB. FLAG-crossreactive bands migrated at the predicted, gradually decreasing molecular 

masses of each form of N-ATF6α, approximately 43, 42, and 41 kDa, indicating that each 

plasmid encoded appropriately truncated versions of FLAG-N-ATF6α (Fig. 19B). Next, fractions 

of transfected lysates were subjected to FLAG IP and then FLAG IB. FLAG IB of FLAG IP’d 

proteins migrated at identical molecular masses observed in the lysate blot, verifying successful  
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Figure 19 – Relative specific ubiquitylation of Truncated N-ATF6α (1-, 10-, 20- and 30-373) 

(A) FLAG-N-ATF6α (1-373) contains 373 amino acids. FLAG-N-ATF6α (10-373), FLAG-N-

ATF6α (20-373), and FLAG-N-ATF6α (30-373) are missing the first 9, 18, and 29 amino acids, 

respectively. (B) FLAG IB of lysates, (C) FLAG IB of FLAG IPs, (D) HA IB of FLAG IPs from 

cells transfected with FLAG-N- ATF6α (1-373), FLAG-N-ATF6α (10-373), FLAG-N-ATF6α (20-

373), and FLAG-N-ATF6α (30-373).  IB of lysates was done with 40 ug of protein per sample, 

while IPs represent the material IP’d from 80μg of lysate protein was applied to each lane (E) 

Relative specific ubiquitylation of with FLAG-N- ATF6α (1-373), FLAG-N-ATF6α (10-373), 

FLAG-N-ATF6α (20-373), and FLAG-N-ATF6α (30-373). Values shown are mean intensity ± SE 

(n=3 different cultures).  *, # = p < 0.05 different from all other values by one-way ANOVA. 
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recovery of all FLAG-N-ATF6α constructs (Fig. 19C). In a parallel blot, samples from the same 

FLAG IP’s were then HA-IB’d. All forms of FLAG-N-ATF6α exhibited HA-crossreactive smears, 

Indicating that they were HA-ubiquitylated (Fig. 20D). Finally, quantitation revealed that the 

relative level of HA-ubiquitin decreased significantly and progressively with increasing truncation 

of the N-terminus (Fig. 20E). Taken together, these data indicate that some or all of the first 20-

30 amino acids of N-ATF6α appear to be required for maximal N-ATF6α ubiquitylation. 

Coupled with the results shown in Figure 13, which demonstrated that full-length ATF6α 

is ubiquitylated, the question arises as to whether it is the N-terminal, cytosolic domain of full-

length ATF6α that is ubiquitylated, presumably as it resides in the ER; and if it is, will truncated 

forms of it that mimic those used above exhibit the same relative ubiquitylation as N-ATF6α. In 

order to address this question, HeLa cells were transfected with and HA-Ub and either FLAG-

ATF6α, which encodes FLAG-tagged, full-length ATF6α, FLAG-ATF6α (39-670), or FLAG-

ATF6α (94-670) (Fig. 20A). Lysates from each transfection were then subjected to FLAG IB. 

Each form of FLAG-ATF6α migrated at its predicted molecular mass, with FLAG-ATF6α (39-

670) and FLAG-ATF6α (94-670) migrating at approximately 75 kDa and 70 kDa, respectively 

(Fig. 20B, lanes 4-6 and lanes 7-9). This blot confirmed that these new plasmids encode 

FLAG-ATF6α (39-670) and (94-670), and that both are expressed a level that is similar to 

FLAG-ATF6α. Next, transfected lysates were subjected to FLAG IP. FLAG IB of the FLAG IPs 

confirmed recovery of all FLAG-ATF6α constructs (Fig. 20C). Like FLAG-N-ATF6α (94-373), 

FLAG-ATF6α (94-670) appeared to be more abundant than FLAG-ATF6α and FLAG-ATF6α 

(39-670), an interesting finding given that the stability of ATF6α is largely uncharacterized. HA-

IB of FLAG IP’d proteins revealed that both FLAG-ATF6α (39-670) and FLAG-ATF6α (94-670) 

appear to be less HA-ubiquitylated than FLAG-ATF6α (Fig. 20D lanes 4-6 and lanes 7-9). 

Quantitation of both IB blots validated these qualitative assumptions, revealing that FLAG- 
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Figure 20 – Relative specific ubiquitylation of Truncated N-ATF6α (1-, 39-, and 94-670) 

(A) FLAG-ATF6α (1-670) contains 670 amino acids. FLAG-ATF6α (39-670) and FLAG- ATF6α 

(94-670) are missing the first 38 and 93 amino acids, respectively. (B) FLAG IB of lysates, (C) 

FLAG IB of FLAG IPs, (D) HA IB of FLAG IPs from cells transfected with plasmids encoding 

FLAG-ATF6α (1-670), FLAG-ATF6α (39-670), or FLAG-ATF6α (94-670). IB of lysates was done 

with 40 ug of protein per sample, while IPs represent the material IP’d from 80μg of lysate 

protein was applied to each lane. (E) Relative specific ubiquitylation of FLAG-ATF6α (1-670), 

FLAG-N-ATF6α (39-670), and FLAG-N-ATF6α (94-670). Values shown are mean intensity ± SE 

(n=3 different cultures).  *, # = p < 0.05 different from all other values by one-way ANOVA. 
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ATF6α (39-670) and FLAG-ATF6α (94-670) are significantly less ubiquitylated than 

FLAG-ATF6α, with FLAG-ATF6α (94-670) being the least ubiquitylated of the two constructs 

(Fig. 20E).  

 The similar progressive decrease of relative specific ubiquitylations of FLAG-ATF6α (39-

670) and FLAG-ATF6α (94-670) was also seen for FLAG-N-ATF6α (39-373) and FLAG-N-

ATF6α (94-373), raising a question of whether the apparent ubiquitylation of full-length ATF6 is 

really the ubiquitylation of some N-ATF6a that is generated upon transfection of full-length 

ATF6, even in the absence of overt ER stress.. Given that a small percentage of ATF6α is 

clipped under basal conditions, and because the FLAG tag is at the N-terminus of both full-

length and clipped ATF6α, the FLAG IPs could theoretically recover both full-length FLAG-

ATF6α and clipped FLAG-ATF6α. To explore this possibility, a dual-tagged FLAG-c-Myc 

construct was created, which encodes full-length ATF6 with a N-terminal FLAG tag and a C-

terminal c-Myc tag (Fig. 21A). In this case, anti-c-Myc will not IP FLAG-N-ATF6α. Accordingly, 

HeLa cells were transfected with DNA encoding dual-tagged FLAG- ATF6α-cMyc alone or 

cotransfected with HA-Ub. Lysates were then resolved by SDS-PAGE then subjected to c-Myc 

IB. c-Myc crossreactive bands migrated at approximately 90 kDa, the predicted position of 

FLAG-ATF6α-c-Myc, confirming expression of FLAG-ATF6α-c-Myc (Fig. 21B lanes 1-3). A 

fraction of transfected lysates was then subjected to c-Myc IP. FLAG IB of c-Myc IP’d proteins 

demonstrated successful recovery of FLAG-ATF6α-c-Myc (Fig. 21C lanes 1-6). Next, c-Myc 

IP’d proteins were then HA IB’d. Lysates from cells transfected with FLAG-ATF6α-c-Myc alone 

contained no HA-Ub-crossreactive bands, an expected result given transfection conditions (Fig. 

21D lanes 1-3). In constrast, HA IB’d c-Myc IP’d proteins from cells cotransfected with FLAG-

ATF6α-c-Myc and HA-Ub were HA-ubiquitylated, as indicated by the presence of HA-ubiquitin-

crossreactive smears (Fig 21D lanes 4-6). These findings confirmed that full-length ATF6α is 

ubiquitylated. They also suggest that the progressive decrease of ubiquitylation of ATF6a (1- 
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Figure 21 – Relative ubiquitylation of FLAG-ATF6α-cMyc  

(A) A DNA construct encoding a dual-tagged ATF6α, FLAG-ATF6α-c-Myc was generated. 

FLAG-ATF6α-c-Myc encodes full-length ATF6α, which in this constructs possesses an N-

terminal FLAG tag and a C-terminal c-Myc tag. (B) Anti-c-Myc immunoblots of lysates of cells 

transfected with a construct encoding FLAG-ATF6α-c-Myc. (C) FLAG immunoblots of c-Myc IP’s 

from extracts of cells either transfected with FLAG-ATF6α-c-Myc alone, or from extracts of cells 

cotransfected with FLAG-ATF6α-c-Myc and HA-Ub, where the material IP’d from 20 μg of lysate 

protein was applied to each lane. (D) HA immunoblots of c-Myc IP’s from extracts of cells either 

transfected with FLAG-ATF6α-c-Myc alone, or from extracts of cells cotransfected with FLAG-

ATF6α-c-Myc and HA-Ub, where the material IP’d from 20 μg of lysate protein was applied to 

each lane. 
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670), (39-670) and (94-670), mimic the progressive decrease of ubiquitylation of N- ATF6a (1-

373), (39-373) and (94-373).  

In order to determine whether decreased ubiquitylation status coordinates with 

decreased transcriptional activity, the transcriptional potency of the various forms of FLAG-N-

ATF6α were assessed using a GRP78 promoter luciferase reporter assay. In addition to a 

plasmid encoding luciferase under the promotor of GRP78, an ATF6α target gene, HeLa cells 

were transfected with FLAG-N-ATF6α, FLAG-N-ATF6α (10-373), FLAG-N-ATF6α (20-373), 

FLAG-N-ATF6α (30-373), FLAG-N-ATF6α (39-373), and FLAG-N-ATF6α (94-373) (Fig. 22A). In 

comparison to FLAG-N-ATF6α, the transcriptional activity FLAG-N-ATF6α (10-373) was not 

significantly different (Fig. 22B, bar 2 vs bar 1). This correlates with the lack of significant 

difference in ubiquitylation status of the same construct relative to FLAG-N-ATF6α (Fig. 19E), 

and suggests that the first 9 amino acids of N-ATF6α are dispensable for both ubiquitylation and 

transcriptional activity. In contrast, FLAG-N-ATF6α (20-373), FLAG-N-ATF6α (30-373), FLAG-

N-ATF6α (39-373), and FLAG-N-ATF6α (94-373) exhibited progressively reduced 

transcriptional activity relative to FLAG-N-ATF6α (Fig. 22B bars 3 through 6). The gradual 

reduction in N-ATF6α transcriptional activities as a function of N-terminal truncations follows the 

same trend observed in reduced ubiquitylation statuses of these constructs. 
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Figure 22 – Transcriptional activity of various forms of N-ATF6α and full-length ATF6α  

(A) HeLa cells were co-transfected with DNA encoding FLAG-N-ATF6α (1-373), FLAG-N-ATF6α 

(10-373), FLAG-N-ATF6α (20-373), FLAG-N-ATF6α (30-373), FLAG-N-ATF6α (39-373), and 

FLAG-N-ATF6α (94-373) and GRP-luciferase or CMV-β-gal. After 48 h in DMEM/F-12 media 

supplemented with 10% fetal calf serum, culture extracts were submitted to luciferase and β-

galactosidase enzyme assays. (B) FLAG-N-ATF6α (1-373), FLAG-N-ATF6α (10-373), FLAG-N-

ATF6α (20-373), FLAG-N-ATF6α (30-373), FLAG-N-ATF6α (39-373), and FLAG-N-ATF6α (94-

373) luciferase reporter activity. Each value represents the average and S.E. of triplicate 

cultures, n=3. *, #, $ = p < 0.05 different from all other values by one-way ANOVA. 
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Discussion 

The relationship between the transcriptional activity of ATF6 and its ubiquitylation status 

have gone unstudied.  Moreover, there are few studies that have examined whether ATF6 is 

ubiquitylated. The research described in this dissertation provides strong evidence that the 

transcriptional activity of ATF6 coordinates with its ubiquitylation. Through extensive 

experimentation, it was shown here that ATF6α, N-ATF6α, ATF6β and N-ATF6β are all 

ubiquitylated. Molecular mapping has led to the identification of ubiquitylation domain(s) 

domains within ATF6.  

N-ATF6α is one of several transcription factors which are rapidly degraded upon 

engagement in transcription. Sterol regulatory element–binding proteins (SREBPs) are a class 

of transcription factors which are responsible for regulating cholesterol levels34. Like N-ATF6α, 

SREBPs reside in the endoplasmic reticulum and mobilize to the Golgi apparatus, where they 

are clipped by the same site-1 and site-2 proteases as ATF634. The rapid degradation of 

SREBPs is due partly to its possession of a phosphdegron, a domain that requires 

phosphorylation prior to serving as a signal for degradation by the ubiquitin/proteasome 

system35. Other short-lived transcription factors, such as c-Myc, also possess 

phosphodegrons36. In contrast, N-ATF6α’s degron most likely resides in its transcriptional 

activation domain, located within the first 93 amino acids, as removal of this region increases its 

stability and coordinately decreases its transcriptional activity (Fig. 23). Moreover, a comparison 

of this region of N-ATF6α to the phosphodegrons of SREBP and c-myc suggest that N-ATF6α 

does not have a consensus phosphodegron. 

1. ATF6α, N-ATF6α, ATF6β and N-ATF6β ubiquitylation 

Prior to this study, little was known about ATF6 ubiquitylation29. Because ATF6 is 

degraded in a proteasome-dependent manner, it seemed likely that ubiquitylation facilitated this 

degradation. Through careful design and execution of a standard protocol, the ubiquitylation  
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Figure 23 – N-ATF6α transcriptional activity and ubiquitylation 
Of the truncated FLAG-N-ATF6α constructs generated, FLAG N-ATF6α (1-373) demonstrated 
the highest transcriptional activity and was also the most ubiquitylated relative to truncated 
forms of N-ATF6α. Transcriptional activity and ubiquitylation coordinately decreased as a 
function of truncation. FLAG-N-ATF6α (94-373) was the least transcriptionally active form of N-
ATF6α and was also least ubiquitylated. 
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statuses of ATF6α, N-ATF6α, ATF6β and N-ATF6β were determined (Fig. 11). By performing 

relative specific ubiquitylation assays, as detailed in Fig 11 Step 7, it was concluded that 

ATF6α is ubiquitylated (Fig. 13D). In comparison to ATF6α, ATF6β was shown to be 

approximately half as ubiquitylated (Fig. 13E), an interesting finding, as the relative degradation 

rates of both ATF6α and ATF6β are unknown5,20. In contrast, the clipped, N-terminal fragments 

of ATF6α and β have been shown to exhibit drastically different degradation rates, with ATF6α 

being degraded much more rapidly than β5,20, spurring particular interest in exploring potential 

mechanisms behind these differences. In doing so, it was revealed that N-ATF6α was also 

ubiquitylated (Fig. 14D). In stark contrast, relative specific ubiquitylation assays revealed that N-

ATF6β is approximately half as ubiquitylated as N-ATF6α (Fig 14E). This discovery is a 

possible explanation for N-ATF6β’s slower degradation rate relative to that of N-ATF6α. 

2. ATF6α mutagenesis  

After concluding that ATF6α and N-ATF6α were ubiquitylated, a series of approaches 

were employed in attempts to map ubiquitylation domain(s). These loss-of-function studies 

aimed to illustrate how removal of ubiquitylation domain(s) would affect the ubiquitylation status 

of N-ATF6α, with the rationale that reduced N-ATF6α ubiquitylation status would decrease its 

degradation rate, coordinately decreasing its transcriptional activity. 

A. N-ATF6α site-directed mutagenesis 

As discussed in Chapter 3, ATF6 was previously reported to be ubiquitylated on several 

lysine residues (Fig. 17A). This discovery was facilitated by the advent of di-gly proteomics, a 

specialized mass spectrometry technique in which ubiquitylated proteins were enriched for 

through selective immunoprecipitation29.  As an initial approach, site-directed mutagenesis was 

performed, in which four putative ubiquitylation sites, identified by Bennett et. al29, were mutated 

in an attempt to block N-ATF6α. Using site-directed mutagenesis, two putative ubiquitylation 
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sites29, K87 and K201, were mutated from lysine to arginine, generating a DNA construct 

encoding double mutant N-ATF6α (FLAG-N-ATF6α K87, 201R) (Fig. 16C). In comparison to 

FLAG-N-ATF6α, the ubiquitylation status of FLAG-N-ATF6α K87, 201R was unchanged (Fig. 

17E), suggesting that the putative ubiquitylation sites were dispensable for N-ATF6α 

ubiquitylation and that ubiquitylation most likely occurs elsewhere on the protein, perhaps on 

unidentified lysine or non-canonically ubiquitylated residues. Additionally, given the diversity of 

ubiquitylation, putative ubiquitylation sites may have functions unrelated to degradation and/or 

transcriptional activity. 

B. ATF6α, N-ATF6α, ATF6β and N-ATF6β truncations 

 Results from site-directed mutagenesis experiments revealed that the putative 

ubiquitylation residues were not essential for N-ATF6α ubiquitylation, necessitating further 

probing using other mapping approaches. 

 Previously, N-ATF6α constructs were made where increasing portions of the N-terminal 

transcriptional activation domain (TAD) were removed5. Initial categorization of these constructs 

revealed that without some or all of the TAD, N-ATF6α became significantly more stable and 

concurrently less transcriptionally active, raising questions about its ubiquitylation status5. By 

revisiting these constructs, it was revealed that in comparison to its transcriptional activity, the 

ubiquitylation of N-ATF6α ubiquitylation is dependent upon domain(s) residing in the N-terminal 

93 amino acids. This finding provides evidence that the transcriptional activity and ubiquitylation 

if N-ATF6α are coordinate. 

The degradation and coordinate transcriptional activity of N-ATF6α are contingent upon 

the presence of its TAD, shown in previously published findings5 in addition to the results 

presented here. Perhaps some or all of this region either acts as the region of ubiquitylation, or 

this regions may be required for ubiquitylation of N-ATF6α in as yet unidentified regions lying 
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somewhere between residue 94 and 373 of N-ATF6α. Removal of progressively larger portions 

of the TAD from N-ATF6α resulted in gradual reduction of N-ATF6α ubiquitylation (name the 

figure(s) here. In parallel, luciferase reporter assays demonstrated that progressive removal of 

the TAD resulted in gradual decline in transcriptional activity (Figure). Unexpectedly, when 

similar truncations were made in full-length ATF6α, a marked decrease in both ubiquitylation 

and transcriptional activity were observed. Because full-length ATF6α itself does not act as a 

transcription factor, this finding raises questions about when ATF6α is ubiquitylated in relation to 

its mobilization out of the ER to the Golgi, and the proteolytic cleavage in the Golgi that results 

in the formation of transcriptionally active N-ATF6α. This observation could suggest that ATF6α 

is ubiquitylated in the ER prior to its cleavage in the Golgi. Alternatively, once cleaved, N-ATF6α 

may return to the ER where it is ubiquitylated by a resident E3 ubiquitin ligase before engaging 

in transcription in the nucleus.  

At present, the E3 ubiquitin ligase responsible for ATF6α and N-ATF6α ubiquitylation is 

unknown. There is some evidence that suggests Hrd1, an ER transmembrane E3 ubiquitin 

ligase may be responsible for the ubiquitylation of ER-localized, full-length ATF6α 

ubiquitylation,37,38; however, it has not been considered whether Hrd1 could be responsible for 

the cleavage of N-ATF6α.  Hrd1 is a 75 kDa protein responsible for ubiquitylating a wide range 

of misfolded proteins during endoplasmic reticulum associated degradation (ERAD) (ref). During 

ERAD, Hrd1 is typically responsible for the ubiquitylation of ER proteins containing lesions in 

their luminal portions (ERAD-L) or in their ER membrane spanning regions (ERAD-M)40. It has 

recently been shown that Hrd1 may act in concert with SEL1L, an accessory protein in close 

proximity to Hrd1 in the ER membrane. Evidence for its importance in mediating ATF6 

degradation suggest that it assists with the ubiquitylation of ATF6 among other potential ERAD 

targets38. Therefore, perturbing ERAD through the removal of Hrd1 and/or SEL1L may provide 

new insights regarding ATF6 ubiquitylation. Full-length ATF6 could be ubiquitylated by Hrd1, 
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which may suggest that ATF6 is ubiquitylated prior to its cleavage in the Golgi during ER stress. 

and/or, N-ATF6α could be ubiquitylated in a Hrd1-dependent manner, supporting the notion that 

it may return to the ER for ubiquitylation and subsequent transcriptional activation (Fig. 24). If 

this is the case, might have served as a tool to demonstrate that the N-terminal domain of ATF6, 

while not ubiquitylated itself, may constitute a targeting domain that motivates ATF6 to the 

ERAD machinery, much like the N-terminus of the kinase, SGK1, which is not an ER membrane 

protein, is motivated to locate to the ER, where Hrd1 ubiquitylates it and targets it for 

degradation46. 

Finally, ATF6 and N-ATF6α could be ubiquitylated by separate E3 ubiquitin ligases. It 

has been reported that F-box protein Fbxw7α ubiquitylates a variety of transcription factors 

which reside in the ER and are degraded rapidly upon their engagement in transcription42. Thus, 

in addition to Hrd1 and SEL1L, Fbxw7α is an additional E3 ubiquitin ligase component for 

potential study. 

Elucidation of ATF6α degradation mechanisms has the potential for gaining new insights 

in the context of disease. In the heart, it has been shown that ATF6α activity is drastically 

reduced in individuals exhibiting cardiac pathologies, further exacerbating the severity of such 

conditions43. Moreover, mutations in the TAD of ATF6, which affect the transcriptional activity of 

ATF6, increase susceptibility to cardiovascular diseases such as atherosclerosis44. ATF6 

mutations are also found in the eyes of individuals who are afflicted with the cone-receptor 

disease, achromatopsia, underscoring the importance of proper ATF6 function in multiple 

organs45.  These alterations in transcriptional activity could be attributed to attenuated 

ubiquitylation, as ATF6α degradation is essential for its transcriptional activity. Additionally,  
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Figure 24 Hrd1 as candidate E3 ubiquitin ligase 
Hrd1 is an ER transmembrane E3 ubiquitin ligase. Because of its proximity to ATF6α, it may be 
responsible for its ubiquitylation, which would imply that ATF6α is ubiquitylated while embedded 
in the ER membrane, prior to its cleavage and resulting activation. Alternatively, like SGK146, N- 
ATF6α may be recruited to Hrd1 for ubiquitylation.   
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other components of ERAD, such as Hrd1 and SEL1L, may be affected during the development 

of heart disease, further diminishing the ubiquitylation, and thus transcriptional activity of ATF6α 

In summary, the results of this dissertation lead to the hypothesis that ATF6α and N-

ATF6α are possibly degraded in an ubiquitin-dependent manner. The ubiquitylation of both 

forms may confer not only their degradation rates, but also their respective transcriptional 

activities (Fig 23). Future studies focused on identifying E3 ubiquitin ligases responsible for 

such ubiquitylation will be especially illuminating, generating novel insights about the regulation 

of this transcription factor.  
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